
mdpi.com/journal/land

Special Issue Reprint

Land Use/Land Cover and 
Natural Hazards
Interactions, Changes, and Impacts, 2nd Edition

Edited by 

Matej Vojtek, Andrea Petroselli and Raffaele Pelorosso



Land Use/Land Cover and Natural
Hazards: Interactions, Changes, and
Impacts, 2nd Edition





Land Use/Land Cover and Natural
Hazards: Interactions, Changes, and
Impacts, 2nd Edition

Guest Editors

Matej Vojtek

Andrea Petroselli

Raffaele Pelorosso

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Matej Vojtek

Department of Geography,

Geoinformatics and Regional

Development

Constantine the Philosopher

University in Nitra

Nitra

Slovakia

Andrea Petroselli

Department of Agriculture

and Forest Sciences (DAFNE)

Tuscia University

Viterbo

Italy

Raffaele Pelorosso

Department of Agriculture

and Forest Sciences (DAFNE)

Tuscia University

Viterbo

Italy

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Land (ISSN 2073-445X), freely

accessible at: https://www.mdpi.com/journal/land/special issues/S5B07718O5.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-6378-5 (Hbk)

ISBN 978-3-7258-6379-2 (PDF)

https://doi.org/10.3390/books978-3-7258-6379-2

© 2026 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Raffaele Pelorosso, Matej Vojtek and Andrea Petroselli

Editorial for the Special Issue “Land Use/Land Cover and Natural Hazards: Interactions,
Changes, and Impacts, 2nd Edition”
Reprinted from: Land 2025, 14, 2420, https://doi.org/10.3390/land14122420 . . . . . . . . . . . . 1

Fatemeh Nasrollahi, Philip Orton and Franco Montalto

Modeling the Effectiveness of Alternative Flood Adaptation Strategies Subject to Future
Compound Climate Risks
Reprinted from: Land 2025, 14, 1832, https://doi.org/10.3390/land14091832 . . . . . . . . . . . . 6

Cleo Maria Gaganis, Andreas Y. Troumbis and Themistoklis Kontos

Leveraging Reed Bed Burnings as Indicators of Wetland Conversion in Modern Greece
Reprinted from: Land 2024, 13, 538, https://doi.org/10.3390/land13040538 . . . . . . . . . . . . 32

Abdelaziz Elfadaly, Naglaa Zanaty, Wael Mostafa, Ehab Hendawy and Rosa Lasaponara

Multi-Sensor Satellite Images for Detecting the Effects of Land-Use Changes on the
Archaeological Area of Giza Necropolis, Egypt
Reprinted from: Land 2024, 13, 471, https://doi.org/10.3390/land13040471 . . . . . . . . . . . . 56

Kamelia Hesni Benotmane, Mehdi Boukheroufa, Rym Sakraoui, Feriel Sakraoui,
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Editorial

Editorial for the Special Issue “Land Use/Land Cover and Natural
Hazards: Interactions, Changes, and Impacts, 2nd Edition”

Raffaele Pelorosso 1, Matej Vojtek 2,* and Andrea Petroselli 1

1 Department of Agriculture and Forest Sciences (DAFNE), Tuscia University, 01100 Viterbo, Italy;
pelorosso@unitus.it (R.P.); petro@unitus.it (A.P.)

2 Department of Geography, Geoinformatics and Regional Development, Constantine the Philosopher
University in Nitra, 949 01 Nitra, Slovakia

* Correspondence: mvojtek@ukf.sk

Land use and land cover (LULC) changes are among the most significant alterations
of the Earth’s surface, particularly following the acceleration of human-driven land trans-
formations after the Second World War. Consequently, understanding and predicting
the causes, interactions, and consequences of LULC have become major challenges for
those involved in sustainable development and disaster mitigation [1]. The term ‘natural
hazards’ has traditionally encompassed various physical phenomena, such as earthquakes,
landslides, volcanic eruptions, floods, and more [2]. However, the concept of natural
hazards has broadened in recent years, now including categories such as fires, meteorologi-
cal/climatological, hydrological/geological, and environmental hazards [3]. This expanded
definition also takes into account phenomena related to eutrophication, socio-economic
impacts, and biodiversity disasters.

LULC changes significantly impact the frequency and intensity of natural hazards
such as floods [4–6], landslides [7,8], heatwaves [9], wildfires [10], and erosion [11]. These
changes also affect habitat composition and landscape connectivity, contributing to biodi-
versity loss and a reduction in ecosystem service provision [12,13]. LULC influences the
quality of environmental matrices—such as water, air, and soil—either directly or indirectly
(e.g., through induced climate change), impacting the natural capital essential for life and
increasing associated risks for humans and other living beings [1]. To mitigate the anthro-
pogenic pressures resulting from LULC, sustainable strategies such as restoring natural
and semi-natural ecosystems, introducing nature-based solutions, and planning green
infrastructure in both urban and rural landscapes are vital for enhancing the long-term
resilience of socio-ecological systems [14–16].

The relationship between LULC changes and natural hazards is crucial for understand-
ing how human activities influence the occurrence and severity of these hazards. Changes
in LULC can drastically alter hydrological processes, increase vulnerability to disasters,
and exacerbate the impacts of natural hazards. Therefore, beyond improving assessment
and modeling tools, tailored approaches to land use planning are essential, as different
land uses have varying effects on disaster risk.

The current Special Issue, ‘Land Use/Land Cover and Natural Hazards: Interactions,
Changes, and Impacts, 2nd Edition,’ builds on the success of a previous Special Issue
in the same journal, Land (https://www.mdpi.com/journal/land/special_issues/lulc_
natural_hazards, accessed on 10 December 2025). The success of the previous edition,
which featured 12 articles, motivated us to renew the call. This issue presents nine scientific
papers—seven research articles and two reviews—that address various aspects of the LULC
and natural hazard nexus at different spatial scales.

Land 2025, 14, 2420 https://doi.org/10.3390/land14122420
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Nasrollahi et al. (List of Contributions, 1) evaluates flood adaptation strategies in
Philadelphia’s Eastwick, comparing levees, green stormwater infrastructure, and man-
aged retreat under compound climate risks. Modeling shows nature-based and retreat
approaches outperform levees, though no single solution suffices. Results highlight the
need for integrated, multifunctional strategies considering cost, feasibility, and community
preferences to effectively address future flood hazards.

Gaganis et al. (List of Contributions, 2) examines the link between reed bed burnings
and wetland conversion in Greece, using Phragmites australis fires as indicators of historical
wetland ecosystems. By analyzing fire patterns and land cover data, the research highlights
a significant correlation between areas with frequent reed fires and former wetlands,
particularly those converted to irrigated agricultural land. The findings emphasize how
land use changes, such as wetland reclamation for agriculture, impact natural landscapes
and contribute to ecosystem degradation. The study underscores the importance of wetland
preservation and sustainable land use management to mitigate environmental hazards.

Elfadaly et al. (List of Contributions, 3) explores how urbanization and land use
changes near the Giza Necropolis, including rapid expansion of urban areas, have led to
groundwater level changes, threatening the Sphinx and Pyramids. Using satellite data,
it analyzes the impact of land use dynamics on subsidence and water-related risks to
these heritage sites, demonstrating how unregulated land changes can exacerbate natural
hazards and cultural heritage vulnerability.

Benotmane et al. (List of Contributions, 4) assesses the impact of wild boar activity on
soil properties in natural and post-fire environments. It highlights how land disturbance
from fires and subsequent wildlife activity can alter soil chemical properties, affecting forest
recovery. The study suggests that in post-fire areas, wild boars can significantly disrupt
soil composition, exacerbating land degradation and influencing natural hazard risk.

Koutalakis et al. (List of Contributions, 5) examines stream bank erosion and deposi-
tion using satellite imagery and UAVs to identify erosion hotspots. It emphasizes how land
use changes, particularly along watercourses, increase erosion risks. The study suggests
that targeted interventions and nature-based solutions are needed to mitigate the erosion
caused by human activities, highlighting the direct relationship between land use changes
and increased vulnerability to natural hazards.

Ouallali et al. (List of Contributions, 6) analyzes erosion rates in Morocco’s R’mel
watershed, focusing on quarry activities as a major cause of sediment production. Through
land use change simulations, it shows that reforestation can significantly reduce erosion
compared to converting land for agriculture. This underscores the role of land management
in mitigating erosion and protecting downstream areas from sedimentation hazards.

Thapa et al. (List of Contributions, 7) using geospatial analysis assesses landslide
susceptibility in Nepal’s Chure region, identifying land cover types, slope, and geology as
key risk factors. The results show that land use, particularly deforestation and agricultural
expansion, increases landslide vulnerability. The findings highlight the need for sustainable
land use planning to reduce landslide risks in this fragile region.

Hanberry et al. (List of Contributions, 8) examines the interactions between land
use changes and climate change in eastern U.S. forests. It highlights how human activi-
ties, such as fire suppression and increased tree density, have combined with increased
precipitation to reduce wildfire frequency. However, these land use changes have also
facilitated species invasions and outbreaks. The study suggests that future warming could
reverse current land use and climate synergies, leading to more frequent wildfires and
other forest disturbances, demonstrating the link between land use changes and heightened
natural hazards.
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Manandhar et al. (List of Contributions, 9) reviews the increasing frequency of urban
flooding in South Asia, attributing it to rapid urbanization and unplanned land use changes,
particularly the rise in impervious surfaces. The study explores flood assessment methods
and highlights how land use changes, driven by urban growth, exacerbate flood risks. It
calls for integrated urban planning that incorporates nature-based solutions to manage
flood hazards and improve resilience to climate change-induced flooding.

Across these diverse studies, several common themes emerge, emphasizing the in-
terplay between human activities, environmental change, and natural hazards. From the
degradation of cultural heritage sites due to urban expansion to the vulnerability of land-
scapes to erosion and landslides, these articles underscore the urgent need for integrated
approaches to environmental management and disaster risk reduction. Moreover, they
highlight the importance of leveraging advanced technologies and interdisciplinary col-
laboration to address the complex challenges facing our planet and build more resilient
communities for the future.

Nexus approaches aim at understanding connections, synergies, and trade-offs among
sectors and research fields, considering impact on resources, landscape features and living
beings [16]. While the articles in this Special Issue provide valuable insights into the in-
teractions between LULC and natural hazards, there remain avenues for future research.
Interdisciplinary research efforts combining remote sensing, GIS, ecology, and social sci-
ences could enhance our understanding of the complex relationships between human
activities and environmental dynamics, paving the way for more effective and sustainable
approaches to land management and hazard mitigation. As we look to the future, let us
continue to explore, innovate, and collaborate in addressing the pressing environmental
challenges of our time.

In conclusion, urbanization, land use types, and vegetation cover all shape the risk
landscape of natural disasters. Improved assessments of these phenomena at various
spatial and temporal scales are essential. Effective solutions require integrated land use
planning that considers multiple risk factors to reduce vulnerability and enhance resilience
in the long term [17,18]. While this collection may not provide a definitive summary of
the LULC/Natural Hazard nexus, we believe it will contribute to a better understanding
of many processes and phenomena that occur in natural, rural, and urban environments
as a result of human-induced changes. These contributions are intended to help risk
managers and decision-makers adopt appropriate mitigation and adaptation actions, as
well as suitable tools and frameworks for specific hazard assessments.

Funding: Funded by the EU NextGenerationEU through the Recovery and Resilience Plan for
Slovakia under the project No. 09I03-03-V03-00085.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.
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Modeling the Effectiveness of Alternative Flood Adaptation
Strategies Subject to Future Compound Climate Risks
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Abstract: Climate change is elevating temperatures, shifting weather patterns, and increas-
ing frequency and severity of extreme weather events. Despite the urgency with which
solutions are needed, relatively few studies comprehensively investigate the effectiveness
of alternative flood risk management options under different climate conditions. Specif-
ically, we are interested in a comparison of the effectiveness of resistance, nature-based,
and managed retreat strategies. Using an integrated 1D-2D PCSWMM model, this paper
presents a comprehensive investigation into the effectiveness of alternative adaptation
strategies in reducing flood risks in Eastwick, a community of Philadelphia, PA, subject
to fluvial, pluvial, and coastal flood hazards. While addressing the urgent public need
to develop local solutions to this community’s flood problems, the research also presents
transferable insights into the limitations and opportunities of different flood risk reduction
strategies, manifested here by a levee, watershed-scale green stormwater infrastructure
(GSI) program, and a land swap. The effectiveness of these options is compared, respec-
tively, under compound climate change conditions, with the spatiotemporal patterns of
precipitation and Delaware river tidal conditions based on Tropical Storm Isaias (2020).
The hypothesis was that the GSI and managed retreat approaches would be superior to
the levee, due to their intrinsic ability to address the compound climate hazards faced
by this community. Indeed, the findings illustrate significant differences in the predicted
flood extents, depths, and duration of flooding of the various options under both current
and future climate scenarios. However, the ideal remedy to flooding in Eastwick is more
likely to require an integrated approach, based on more work to evaluate cost-effectiveness,
stakeholder preferences, and various logistical factors. The paper concludes with a call for
integrating multiple strategies into multifunctional flood risk management.

Keywords: flood adaptation strategies; climate change; flood risk management

1. Introduction

In a world increasingly impacted by climate change, the risk of floods is escalating,
particularly in urbanized landscapes. When natural permeable landscapes are transformed
into impermeable surfaces, the infiltration capacity of the landscape is reduced, and the
rates and volume of runoff generated by precipitation events are increased [1,2]. As
climate change modifies precipitation patterns and elevates sea levels in complex and often
uncertain ways, there is an urgent need for adaptive, resilient, and effective flood risk
management (FRM) approaches [3].

Land 2025, 14, 1832 https://doi.org/10.3390/land14091832
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A variety of FRM approaches are being piloted in urban areas. These can be broadly
classified as resistance approaches, Nature-Based Solutions (NBSs), and community-scale
transformations including managed retreat, each with a fundamentally different approach
to risk reduction. Resistance approaches, such as dams and levees, provide immediate relief
by physically attempting to keep water away from flood vulnerable communities. However,
their static design may lead to obduracy and limit their long- term protective value, as
climate change and urbanization processes continue [4]. Studies such as Jongman [4] have
detailed the efficacy of resistance measures in providing protection against flood events.
However, DiFrancesco [5] spotlights the inflexibility of resistance approaches in the face of
climate change, also calling attention to their significant maintenance costs and potential
for ecological disruption.

By contrast, NBSs and other non-structural measures, including land use planning,
early warning systems, and the enhancement of natural flood management features like
wetlands, present a more flexible approach. Although they may require more time to
implement, NBSs offer long-term benefits that resistance approaches do not, including
restoration of ecosystem features, biodiversity conservation, and other community co-
benefits [6–8]. For example, Ahern [6] and Benedict [9] argue that NBSs are sustainable
because they mitigate flood risks while also enhancing biodiversity, improving water
quality, and providing recreational spaces. Mach et al. [10] emphasize the role of NBSs in
accommodating water as part of a managed retreat strategy that also reduces the pressure
on drainage systems. Eriksen [11] and Reid [12] provide examples from low-income
countries where community-based NBS strategies have successfully built resilience to
flooding, underscoring the importance of local knowledge and stakeholder engagement in
the planning and implementation processes.

However, and despite the growing body of evidence supporting the benefits of NBSs,
challenges remain in their wider adoption. These include funding limitations, the need
for interdisciplinary and cross-jurisdictional planning, and the fact that it may take a
relatively long time before many NBS benefits, already difficult to quantify, will accrue.
NBS research needs include the development of robust methodologies for evaluating
their cost-effectiveness, integrating their operation with technological advancements, and
fostering policy frameworks that support the integration of green and gray infrastructure.
For instance, a critical examination by Chiu [13] suggests that while NBSs can offer long-
term resilience and ecological benefits, their effectiveness in extreme flood events can
be limited without the support of structural measures. The study calls for an integrated
approach, leveraging the strengths of both NBS and traditional methods to achieve optimal
flood risk management.

The transformative, managed retreat approach to FRM gradually adjusts where and
how people live in flood prone communities. Managed retreat refers to a sequence of
actions, which ideally emerge from extensive community dialog, robust vulnerability
assessments, and studies into potential changes in land use and repurposing of land that
gradually move people and infrastructure away from flood hazard areas [14]. Advocates
of managed retreat suggest that it is the only adaptation option for some communities.
However, this approach needs to be undertaken carefully and with extensive input for
those whose homes and lives could be impacted.
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Recognizing the importance of exploring trade-offs between these three approaches,
the Intergovernmental Panel on Climate Change (IPCC) and other entities have highlighted
the need for studies that delve into the effectiveness of different adaptation strategies.
Without such analyses, there is a risk that well-intentioned FRM strategies lead to unin-
tended tradeoffs and consequences, typically referred to as maladaptation [3]. Cea et al. [15]
provides a comprehensive overview of urban flood risk, highlighting the multifaceted
challenges cities face due to complex flood sources—such as riverine, pluvial, and tidal
floods—and the exacerbating effects of urbanization and climate change. The authors
discuss a range of flood modeling techniques, from 1D and 2D hydrodynamic models to
GIS-based and machine learning approaches, emphasizing the need for integrated models
that capture both large-scale processes and fine urban details. Traditional flood defenses
are reviewed alongside NBSs, with the authors advocating for hybrid approaches that
blend engineered infrastructure with natural systems to boost urban resilience. The article
stresses adaptive management in the face of climate uncertainty, recommending strategies
such as flexible infrastructure, continuous monitoring, and community engagement to
support dynamic and sustainable flood risk management [15].

This paper is a comparative analysis of three distinct flood risk reduction approaches in
a Philadelphia community that is subject to compound flood risks. This community is ideal
for this study because the leading FRM alternatives under consideration by local decision-
makers and researchers include a resistance strategy (e.g., a levee that has been analyzed
extensively by the US Army Corps of Engineers), an NBS strategy (e.g., watershed-scale
green stormwater infrastructure that has emerged out of a watershed planning process),
and a community-initiated proposal for managed retreat (e.g., a land swap proposed by
members of a local community-based organization). Through computer simulations of
flood exposure under historical and future climate scenarios, the study aims to compare
the efficacy of each approach in mitigating flood risks. We are specifically interested in
whether the newly conceptualized NBSs and managed retreat approaches offer benefits
over the more extensively studied USACE levee.

2. Materials and Methods

2.1. Site Description

Eastwick, as depicted in Figure 1, is a mostly Black environmental justice community
located at the downstream end of a 205 km2 largely suburban watershed near the conflu-
ence of the Darby and Cobbs creeks, about 5 km from their confluence with the Delaware
River. It is a low-lying community that presently experiences frequent fluvial flooding
and in the future also coastal flooding [16] with most of the community within the FEMA
100- and 500-year floodplains. Eastwick meets the criteria outlined by the Environmental
Protection Agency (EPA) for an Environmental Justice community, with a majority (76%)
Black population, and pockets of low-income residents. Currently, there is insufficient
information available on how to reduce Eastwick’s long-standing flooding problem. Situ-
ated close to the 1.2 km2 John Heinz National Wildlife Refuge, Eastwick is also adjacent
to portions of the Lower Darby Creek Superfund Site. This proximity increases the health
risks associated with any flooding events in the area. The combination of environmen-
tal challenges, frequent flooding, and demographic characteristics underscores the need
for comprehensive assessment and planning to address the many resilience needs of the
Eastwick community.
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Figure 1. Study area, Eastwick. The map on the left shows that most of Eastwick lies within the
100-year floodplain, with only limited areas (in orange) falling within the 500-year floodplain.

2.2. Flooding in Eastwick Caused by Tropical Storm Isaias

Eastwick has flooded for decades. As of this writing, the most recent extreme flood
occurred in August of 2020 when extreme precipitation in the upper reaches of the wa-
tershed (Figure 2) brought about by Tropical Storm Isaias, produced high riverine flows
that persisted through two full tidal cycles. This storm inundated large parts of Eastwick
under almost 1 m of water and required the evacuation of residents. When the flood waters
receded, several blocks were rendered uninhabitable. Tropical Storm Isaias deposited
nearly 203 mm of rain in the upper suburban portions of the watershed and only 63.5 mm
in Eastwick where flooding was worst (Figure 2). In this region, climate change is expected
to exacerbate these conditions in the years to come.

Figure 2. Gage-Adjusted Radar Rainfall (GARR) map of the Darby-Cobbs Watershed during Tropical
Storm Isaias. The map indicates that most precipitation occurred in the upper watershed and not
Eastwick. The most significant flooding took place downstream in the watershed and in Eastwick.
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2.3. Model Development

An integrated 1D-2D H&H model was developed, calibrated, and validated to rep-
resent the flooding in Eastwick. A detailed description of the model is provided else-
where [17,18], with only a summary provided here.

The model was developed in PCSWMM (Guelph, Canada), a proprietary version of
EPA SWMM. The model domain includes the watersheds associated with Darby and Cobbs
creeks, a composite area consisting of approximately 205 km2 of largely suburban and
urban land uses. The regions upstream of Eastwick were modeled in 1D, while Eastwick
itself was modeled in 2D, as described below. The model is built on a 1 m resolution LIDAR-
based raster DEM (2018) merged with boat-surveyed bathymetric data from the USACE,
impervious surfaces, soil types, land use, and stream centerlines from the Pennsylvania
Spatial Data Archive (PASDA), and field surveying of select bridges, culverts, and storm
drains. PCSWMM’s Watershed Delineation Tool was used to discretize the entire watershed
into subcatchments that were between 0.936 and 342.364 ha in size. The % impervious,
slope, area, and width of the subcatchments were established based on the geospatial
datasets described above. Table 1 displays the Manning’s n and depression storage values
used for different surface types. Subarea routing was to the subcatchment outlet and the
percent routed was 100%. Infiltration was modeled using the Green Ampt equation with
capillary suction, saturated hydraulic conductivity derived from the watershed soil types
(principally silty loam). Though only event-based simulations were performed, monthly
average evaporation values were loaded into the model; groundwater was neglected after
inspecting several recent geotechnical boring reports which suggested that water tables
were significantly below existing grade. Baseflows were added to Darby and Cobbs creeks
based on an analysis of several years of summer dry weather flows as reported by USGS
on the two gage sites: Darby Creek, near Darby, PA (01475510), Cobbs Creek at Mt. Moriah
Cemetery (01475548). Steady baseflow rates of 1.5 cms and 0.5 cms, respectively, were
assumed for Darby and Cobbs creeks. Model boundary conditions include streamflow from
USGS01474500 at the Schuylkill River dam, and Delaware River water levels measured by
NOAA at the Ben Franklin Bridge (Gage ID: 8545249) and Marcus Hook (Gage ID: 8540433).
Each 1D-2D simulation began 12 h before the target rainfall to let the various surface water
bodies fill up, initializing the model.

Table 1. Subcatchments properties.

Subcatchment Parameters Source

Area Per PCSWMM watershed delineation tool, vary from 0.936 to
342.364 ha

Width Per PCSWMM watershed delineation tool, vary from 96.72 to
6113.68 m

% slope DEM

% impervious PASDA

Mannings values (for overland flow over the impervious and
pervious sub-area)

N Imperv: 0.012
N Perv: 0.13

Depression storage values Imperv: 0.2 in, Perv: 0.3 in

%zero impervious 0

Subarea routing Outlet

Percent routed 100

Infiltration Green Ampt

Groundwater Not included
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In the larger watershed, the layout of the drainage network was based both on the
PASDA stream centerline layers and flow pathways identified through the watershed delin-
eation process. Details regarding the engineered drainage system in the larger watershed
were not available to the project team. Thus, conduits used to represent upstream flow
pathways were assumed to be open channels except for those representing 10 locations
in the Cobbs watershed, and 9 locations in the Darby watershed where the respective
creeks pass under overpasses. In these locations, the creek was represented as a rectangular
culvert with dimensions based on field surveying conducted by the research team. All the
inverts and slopes are based on bathymetric data made available to the project team, the
DEM, and best professional judgment. Manning’s roughness values for the center, left,
and right overbanks were established based on [19,20] with an average of 0.05 across the
channels and an average of 0.085 for the banks. Cross sections of the larger streams, as the
boundaries of the watershed model, and Darby Bay are imported from a HEC-RAS model
shared by AKRF [21].

Because the study involves the potential for water to back up at hydraulic constric-
tions, flow through the hydraulic system was modeled using a dynamic wave with 0.5 s
computational time steps (per PC-SWMM recommendation for 2D modeling). Unlike the
kinematic wave routing method, it allows simulation of hydraulic phenomena like backwa-
ter effects, flow reversals, pressurized flow, and energy losses at entrances and exits [22].
The timesteps were 15 min, 10 min and 5 sec for reporting, dry/wet weather and routing,
respectively. All the nodes were assigned 9.3 sqm (100 sf) of ponded area. Precipitation
from a quality-controlled, gage adjusted radar rainfall (GARR) product, produced at 1 km2

resolution by Vieux Associates, was applied to the subcatchments.

2.3.1. One-Dimensional and Two-Dimensional Flow Pathways

In the upstream sections of the watershed, the outlet of each subcatchment was set
to the closest 1D node, from which it flows through the 1D drainage network until if and
when it encounters a 1D–2D connection node that allows it to enter the 2D surface used to
represent Eastwick.

The 2D mesh was only included in the low-lying region encompassing and surround-
ing Eastwick (e.g., all portions of the watershed below 6 m in elevation). The 2D hexagonal
mesh had a resolution of 7.6 m, 13.7 m and 30.5 m for the water pathways (such as streams
and streets), main land surface, and the open water bodies, respectively (Figure 3).

Unlike in the upstream portions of the model, in Eastwick some information about the
drainage network was available. In this version of the model, only the main trunk lines
of Eastwick’s drainage system were included (Figure 4). Other drainage flow paths were
simplified, and flow could leave the mesh through the creek system, as well as through six
pump stations in Mingo Creek. The pour points of subcatchments within the area covered
by the mesh were set to the nearest 1D nodes. The pour points of several subcatchments that
were >25 m from the nearest segment of the skeletonized drainage system were reassigned
to the 2D node closest to their centroids. The 1D nodes were connected to 2D nodes through
the use of the rectangular (3 m × 3 m) bottom orifices that allowed the water to move
unobstructed between the 1D and 2D model elements (Figure 5). Water on the mesh flowed
through 2D conduits connecting the 2D nodes in the direction of the topographic gradient.
A total of 91,378 hexagonal mesh elements were included in the model, with no seepage.
The 2D conduits have a roughness of 0.06, 0.035, 0.05, 0.1 and 0.15 for streams, streets,
grassland, developed and forest lands, respectively, and slopes based on the DEM. The
Manning’s roughness values for the 2D mesh were established based on values suggested
by Multi-Resolution Land Characteristics (MRLC) Consortium [23]. An initial depth of

11



Land 2025, 14, 1832

0.6 m was assigned to all the 2D nodes within the streams and a large impoundment located
inside the Heinz Wildlife Refuge.

Figure 3. Map of the 2D PC-SWMM model domain.

Figure 4. PC-SWMM integrated 1D–2D watershed model with skeletonized drainage representation
in Eastwick.

It is worth noting that determining the appropriate degree of resolution to use to rep-
resent the subcatchments and drainage system within the 2D mesh area is an ongoing area
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of our research, with a paper comparing low and high resolution with both skeletonized
and all pipes representation of the drainage system in preparation.

Figure 5. The 2D mesh domain (left) and connection of the mesh elements to the pipes (right) using
bottom orifice in the skeletonized drainage model.

2.3.2. Model Calibration and Validation

In this version of model, calibration and validation processes were used to select the
proper level of resolution to use in the model design, as well as to assess the goodness of fit
of the model predictions. The 2D model was calibrated using various parameterizations
of the drainage network, with the skeletonized approach selected to achieve a balance
between computational efficiency and accuracy [18]. Table 2 summarizes the steps required
to develop the skeletonized model from the original watershed model.

Table 2. Steps required to create skeletonized model.

Task Number Task Description
Level of Effort

(Hours, Days, or Weeks)

2.1

Insert and parameterize junctions and
conduits representing a skeletonized version

of the collection system into the model
(provided by PWD in this case)

hours

2.2 Generate the 2D mesh from the DEM with
buildings represented as obstacles hours

2.3

Connect the 2D mesh to the broader natural
drainage system and to the skeletonized

drainage system using bottom orifice. Add
the initial depth to 2D junctions within the

streams and the impoundment

hours

2.4

Reassign the pourpoints of the existing
subcatchments to junctions used to represent
the collection system and/or to the nearest

2D mesh junction for subcatchments located
that do not overlap spatially with the
skeletonized collection system model

hours
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For the validation, as described in Nasrollahi et al. [17], simulated runoff hydrographs
were compared to stream stage observations at USGS gages 01475510 (Darby Creek, near
Darby, PA), 01475548 (Cobbs Creek at Mt. Moriah Cemetery), and 0147553 (84th Street) for
Tropical Storm Isaias (2020), as well as Hurricanes Irene and Lee (2011).

2.4. Adaptation Strategies

Three adaptation scenarios are quantified, assessed, and compared. These three
approaches represent three of the leading approaches to FRM under consideration in urban
areas: the NBS approach (#1), the resistance approach (#2), and managed retreat (#3). Each
of these approaches is described in greater detail below.

2.4.1. Approach #1: Optimized Watershed-Scale NBS Approach Featuring Green
Stormwater Infrastructure (GSI)

Approach #1 utilizes GSI to capture stormwater in the upstream watershed, theo-
retically to reduce downstream flooding in Eastwick. Since the precise level of GSI that
would be required to reduce flooding was not known, the model was used to compare the
effectiveness of different GSI schemes at reducing flooding associated with TS Isaias. These
schemes differed from one another based on the percent of impervious area treated and
the hydraulic loading ratio (HLR) (e.g., the ratio of a GSI practice’s catchment area to its
own area) associated with replicate GSI facilities, each assumed to be a 28 m2 (e.g., 300 sf)
bioretention practice (Figure 6).

Figure 6. Conceptual diagram of a bio-retention cell LID (Source: Storm Water Management Model
(SWMM) User’s Manual Version 5.1. EPA [1].

This analysis, described in greater detail in Nasrollahi et al. [24], began by contacting
the 31 upstream communities to quantify the level of GSI each intends to implement as
part of its ongoing effort to comply with local and federal water quality regulations. The
towns are required to manage stormwater to comply with federal (e.g., Clean Water Act),
state (e.g., PA Stormwater Management Act of 1978-Act 167), and county clean water
regulations. Because water quality impairment of the Darby and Cobbs creeks is primarily
due to sediment inputs, stormwater management goals—articulated through Pollutant
Reduction Plans (PRPs)—strive to reduce sediment loading. As of this writing, 26 of the
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31 municipalities have publicly made these plans, making up roughly 4/5 of the land
area within the watershed. Nine of the 26 municipalities (Upper Darby, East Lansdowne,
Yeadon, Darby Township, Collingdale, Morton, Sharon Hill, Darby Borough, Glenoldon)
collaborated to form the Eastern Delaware County Stormwater Collective (EDCSC) and
submitted one PRP. The municipalities are required to update their PRPs every five years,
A total of 18 PRPs were reviewed by the authors.

Based on the type and area of stormwater best management practices (BMPs) cited in
the current round of PRPs, we estimate that NBS approaches to stormwater management,
including GSI, could treat, at most, 12% of the impervious areas of the watershed (or 5% of
the total watershed area as shown in Table 3. The project team conducted some preliminary
model runs and concluded that this level of NBS application would be inadequate to reduce
flooding in Eastwick under an event like TS Isaias.

Table 3. Final % treatment of the watershed and impervious surfaces based on the current round of
the PRPs.

WS area 170 km2

WS imp area 65 km2

GSI area 8 km2

% WS area treated 5%

% imp area treated 12%

To determine what level of NBS would provide a flood mitigation benefits, additional
modeling was performed assuming that upstream GSI was in the form of replicate biore-
tention facilities, each 28 m2 in area, that receive runoff from catchment areas that are
between 5 and 10 times their size (e.g., their hydraulic loading ratios—or HLRs were varied
to between 5 and 10. Multiple model runs were performed treating 0–40% of the total
watershed (or 0–80% of the impervious areas)–see Table 4.

Table 4. GSI Modeling Assumptions.

Prototypical
GSI Type

Prototypical
GSI Area

HLR Range
% Watershed

Treated
% Impervious
Area Treated

Bioretention 300 sf 5–10 0–40% 0–80%

We selected bioretention due to its suitability for retrofit applications in urban and
suburban land uses. Key operating parameters, such as hydraulic loading ratio, berm
height, soil composition, porosity, and infiltration rates, were based on industry standards
for urban stormwater management and adapted to match the specific hydrologic conditions
of the Darby-Cobbs watershed. Bioretention was added to the model uniformly using
PCSWMM’s LID controls. This analysis revealed that if 65% of the watershed’s impervious
surfaces were directed to 28 m2 bioretention practices, each of which treated runoff from
an area 5× its size (e.g., HLR = 5), fluvial flooding of Eastwick during TS Isaias would
have been significantly mitigated. This scenario, which would treat stormwater flows
from 25% of the total watershed area, an area roughly equivalent to all of its parking lots,
rooftops, and some roadway surfaces, is defined as Approach #1. Table 5 summarizes other
parameters used to represent the GSI in the model.
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Table 5. Bioretention area properties associated with Approach #2.

Bioretention Parameter Value

Berm height (cm) 20.32

Vegetative Cover (fraction) 0

Surface roughness (Manning’s n) 0.1

Surface slope (percent) 1

Soil Thickness (cm) 91.44

Porosity (volume fraction) 0.52

Field capacity (volume fraction) 0.15

Wilting point (volume fraction) 0.08

Soil Conductivity (cm/h) 11.94

Conductivity slope 39.3

Suction Head (cm) 4.83

Storage Height (cm) 91.44

Storage Void Ratio (voids/solids) 0.8

Seepage Rate (cm/h) 1.27

Storage Clogging Factor 0

Drain coefficient (cm/h) 0

Drain exponent 0.5

Drain offset height (cm) 15.24

2.4.2. Approach #2: Physical Protection Approach Proposing Constructing a Levee
in Eastwick

Approach #2 was developed based on the Tentatively Selected Plan (TSP) of the US
Army Corps of Engineers (USACE) for a FRM strategy for Eastwick [25]. In partnership
with the Philadelphia Water Department (PWD), USACE has proposed a levee along the
east bank of Cobbs Creek, situated within the city-owned Eastwick Regional Park and
Clearview Landfill (Figure 7). The USACE levee design is based on extensive analysis and
engineering studies by the Corps. The top of the levee is proposed at an elevation of 7.5 m
(24.7 feet NAVD 88), with a section designed for managed overtopping at a slightly lower
elevation of 7.2 m (23.7 feet NAVD 88, Figure 7). This TSP aims to mitigate fluvial flood
risks associated with Darby and Cobbs Creek water levels up to the 1% Annual Exceedance
Probability (AEP), with levee overtopping expected during more significant flood events,
and additional optimization of the design expected in future project design phases.

The levee would primarily reduce fluvial flooding in Eastwick. However, as acknowl-
edged by the USACE [26], by keeping Cobbs Creek flows out of Eastwick, the levee would
induce flooding at points upstream and downstream and on the west side of Cobbs Creek.
Compared to the fluvial condition, the levee is assumed less effective at managing pluvial,
coastal, and compound flood events.

To simulate Approach #2, the elevations of the 2D mesh nodes located within the
proposed levee alignment were raised to the USACE top of berm elevation (Figure 8).
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Figure 7. Levee location and alignment along the east bank of Cobbs Creek, situated within the
city-owned Eastwick Regional Park and Clearview Landfill.
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Figure 8. Levee protection along Cobbs Creek.

2.4.3. Approach #3: Managed Retreat Approach That Would Move Eastwick Residents to
Higher Elevations Through a Land Swap Proposal

Approach #3 is a land swap concept that was conceived by Eastwick United Com-
munity Development Corporation, translated into a physical design by Drexel Univer-
sity design students, and eventually refined into a concept plan (Figures 9 and 10) by a
Philadelphia-based urban design firm (Olin) working with the research team. The plan is
only feasible because the City of Philadelphia owns a large tract of vacant land in Eastwick,
a portion of which lies above the present day 500-year flood plain. Through the proposed
land swap, flood-prone Eastwick homeowners would be allowed to swap title with the
City and move to new flood-resilient housing constructed at higher elevation land. The
design is attractive to some Eastwick residents because it does not require participation of
upstream communities (as is required by Approach #1, the NBS approach), would not re-
quire Congressional approval and funding (like Approach #2, the levee), and would enable
residents to reduce their flood risk without having to permanently leave the community.

Figure 11 shows the locations of flood prone households (in orange) that would be
relocated to the new development (in yellow). The vacated area would be restored to a new
fluvial floodplain and ecologically restored to freshwater tidal wetlands. An earthen berm
would be constructed behind the wetlands using the regraded material. The design also
calls for recontouring of a second parcel of vacant land located to the NE of 84th street (e.g.,
the decommissioned Pepper School) so that it can serve as a detention basin for coastal
flood waters entering Eastwick from the south.
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Figure 9. Proposed modifications to the existing condition in land swap design.

Figure 10. Draft of land swap design.
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Figure 11. Land swap map of city owned lands and relocated homes.

To construct the land swap model a modified DEM that contained all the land swap
features was utilized to regenerate the 2D mesh. The relocated houses near Cobbs Creek
and the Pepper School were removed from the building layer that was used to indicate
surface obstructions to flow. Once the new 2D mesh was created, the elevations of the 2D
mesh junctions along the alignment of the proposed earthen berm were raised to elevations
between 4.4 and 7.5 m per the proposed plan.

2.5. Climate Change Scenarios

To compare the effectiveness of the three different adaptation approaches, each model
was subjected to two different climatic forcing scenarios. In Scenario #1, the models were
forced with GARR precipitation and Delaware River and Schuylkill River water levels as
recorded during TS Isaias. In Scenario #2, the time series representing precipitation and
the tidal boundary conditions were made more severe to reflect high-end, late-century
projections of compound climate change in the Philadelphia region (e.g., 50% increase in
precipitation intensity and 1.2 m of sea level rise).

From a climate adaptation planning perspective, the conditions assumed in Scenario #2
are conservative, but also plausible given the latest climate projections for the Philadelphia
region [16,27]. The use of conservative climate change projections to ensure preparedness
and resilience against the increasing frequency and intensity of such events is recommended
by the Philadelphia Water Department and its consultants [27], who also estimate that
100 year, 24 h rainfall amounts could increase by 50% by end of century [27].

The late century SLR scenario is based on the IPCC AR6 projections for Philadelphia
(SSP5 8.5, 95th percentile) following [28]. This SLR value aligns with other estimates, illus-
trating the consistency in SLR projections across different research efforts, even considering
emission reductions in the RCP 8.5 trajectory [29].
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2.6. Metrics

Flooding associated with TS Isaias under both existing (Scenario #1) and future climate
changed (Scenario #2) conditions were simulated for Adaptation Approaches #1, #2, and
#3. Metrics used to compare the scenarios include:

I. Color coded maps of peak flood depths
II. Maps depicting avoided flooding associated with each approach, when compared to

baseline conditions
III. Box plots depicting the max flood depths for 2D junctions in the streams
IV. Bar chart depicting the percentage of flood reduction area

3. Results

Figure 12 includes maps that compare peak flood extent and depths simulated for
baseline conditions and Adaptation Approaches #1, #2, and #3 under Climate Scenario #1.
The maps use a color gradient, where red-orange denotes deep flooding of greater than 4 m,
and green-blue denotes shallow flooding of less than 3 m. Compared to existing conditions,
peak flood extent is reduced the most with Approach #1, followed by Approach #2, and the
least by Approach #3. Note that Approach #1 is the only approach to completely eliminate
flooding.

Figure 13 includes maps comparing peak flood extent and depths simulated for
baseline conditions when Approaches #1, #2, and #3 are subjected to Climate Scenario
#2. Comparing Figure 12a to Figure 13a, it is evident that without adaptation, flooding
associated with a storm like TS Isaias would increase due to climate change. Under Climate
Scenario #2, Approach #1 is the most effective at reducing flooding, Approach #2 is the
least effective, and Approach #3 of intermediate effectiveness. It is noteworthy that while
all three approaches reduce flooding, none completely eliminate flood risk under Climate
Scenario #2.

Figure 14 presents the effectiveness of different flood adaptation scenarios in eliminat-
ing flooding under Climate Scenario #1. Orange overlays depict areas that flooded under
baseline conditions (e.g., no adaptation) but did not flood under each of the respective
adaptation approaches. As was evident in Figures 12b and 13b, Approach #1 eliminated
the greatest amount of flooding, including in areas outside of Eastwick. Both Approach #2
and Approach #3 eliminated a significant amount of flooding in Eastwick, with #2 slightly
better than #3.

Figure 15 presents the effectiveness of different flood adaptation scenarios in elimi-
nating flooding under Climate Scenario #2. The results are similar to those obtained with
Climate Scenario #1. As was evident in Figures 12b and 13b, Approach #1 eliminated the
greatest amount of flooding, including in areas outside of Eastwick. Both Approach #2
and Approach #3 eliminated a significant amount of flooding in Eastwick, with #2 slightly
better than #3.
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Table 6 presents the number of flooded nodes (N) in each of the simulations under
the two different climate scenarios. While the baseline (e.g., no adaptation) configuration
consistently represents the highest number of flooded nodes, and all three approaches
reduce the number of flooded nodes, Approach #1 has significantly lower n compared to
the two other approaches.

Table 6. Summary of the number of flooded nodes.

Scenario/Adaptation Approach
Climate Scenario #1
Number of 2D Nodes with Depth > 10 cm

Climate Scenario #2
Number of 2D Nodes with Depth > 10 cm

Existing 22,261 35,298

Approach #1 13,577 20,475

Approach #2 18,936 28,351

Approach #3 20,655 27,164

In the chart above (Figure 16), the blue bars represent the percentage of flood reduction
area achieved by each adaptation approach—GSI, levee, and land swap—under the existing
condition (no climate change scenario). The yellow bars represent the percentage of flood
reduction area with each adaptation approach under a climate change scenario.

Figure 16. Flood reduction area (%) with each adaptation approach and climate scenario.

The results indicate that GSI is the most effective in reducing flood areas under
both conditions, with a higher flood reduction percentage than the levee and land swap
strategies. Additionally, we can observe that, with climate change (yellow bars), each
approach shows a slight increase in flood reduction compared to the existing condition. This
finding suggests that all three strategies maintain some level of effectiveness in reducing
flood areas under projected climate changes, though GSI remains the most impactful of the
three.

To investigate whether any of the approaches transfers the flood risk from Eastwick to
another portion of the model domain, the box plots presented in Figure 17 compare the peak
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flood depth of all 2D flooded nodes located within the streams for each adaptation approach
and climate scenario. The first pair of boxes (leftmost) represent existing conditions, without
any adaptation strategy in place. The other three pairs correspond to the three adaptation
approaches, comparing climate scenario #1 (light blue) and #2 (dark blue).

Figure 17. Box plots of max flood depth in streams with and without climate change, comparing the
existing condition and the adaptation approaches.

The box plots in Figure 17 show a smaller increase in median flood depth from
present to future with Approach #1 and the IQR remains relatively tight. This suggests
better control over flood variability under future conditions with GSI. Approach #2 shows
greater increase in median flood depth under future conditions. The upper whisker in the
future scenario extends quite high, indicating potential vulnerability to extreme events.
Approach #3 also exhibits an increase in median flood depth. The increase in the median
and the presence of long upper whiskers in future scenarios across all groups highlights a
vulnerability to extreme flood events. However, Approach #1 seems to cope better with the
impacts of climate change on flood depths in streams, as they manage to keep the increase
in median depths relatively moderate while controlling the range of outcomes.

4. Discussion

The results of this study underscore the complexities of selecting flood risk manage-
ment (FRM) strategies for urban areas under shifting climate conditions. Effective FRM
must address a variety of factors: effectiveness at reducing floods under both present
and future climate conditions; logistical feasibility of construction; community acceptance;
cost and cost-effectiveness; and ideally the ability to provide sustainability and resilience
co-benefits. This study represents an initial exploration into only the first of these factors,
setting the stage for more comprehensive evaluations of the options in the future.

The findings suggest that flood risk is most effectively reduced through the NBS
approach, under both current and future climate scenarios. This approach, featuring the
use of GSI, reduces flooding both in Eastwick and in nearby other communities. However,

27



Land 2025, 14, 1832

this approach requires significant and extensive multi-jurisdictional collaboration. If this
collaboration were feasible and if upscaling of GSI significantly managed runoff from 65%
of all the impervious surfaces in the watershed were possible, the face of this watershed
would fundamentally and radically change for the better. Unfortunately, it is not clear
that such collaboration and upscaling is feasible, or that it can be accomplished within
reasonable time frames.

The levee may be less institutionally complex to construct, and it is effective in re-
ducing fluvial flooding under current climate. However, it too carries some challenges.
By diverting pluvial flow out of Eastwick, the levee could induce flooding elsewhere in
the lower Cobbs Creek watershed. It also does not effectively reduce coastal flooding
originating from the Heinz refuge and would need to be accompanied by pumps to remove
pluvial floodwaters that could accumulate on its landward side. Once built, it will also be
difficult to modify, should current projections of future climate change be underestimated.

Like the NBS strategy, the land swap involves complex coordination and consent from
multiple stakeholders. Unlike the NBS strategy, the required collaboration and coordination
is only within Eastwick. Initial interactions of local residents suggest that there is currently
no consensus around implementation of the land swap. Some residents do not wish to
move (and prefer the protection perceived from the levee); while others seek buyouts.
Though it is currently owned by the city, the potential relocation area is also of interest to
different stakeholders, including the Heinz wildlife refuge.

These findings are broadly consistent with recent literature that has examined the
trade-offs between structural and non-structural flood adaptation strategies in urban areas.
For instance, studies by Frantzeskaki et al. [30] and Zhou et al. [31] have highlighted the
growing importance of nature-based solutions in urban resilience planning, particularly
in low-lying and socioeconomically vulnerable communities. Similarly, Pinter et al. [32]
emphasize that structural protections like levees, while effective in the short term, can
increase long-term vulnerability if not combined with flexible and adaptive measures such
as GSI and land use planning.

Additionally, the modeling framework used here complements approaches taken
in recent urban flood modeling efforts (e.g., Alves et al. [33]; Tang et al., [34]), which
simulate compound flood risks and test adaptation strategies using 2D hydrodynamic
models. Our skeletonized drainage representation balances model efficiency and accu-
racy, enabling tractable comparisons of large-scale interventions in complex systems—an
approach aligned with current best practices in flood risk modeling.

By building on this body of work, our study contributes a localized, scenario-based
evaluation of adaptation strategies under compound climate hazards, while also acknowl-
edging the broader institutional and social challenges documented in the literature. The
results reinforce the conclusion that no single solution is sufficient, and that integrated,
adaptive strategies—ideally co-developed with affected communities—are more likely to
provide sustainable and equitable outcomes.

Future decision-making around FRM in Eastwick requires deeper and more extensive
engagement of both community and governmental stakeholders. Such efforts might also
involve the development of hybrid approaches (for example, construction of a levee as
Phase 1 of a long term FRM strategy that ultimately funds enough GSI to eliminate any
induced flooding and/or to provide longer term, and more comprehensive flood resilience).
Additional work also must involve benefit cost analyses that consider the construction
and operation costs, as well as all the potential co-benefits and tradeoffs of any approach.
Preliminary cost assessments by our team suggest that the levee is the least expensive
project to construct, but when factoring in operation and maintenance costs and climate
change, it is not clear that the long-term benefit cost ratio of the levee is superior to
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the other options. A comprehensive analysis (in progress by our team) would require a
detailed comparison of damages with and without the projects in place, under multiple
probabilistic and compound flood conditions, and all their associated co-benefits (e.g.,
ecosystem services associated with the NBS approach) and potential disservices (e.g., false
sense of security associated with the levee). Such analyses remain necessary to more
thoroughly compare the implications of each strategy.

In conclusion, while our study provides foundational insights into the viability of
various FRM strategies, extensive further research is necessary to comprehensively evaluate
and compare these options across the outlined criteria. Future work should aim to develop
a more detailed framework that incorporates these multiple dimensions, facilitating more
informed decision-making in urban flood resilience planning. This ongoing research will
also benefit from integrating findings from related studies, such as those outlined in our
previous work [24], to refine and expand the strategies for managing urban flood risks
under escalating climate pressures.

5. Conclusions

This study is a first step in comparing the effectiveness of three distinct flood adapta-
tion strategies within the Eastwick community under both current and projected future
climate conditions. The research uses a physically based H&H model to compare the
effectiveness of GSI, a levee, and a land swap at reducing flooding in Eastwick. From a
flood-risk-reduction perspective, the GSI approach is most effective. It is also the most
adaptable and likely provides the greatest number of co-benefits of the three approaches
considered here. However, selection of the best FRM strategy requires more work, partic-
ularly in light of the multifaceted threats posed by climate change. As urban areas like
Eastwick continue to confront escalating climate-induced flood risks, the insights from this
study advocate for a strategic pivot toward an integrated FRM framework. This framework,
as supported by the Intergovernmental Panel on Climate Change (IPCC), should blend nat-
ural and engineered measures, thus embracing hybrid solutions that align with traditional
categories yet are flexible enough to incorporate innovative adaptation strategies.

The Philadelphia Office of Sustainability (OOS) is currently undertaking a public
engagement strategy to refine the selection of FRM strategies for Eastwick. It is likely that
this process will ultimately lead to a hybrid strategy combining the individual strengths
of the three approaches. Work in similar urban communities should focus on fostering
collaborative, multi-disciplinary efforts that bring together stakeholders from across the
spectrum of urban planning, environmental science, and community advocacy. By inte-
grating the strengths of traditional and novel FRM approaches into a cohesive adaptation
strategy, communities can enhance their resilience, safeguarding against present and future
flood risks while advancing towards a more sustainable and equitable urban future.

Future studies could explore phased and combined strategies that integrate GSI, levee
protection, and managed retreat options. A phased approach, starting with structural
defenses like levees and evolving into comprehensive GSI implementation, could address
both immediate and long-term flood risks while enhancing resilience. Additionally, as
community perspectives are essential in determining viable flood solutions, future research
should incorporate extensive community engagement to refine adaptation strategies. This
could include studies that evaluate the social acceptability, economic feasibility, and long-
term sustainability of different FRM options, informed directly by community input.

Further research is also needed to conduct detailed cost–benefit analyses that consider
both short-term and long-term impacts. This analysis should account for not only con-
struction and maintenance costs but also the economic, ecological, and social co-benefits
of each strategy to provide a more holistic assessment of hybrid FRM approaches. Ad-
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ditional studies could also involve detailed hydrologic and hydraulic modeling under a
broader range of climate scenarios, including extreme rainfall events and sea-level rise.
This would improve the understanding of each strategy’s performance under varied con-
ditions and help identify thresholds where hybrid approaches might be most beneficial.
Establishing a long-term monitoring program to track the effectiveness of implemented
strategies would provide critical data for adaptive management. By regularly assessing
flood protection performance, future modifications could be made to enhance resilience as
climate conditions evolve.
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Abstract: This study explores the historical occurrence of wetland ecosystems in Greece by using
recurring Phragmites australis (common reed) burnings as an indicator. Phragmites australis, a plant
closely associated with wetlands, provides excellent insights into wetland distribution. We estab-
lish a substantial association between reed fires and historical wetland existence in Greece using
geographical and statistical analysis, with these fires exhibiting remarkable constancy across time.
Using Corine land-cover (CLC) data, we extend our analysis into land-use dynamics, demonstrating
that places with the highest reed-bed-fire rates were originally wetlands, particularly those con-
verted into permanent irrigated land and areas with complex agriculture patterns. We find spatial
commonalities between reed fires and past wetland existence by analyzing fire occurrence across
three main categories: reed fires, agricultural land fires, and grassland fires. Historical records of
wetland conversion into agricultural land (or land reclamation works) in locations such as Yianitsa
and Kopaida give context to our findings. Visualizations confirm the clustering of reed fires around
these converted agricultural regions. In summary, our study offers a unique indicator based on
Phragmites australis burnings that can be used to identify previous wetland-type ecosystems, with
Mediterranean-wide implications. Despite data constraints, this study adds to the conversation about
wetland preservation and sustainable land-use management.

Keywords: wetland; Phragmites australis; land reclamation; land use; fire statistics; burning; Corine data

1. Introduction

Land-use (LU) and land-use–cover change (LUCC) science has skyrocketed during the
last half-century (exponential growth r = 6.57/year). From a few tens of publications/year
in the 1970s and 1980s to several tens of thousands/year in the last decade (Web of Sci-
ence records, ca 350,000 publications as of the end of 2023). From an epistemic point of
view, almost 99% of the abundant LU/LUCC literature has traditionally used case-study
approaches for in-depth investigations of land-use change processes and impacts rooted in
a particular place and context but inherently limited to the historical and social-ecological
contexts of the case [1]. Complementary meta-analysis and meta-studies [2–4] aim to
synthesize case study findings to uncover statistical regularities and fit individual empiri-
cal cases in a certain common framework, methodologically and conceptually, regarding,
e.g., deforestation, urbanization, desertification, or agricultural change [5–8]. From a the-
matic point of view, emphasis is mainly given to biogeochemical cycles and processes [9],
eco-system service valuation [10], and their connection to human well-being [11].

Corresponding research on wetlands is at most 3.6% of the total LU/LUCC literature.
This might appear at first sight paradoxical, given that (1) wetland losses, conversion,
or degradation occur worldwide, sometimes at excessively high rates, although slight
regional deviations might exist, peaking among ecosystem types, with up to 87% of global
wetland resources having been lost since 1700 CE [12]; (2) the average annual rate of natural
wetland loss is over three times faster than the average annual rate of loss of natural forests,
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i.e., −0.78%/year vs. −0.24%/year, respectively [13,14]; (3) rates of natural wetland loss
have accelerated to −1.60%/year since 2000 [15]; (4) wetlands (coastal wetlands, freshwater
swamps and marshes, and peatlands) encompass about 8% of the earth’s terrestrial surface
and account for about 45% of the total economic value of all global ecosystems [16], initially
estimated at ca 5000 × 109 USD (1994)/year [17]. Such an astronomical amount comes from
the functions and processes wetlands contribute to human well-being, e.g., wildlife habitat
support, water supply, carbon sequestration, the purification and filtration of agricultural
pollutants, foods, medicine, and different recreational facilities [11,12]. One should notice
that the cultural services of wetlands [18], among those of scientific interest, rank highly
after utilitarian ones, e.g., for water regulation or waste management [17]. However,
one should avoid misunderstandings or misinterpretations of the multifaceted study of
wetlands despite its limited relative percentage within overall the LU/LUCC literature.
It promotes or produces notable progress in fields supporting the specific interest of this
article, e.g., remote sensing [19,20], ecology and biology of hydrophilous species, or focused
conservation practices and guidelines [21,22].

Wetlands have been drained, converted, or filled in for centuries, with the anthro-
pogenic drivers being agricultural and industrial production, urbanization, infrastructure
development, water-use and -availability changes, disease control, and aquaculture, ag-
gravated under climate change pressures [23–26]. Within that context, in a thorough
analysis of the future of Mediterranean wetlands that could serve as a methodological
guide worldwide, 50 key issues are cataloged and classified as conservation research pri-
orities [27]. Among issues considered as “overlooked”, i.e., likely to have a significant
impact on Mediterranean wetlands but which are currently not well known in this regional
context, increased fire risk within Mediterranean wetlands and their watershed figures
are the highest-scoring issue within the physical environment and climate change issue
cluster. The low-intensity prescribed fires in non-inundation periods are also reported
as one conservation practice to control invasive species and increase wetland vegetation
coverage and diversity [28].

Given the above, the present case study intends to explore the combination of four
disparate sources of evidence of original wetland distribution in Greece. First, the py-
rogeography [29] of reed bed fires in Greece; second, the use of Phragmites australis as
a wetland habitat condition indicator species [30]; third, the Hellenic Firefighting Corp
statistics—following the European harmonized classification scheme of fire causes proto-
col [31]; and fourth, the history of large-scale hydraulic works (called land reclamation
works) undertaken during the last two centuries in Greece, i.e., the emergence and expan-
sion of Greece as a modern nation state (1830).

The fundamental evolution of the modern Greek state is intricately connected to the
extensive drainage of its wetlands [32]. Historical records indicate that the nascent govern-
ment faced significant challenges in fostering the country’s development. In response to the
demand for real estate and agricultural land and securing food resources for its growing
population, the state resorted to the systematical drainage of its wetlands until the 1960s.
An estimated loss of 63% of the original wetland areas in Greece has occurred over the
twentieth century [33]. This historical context is essential for comprehending that wetlands
once characterized Greece’s landscape despite its mountainous terrain or the dominant
public perception as an insular setup. These former wetlands now constitute the existing
plains and agricultural lands that play a crucial role in the country’s current landscape and
farming practices [34–36]. Today, about 400 large and small wetlands are inventoried in
Greece. Despite the heavy losses during the last two centuries, their total area remains
large (210,000 ha) [33]. Noteworthily, coastal and insular wetlands also suffer from multiple
threats, mainly, relating to tourism development [37], although they are pivotal in ensuring
functional connectivity for trans-Saharan migratory birds’ flyways [38].

The detailed recordings of the recurring burnings of resilient reed beds, including the
geographic coordinates, area, and duration of individual fire events, help approximate the
original distribution of wetlands in Greece. We hypothesize that the geography of reed bed
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fires or burnings, a “weed control” practice extensively applied wherever common reed
stands recover, might allow the initial wetlands’ distribution to be reconstructed before the
most extensive land-use–cover change processes initiated in modern Greece. Regarding
the scientific method we follow, it embodies empiricism, careful observation, and rigorous
reasoning. One might risk qualifying this approach as an attempt to exploit solid bodies
of knowledge and techniques, e.g., remote sensing, species biology, and conservation
practices, to advance our understanding of wetland history and conservation. Therefore,
the focus is synthesizing verisimilar storytelling of wetlands’ fate in modern Greece rather
than developing or improving technical aspects or data.

The spatial distribution of reed bed fires or burnings is contrasted with known land
reclamation projects in Greece to control for the validity of the rationale that reed bed
burnings might approximate historical wetland conversion into other land uses. For that
purpose, Corine land-use data from two flag cases of drained lakes and marshes in Greece
vs. two existing wetlands serve as a platform for the current situation in the corresponding
geographical scale.

The paper develops around the following questions:

• What is the spatial distribution and magnitude of reed bed fires in Greece between
2000 and 2022?

• Is it feasible to construct pyrogeographic maps of high resolution for reed beds?
• Are there specific land-cover types, such as permanent irrigated land and areas with

complex cultivation patterns, that exhibit a high frequency of recorded reed bed fires?
• How does the historical context of land conversion initiatives in land-reclaimed areas

relate to the current distribution of reed bed fires?

Through these questions, we aim to quantify and establish the connection between
these periodic burnings and degraded wetlands to contribute to the conversation sur-
rounding land conversion and its potential long-term effects on different ecosystems.
Acknowledging an area’s past geomorphological and ecological characteristics is crucial
for reclamation works since long-term effects must be assessed for feasible, sustainable
development scenarios. Ultimately, the hypothesis was that the current interaction between
humans and natural land expressed through fire allows for reconstructing a past image of
Greek wetlands.

2. Materials and Methods

This section addresses the various clusters of biological and historical information
and actual fire statistics integrated into a verisimilar narrative to establish the potential
of recurrent reed bed burnings to reconstruct the original wetland distribution in Greece.
Before delving into the core content of this research paper, it is imperative to provide some
preliminary remarks that offer clarity and context for our study. These remarks serve as a
foundational guide for readers to navigate the language, calculations, and terminologies
utilized throughout the paper.

2.1. Terminology

Here, we provide definitions of terms central to our narrative. Specifically, they are
as follows:

Original Wetlands: “original wetlands” denote the wetland areas that existed in their
natural state before changing due to human activities, including drainage and conversion
into other land-use types.

Reed Fires: Throughout this study, we refer to “reed fires” as incidents involving
the burning of Phragmites australis, a common reed species. This terminology is used
interchangeably with “reed bed fires” and encompasses fires occurring within wetland-type
environments, affecting other helophytes.

Corine Land-Use (CLU) Data: The Corine land-use dataset classifies various land-
cover categories, offering a comprehensive understanding of land-use dynamics. This
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dataset encompasses diverse classes, from urban areas to natural vegetation, aiding in
analyzing land-use changes.

Stremma: The term “stremma” is a unit of surface measurement used in Greece,
equivalent to 1000 m2 or 0.1 hectares or 0.001 sq. km. This paper uses this unit to quantify
the area affected by fires and land-cover classifications according to the Hellenic Statistic
Service (ELSTAT) accounting metric system.

NUTS: NUTS is a geographical nomenclature subdividing the economic territory of
the European Union (EU) for statistical purposes into a hierarchical system divided into
three levels since 2003. NUTS 1: major socio-economic regions, NUTS 2: essential regions
for applying regional policies, NUTS 3: small regions for specific diagnoses. A NUTS
0 level, usually co-incident with national boundaries, is also available. A NUTS 3 level
for Greece is equivalent to the former 51 prefectures. This number climbs to 74 when
individual islands, administratively combined into a single prefecture, are listed separately.

Pyrogeography: “An emerging discipline that provides the intellectual framework to un-
derstand the complexity of fire on Earth” [29], whose scientific program’s core mission is the
understanding and interpretation of the spatial (local to global) and temporal scales and
patterns of the combustion of biomass.

2.2. Phragmites australis (Common Reed): Traits and Reed Bed Burnings

In this paper, we refer to Phragmites australis (common reed) in the sense of morphos-
pecies, adopting the Oxford Reference definition in the Dictionary of Plant Species: “a
group of biological organisms whose members differ from all other groups in some aspect of their
form and structure (see morphology), but are so similar among themselves that they are lumped
together for the purposes of analysis”. We consider that the morphospecies taxonomy best
matches the level of knowledge of the average firefighter recording the fire event in the
field. P. australis is a cosmopolitan wetland grass typically associated with standing water
up to 1 m deep or even as a floating mat but also with damp ground or wet soil, a proxy
indication of previously inundated land. The connection between the presence and abun-
dance of P. australis and wetland soil types is well established, as a voluminous literature is
available on the strong correlation between the two [39–46]. In suitable habitat conditions,
e.g., hot summers and fertile growing conditions, P. australis effectively spreads (5 m or
more per year) through a strong network of rhizomes, horizontal runners putting down
roots at regular intervals, and a rich-soil seedbed. P. australis may be used as a species
indicator of the specific type of ecosystem. Appearances of P. australis in reclaimed-land and
drained-wetland locations may assimilate natural-wetland periodic-fluctuating conditions
during the year when the soils are unsaturated and aerated [44].

Its competition-related functional phenotypic traits [47,48], e.g., fast growth rate, low
wood density, high leaf area, and fast recovery after disturbance, besides its worldwide
spread, may explain “reeds” sensu lato persistence, expansion, and invasiveness [46–53].
Then, one might easily identify the polysemic status of the species in the literature according
to authors’ research and conceptual priorities, e.g., conservation or biogeochemistry [54,55].
Similar divergences might be identified in the ecosystem services and socio-economic
domains [47–49]. On the contrary, from the ecological engineering perspective, P. australis
is often hailed in phytoremediation and greywater treatments [46]. Overall, the actual
relationship, at least at the utilitarian or practical level, between P. australis and humans
competing for wetland habitats can be described as “good” and “bad” news, depending on
the circumstance [36,46]. Therefore, the adaptive feature of the plant allows it to regrow
from its rich seedbed [46] routinely over one or three years, making its control follow the
same pattern of reoccurrence. Appropriate indicators of wetland fire resilience should
consider that fire-impacted wetland rapidly recovers plant cover, not carbon storage and
plant biomass [52]. The common reed is a food source in grazing-marsh livestock or even
for humans following certain diets and presents significant carbon dioxide uptake [54,55].
When considered as a non-native species or in land-reclaimed locations, it is perceived as a
pest to be controlled [56].
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Since no biological control methods for Phragmites are currently available, landowners
have resorted to routine burns of reeds to prepare their land for its appropriate use [57].
The need to control Phragmites in some places has resulted in the need for proportionate
legislation. Such a need is found in the US, where, as described in A Landowner’s Guide
to Phragmites Control, a burn permit must be issued from the local fire department for
a routine extraction [58,59]. Burning is the lowest-cost method for landowners as other
pesticides are highly damaging to the surrounding environment or ineffective on the
reed population [60]. As previously mentioned, the recommended control method is to
impose numerous stressors on the plants, but while burning is the most cost-effective and
environmentally sound practice, we discover the current condition within Greece, where a
significant quantity of data has been documented on the routine burning of reed beds [58].

2.3. Reed Bed Burnings as Mediators for Inference of Wetland Distribution

The methodological substratum of our exercise relates to the issue of inferring human–
P. australis interactions (or wetlands in extenso), as actors historically competing for land,
from spatial reed-bed-burning data [60]. As an axiom, we assume that the spatial distribu-
tion of any taxon, P. australis hereto results from all abiotic and biotic ecological interactions.
Consequently, an (or some) underlying, potentially dynamic probability distribution that
predicts and explains the taxon distribution should exist [59,61,62]. Then, identifying the
principal factors and their relative impact that constrain the occurrence of P. australis might
permit a better understanding and model of the current and future distribution of the
species, as current research in ecology and biogeography steadily enforces [62–64], but also
its past distribution, as we try to accomplish here. In this case, biotic interaction limitedly
implies the P. australis—human interaction through burning, and abiotic interaction implies
wetland-type soil and hydrological conditions and the presence of the indicator species.

Theoretically, the challenge is to calculate the joint probability distribution P(W,R),
where W represents a “wetland”, and R is a reed fire event over a space, Greece hereto,
using data from arbitrary spatial resolution [65]. We divided Greece into uniform square
spatial cells, xα, and counted the Boolean variables (presence/absence) of W and R over the
grid. Using Bayes’ theorem, this joint probability is formulated as

P(W, R) = P(R|W)·P(R)

and the posterior conditional probability distribution P(W|R) is as follows:

P(W|R) = P(R|W)·P(W)

P(R)

In our case, the goal is to calculate the prior probability distribution P(W) given the
information R via the likelihood P(W|R) and the evidence P(R), according to the available
data. Using the Naïve Bayes’ approximation [66]:

P(W|R) = ∏N
1 P(R|W)·P(W)

P(R)

where N is the number of grid cells considered.
It is almost self-evident that this formulation needs more depth since it is based

on official fire statistics data collected by non-specialist firefighters. For instance, more
than ten Corine Label 3 LU categories, e.g., estuaries, water bodies, inland marshes, etc.,
are cataloged as single “wetlands” in the Firefighting Corp database. Notice that in the
Greek literature on wetlands (primarily coordinated by Gerakis PA since 1993), 27 types of
natural and artificial wetlands are listed. The same applies to identifying other helophytes,
e.g., Scirpus sp. or Typha sp., occurring (or co-occurring) in “wetlands”. The orthodox
formulation would include Wi and Ri as the various alternatives for wetland types and
different taxa. Furthermore, the alternative features of W are considered independent.
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The most exciting part of this approach is the calculation of the probabilities of co-
occurrence P(W,R) and P(W|R). Both are approximated as relative frequencies over N
cells, i.e.,

P(W, R) =
N(W, R)

N
and P(W|R) = N(W, R)

NR

However, regarding information, the probability P(W
)
, i.e., the complement probabil-

ity of absence of a “wetland”, is equally important. Then, as [62] proposed, the evidence
function P(R) is often not relevant for classification, with a score function as follows:

S(W|R) = ln

(
P(W|R)
P
(
W
∣∣R
)
+ ln

(
P(W)

P
(
W
)
)

Then, when S(W|R) > 0 per cell, one might interpret this condition of reed bed burning,
i.e., the wetland indicator species, in areas that are currently converted wetlands as a strong
indication of the existence of original wetland habitats.

One might plausibly hypothesize that P(W|R) will have a high value in cells, including
elements of the hydrographic network, the “wetlands” that are characterized as Ramsar
wetlands, and the wetland-related LUs as recorded in the Corine Label 3 maps (Figure 1a–c).

(b) (a) 

Figure 1. Abiotic and biotic conditions in Greece are suitable for reed beds and, indirectly, reed fire
burning. (a) The hydrographic network of Greece (4th degree class) https://geodata.gov.gr/maps/
?locale=el, accessed on 4 January 2024. (b) The location of the Ramsar wetlands in Greece (purple
dots signify Ramsar wetlands of international importance, black dots signify the existence of general
wetlands). Source: [67] using http://www.ekby.gr/ekby/en/EKBY_Publications_en.html, accessed
on 4 January 2024, Reprinted/adapted with permission from Ref. [67]. (c) Corine Label 3 exclusively
presenting LUs relating to current wetland conditions.

2.4. Fire Statistics in Greece

Fire data have been recorded in Greece since 1955 [68]. Since 2000, the wildfire
database has been adapted to the European Fire Fighting Information System (EFFIS) and
integrated into the Copernicus platform [69]. Table 1 presents the typical recording of any
single fire event.

As pointed out earlier, wetland drainage and conversion were a core governmental
strategy in Greece, addressing the need for agricultural land, primary sector productivity,
and public health, especially in controlling malaria and other mosquito-borne diseases
in rural populations [70]. Large-scale, costly works that transformed Greece’s landscape
are presented in Table 2. One should notice, however, that although mainly small-sized
wetlands have continued to suffer losses in recent decades, primarily due to inadequate
environmental governance and landowners’ delinquency, hydraulic works are shifting
towards dam construction, water reservoirs, and channels, or flood control mainly for
irrigation and water supply purposes. Artificial lakes, i.e., Lake Kerkini in Northern
Greece, are listed as Ramsar wetlands of international importance. Further, more than
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800 wetlands on 75 islands in the Aegean and the Ionian archipelago have been discovered
and detailed, and a Presidential Decree signed in June 2012 strictly protects 380 of these
minor (<8 hectares) natural island wetlands [71].

Table 1. Template of individual fire event recordings (spreadsheet, .xls, .xlsx) since 2000. Data
accessible in the Hellenic Firefighting Corp database (in Greek): https://www.fireservice.gr/el_GR/
stoicheia-symbanton, accessed on 4 January 2024.

Category of Information Class Unit

Time

Year 20XX

Date, time of fire ignition dd/mm, xx:xx

Date, time of fire suppression dd/mm, xx:xx

Location

Prefecture (NUTS 3) Name

Community Name

Specific location name Name

Geographical coordinates (from 2020 to)

Vegetation Type

Forest

Burned area in stremmas
(1 stremma = 0.1 ha)

Forested areas

Shrubland–grassland

Urban–periurban groves

Agricultural burnings

Reed bed burnings

Uncontrolled dumpsites

General/Miscellaneous Information
Code number of the fire event X

Means and personnel engaged # airborne/terrestrial means, # personnel
(firefighters, volunteers, military)

#: Number of.

Table 2. The list, chronology, area, and wetland ecosystem type of significant land reclamation and
drainage works in modern Greece (1830—to today). Notice that area is expressed in stremma units,
each equal to 0.1 hectares.

Major Land Reclamation—Wetland Drainage Works in Greece

Drainage Work Code Period Area (Stremma) Prefecture or Region Ecosystem Type

Kopaida 1 1880–1886 250,000 Viotia, Central Greece Lake
Pamisos 2 1888–1970 15,000 Messynia, Peloponese River
Karditsa 3 1931–1959 1,090,000 Thessalia Marshes

Larisa (Karla) 4 1931–1960 660,000 Thessalia Lake
Yiannitsa 5 1928–1932 1,054,000 Macedonia Lake–marshes
Ahinos 6 1930–1933 100,000 Serres Lake

Messologi 7 1959–1969 105,000 Aetolia-Acarnania Lagoon

2.5. Large Wetland Reclamation Works in Greece (1830–1960)

For almost a century, converting extensive wetlands, mostly marshes and lakes, into
agricultural land was a timeless central choice regardless of the governments in power.
A total of ≈3,300,000 stremmas (or 330,000 ha) of wetlands have been actively converted
into agricultural land through large-scale “land reclamation works”. This has occurred
regardless of the thousands of minor-scale interventions originating from local authorities,
individuals or co-operatives of farmers, tourism developers, etc. The core assumption of
our approach is that reed bed burnings are expected to cluster, primarily along locations
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visualized in Figure 1a–c and the locations of drained wetlands in agricultural areas. For
further details, see Table 2.

2.6. Indexes, Hypotheses, and Statistics

This sub-section presents the primary index used in fire suppression statistics, i.e., the
fire severity index (SI). SI is calculated as the ratio between the total area burned during
a certain period, usually a year or a month, per vegetation type and the corresponding
number of fire events (frequency) in this type. Furthermore, SI may be calculated at vari-
ous NUTS levels, e.g., administrative divisions (country, region, prefecture) or a certain
geographical grid cell. SI and its component values help establish and test three null
hypotheses related to the spatial and temporal patterns of reed bed burning. First, anthro-
pogenic reed bed burnings present the lowest SI value among vegetation types, eventually
of the same order as crop residue agricultural burnings. This mainly concerns sporadic
appearances of post-burning recovering reed stands within agricultural lands. Second,
the time series of SI, at any scale, is stationary, suggesting a constancy in basic statistical
parameters, e.g., the mean and variance of the SI distribution.

The third hypothesis relates to the differing behavior of SI time series at various time
scales. Metaphorically, burning reed beds signals an episode of human-nature interaction
in the specific ecological setup of wetlands converted to agricultural land or suffering a
plethora of pressures [24]. Suppose one imagines this setup as a single field driven by
verisimilar human activities or processes at random locations. In that case, the genuine
question is whether there is autocorrelation between burning events and the scale or time
lag. In practice, this autocorrelation hypothesis could be controlled through autocorrela-
tion and partial autocorrelation functions in ARIMA (p,d,q)—with or without seasonality
decomposition—modeling and the Ljung–Box test, or white noise Fisher’s kappa test. We
run these tests at two data samples: (1) a yearly scale, i.e., 23 (2000–2022) SI/year data
series; and (2) a monthly scale, i.e., 276 SI/month data series.

Concerning the spatial pattern, the complementary prediction is that the distribution
of reed bed burnings matches the hydrographic network and, most importantly, clusters
in current agricultural areas that correspond to the original wetlands. This pattern is
examined at two scales. First is the national scale, where reed bed burnings are associated
with the hydrographic network. Second, at the scale of two symbolic drained wetlands, i.e.,
Lake Kopaida (the first major land reclamation work) and the Yiannitsa marshes (one of
the most significant land reclamation works attempted) in modern Greece (Table 2).

Integrating the Corine land-use (CLU) dataset (levels 1 and 3) provides a comprehen-
sive classification of land-cover categories, enabling a systematic understanding of land-use
dynamics. This dataset encompasses various classes that describe distinct land-cover types,
ranging from urban areas to agricultural fields, natural vegetation, water bodies, and
wetlands (Appendix A). Corine land-use data intersection with reed fires in Greece offers
a unique avenue to ascertain the present status of once-wetland areas. By integrating
Corine land-use classes with reed fire occurrences, it becomes possible to discern how these
areas have evolved, transitioning from wetlands to their current land-use categories. This
alignment provides an insightful lens to investigate the contemporary condition of former
wetland areas, thereby contributing to a comprehensive understanding of the dynamic
interplay between land-use changes, fire incidents, and ecological shifts, as well as the
crossover of historical insight in the socioeconomic aspect of the phenomenon.

Hypotheses and predictions are controlled after data are processed using R Statis-
tical Software (v4.1.2). ArcGIS (v. 10.8.2) is then employed for visualizations through
coordinates per fire event available (2020–2022) that pinpoint fire distribution trends and
clusters. Stationarity and time series statistics were controlled using R (series, v0.10–48),
SPSS v.28 forecast functions, XLSTAT time series, and spectral density analyses, including
Fast Fourier Transform smoothing. More specifically, the reed fire area dataset was treated
to the Augmented Dickey–Fuller (ADF) test to determine its stationarity, critical for making
accurate assumptions regarding temporal trends. Furthermore, ADF findings were con-
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trolled with the ARIMA model’s stationary R-squared values, previously used to predict
the reed fire area time series. To attain stationarity, the ARIMA model, dubbed V2-Model_1,
includes a comprehensive set of autoregressive (AR) and moving average (MA) terms and
a differentiation step. Finally, the spatial distribution of reed fires and agricultural land
utilization is examined through visual cluster land-use (CLU) analysis, where high-density
reed fire clusters are identified, pinpointing areas of significant burning incidents. This
integrated approach offers precise insights into wetland transformations, aiding informed
policymaking for targeted conservation efforts and land management strategies in Greece.

3. Results

3.1. General Description of the Reed-Bed-Fire Phenomenon

During 23 years of observation, 248,537 fire events were recorded in the rural space
of Greece; they burned a total of 13,526,844 stremma (or 1,352,685 ha or 13,526.8 sq. km)
of various types of vegetation (excluding parklands or spinneys). Reed bed burning
corresponds to 15.9% of events and 1.8% of burned areas. To better grasp the hidden
significance of such pressures and economic and productive effects, notice that the average
rural household farmland ownership is 53.8 stremma when the corresponding European
average is 166. Figure 2 presents the relative frequencies of wildfires in various vegetation
types and the reed fire size distribution. This information will differentiate the initial
causes and effects of reed fires of multiple magnitudes. Notice here that our goal is not
technical. In other words, to precisely calculate the value of the scaling factor γ of the classic
frequency–size distribution, approximating the power law curve between the lower limit
(smaller size) of burned area min and the upper limit, smax (which is de facto truncated) [72–
77]. Our goal is to propose categories of reed-bed-burning sizes and potential, but not
definitive, explanations of the underlying mechanisms in each category.

Figure 2. Two versions of the reed-bed-burning frequency vs. size or magnitude rank (in log-log
space). Left: the classic power law representation of the frequency–size distribution. Tones of
grey indicate hypothetical mechanisms generating different categories of reed bed burning sizes,
explanations on the meanings of grey tones are provided in the text below. Right: the proposed
categorizing of reed-bed-burning events according to their respective size. For further explanation
and details, see the text below.

We call an “individual level event” (grey tone A, left panel, Figure 2) the case of the
application of fire to eradicate sparse, rare individuals of P. australis. It corresponds to
≤0.1 stremma (or 0.01 ha) events. Such individual plants might be remnants of earlier
burnings or new invading individuals, mainly in agricultural lands. The “point event”
corresponds to burnings ≤1 stremma (or 0.1 ha). Most likely, they are a kind of “regrow”, a
strip of densely growing reed beds at the edges of agricultural lands near watercourses or
artificial irrigation canals. The “local event” corresponds to burnings ≤10 stremma (1 ha).
Most likely, they correspond to recovering reed beds, 3–5 years after a similar burning
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event, most likely of a single farmland owner. The “co-operative event” corresponds to the
same condition as the previous one, but most likely is organized and applied by a group
of farmers over multiple farm properties. “Watershed events” and “mega-fire events”
correspond to large-scale wildfires (order of sq. km.) ravaging various types of vegetation
(forests, forested areas, groves, agricultural lands) and the wetland-related vegetation
that is situated within the burned area, i.e., existing wetlands or reed beds occupying
converted wetland soil types. For instance, the upper-limit-size truncation, smax, in reed
burning, i.e., 20,000 stremma (or 2000 ha), occurred in Greece on 23–27 August, mainly
in the Peloponnese (Appendix B, NASA Terra satellite image) [78]. There, this mega-fire
event burned 1500 km² of forests, accounting for 4% of Greece’s total forest area; more than
1500 houses; and caused 68 human casualties.

Similarly interesting is the spider chart (Figure 3), where frequencies, total area burned,
and the severity index for various Corine Label 3 NUTS 0 wetland (existing or converted)
Lus are compared. The most intriguing finding that differentiates reed bed burning from
other vegetation type Lus is that although the frequency and total area “snowflakes” are
somewhat similar in shape, the SI snowflake presents a different morphology, indicating
higher severity in existing wetlands rather than in converted ones: the role of human
control over reed bed burning in converted wetlands seems indirectly highlighted here.

 

Figure 3. Spider chart comparing the frequencies, total area burned, and SI of reed bed burning in
Greece (2000–2022). Data refer exclusively to land uses comprising existing or converted wetlands,
primarily variations of agricultural land setups, but also infrastructure (airports), tourism activities
(beaches, dunes, sands), and industrial activities (salines and salt marshes). Blue line: frequency; red
line: total area burned; purple line: SI. Axes are log-transformed.

3.2. Comparison of Wildfire Severity Indexes vs. Agricultural Burnings

Statistical and geographical analysis results confirm the core hypotheses’ validity, as
announced in Section 2.4. Specifically, this is as follows:

The severity index of reed bed burnings presents the lowest value (μ ± SD) compared
to that of other vegetation types, especially crop residue burnings. Figure 4 presents
summary descriptives of the Sis of wildfires per vegetation type in Greece during 2000–
2022, i.e., six series of 276 measurements each. No series is normal (Kolmogorov–Smirnov
test: p < 0.001, a = 0.05), variances of Sis are not equal (Levene statistic p < 0.001), and
parametric one-way ANOVA with contrasts is significant (p < 0.001). Tukey’s test indicates
a significant difference between distributions of reed bed burnings and forest wildfires.
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Figure 4. Summary descriptives of the severity index of wildfires per vegetation type in Greece, from
2000–2022. Boxplots represent the median (horizontal thick line), the first and third quartiles (box),
and the 1.5 interquartile range (whiskers). Black dots are outliers. 1: Crop residue; 2: agricultural
land; 3: forest; 4: forested area; 5: shrubland/grassland; 6: reed bed burning.

Non-parametric test (independent sample median test and independent sample
Kruskal–Wallis test, i.e., same median and same distribution across vegetation types’
Sis, respectively) results rejected the null hypothesis (p < 0.001, a = 0.05). Figure 5 presents
the significance of pairwise comparisons of Sis after Kruskal–Wallis independent samples
tests. The reed-bed-burning SI differs significantly from all other vegetation types’ Sis,
including crop residue burnings.

Figure 5. Pairwise comparison of severity indexes per vegetation type after Kruskal–Wallis indepen-
dent sample test. Significance values have been adjusted after Bonferroni correction for multiple tests.
Nodes show the average rank of SI per vegetation type. Code: 1: reed-bed-burning SI; 2. Crop residue
burnings SI; 3. Agriculture land wildfire SI; 4. Forest wildfire SI; 5. Forested areas SI; 6. Shrubland/
grassland wildfire SI. Each SI series consists of 276 monthly recordings, 2000–2022. Extract from the
dashboard of IBM SPSS v. 28.

3.3. Stationarity of Reed-Bed-Burning Time Series

Time series analysis of reed-bed-burning data confirms the hypothesis of the station-
arity of the SI of reed bed burnings and its components (area and frequencies/month
at NUTS 0). Interestingly, the reed-bed-burning SI is stationary, i.e., its statistical prop-
erties, such as mean, variance, and covariance, are independent of the point in time at
which they are observed without any data transformation. However, for comparison be-
tween the SI series of different vegetation types, data were natural-logarithm-transformed,
linear trends were factored out (first-degree differencing), and outliers were removed.
In most cases, SI outliers were related to extreme mega-fire events ravaging large areas
indistinctively of vegetation types, e.g., the 2007 Peloponnese or the 2021 Attica and
Evia events [70,79]. Figure 6 presents the reed-bed-burning series (SI, total area, and fre-
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quency/month) during 1/2000–12/2022 at NUTS 0, with natural-logarithm-transformed
data and first-degree differencing.

Figure 6. Sequence plot of the reed bed burnings/month time series at NUTS 0, i.e., Creece’s level.
Data are natural-logarithm-transformed, and first-degree differencing is applied. The blue line
represents the area/month series, the green line the frequency/month series, and the red line the
SI/month series. Two hundred seventy-six records (months) are reported (1/2000-12/2022). Extract
from the dashboard of IBM SPSS v. 28.

The reed bed monthly burning dataset was subjected to the Augmented Dickey–Fuller
(ADF) test to check for stationarity. The Dickey–Fuller statistic for the total area/month
is −33.453 with a corresponding p < 0.01; for the frequency/month, the ADF statistic is
−6.3751, p < 0.01; for the SI/month, the ADF statistic is −6.5328, p < 0.01. In all cases, the
lag order = 6. Then, the null hypothesis of non-stationarity may be rejected, implying that
the dataset does display stationary behavior. The significance of the p-value, which is less
than the customary threshold of 0.05, emphasizes the resilience of the stationarity observed
in the reed-burning dataset.

3.4. Time Series Analysis, Periodograms, and Spectral Analysis in Reed-Bed-Burning SI Series

Autocorrelation and partial autocorrelation in SI reed-bed-burning data series were
extensively studied through several ARIMA (p,1,q) models, tested as the value of AR
and MA values, and the lags that are taken into consideration (lag 1 to 24). This exercise
aimed to examine the behavior of the Ljong–Box statistic, given the ecologically meaningful
lags and plausible values of AR and MA. The main finding is that the time pattern of
reed burnings differs remarkably when time scale enters into play. To attain stationarity,
the ARIMA model, dubbed V2-Model_1, includes a comprehensive set of autoregressive
(AR) and moving average (MA) terms and a differencing step. Such a model verifies the
stationarity found in the ADF test findings.

Table 3 summarizes the time series analyses, spectral density, and FFT smoothing
results at two time scales. The results in Table 3 resemble a verisimilar “umbrella” of slightly
differing versions in the computational calculations of various parameters of statistical
methods and techniques typically used in time series analysis. The core results can be
summarized as follows: First, different-scale time series behave differently, i.e., monthly
vs. yearly, as per serial correlations. Monthly-scale series with quarterly periodicity show
autocorrelation according to the inclusion of seasonal periodicity or not; the yearly scales
do not show serial correlations.

Second, as expected, Ljong–Box and white noise tests, at the yearly scale, concur
that the series is significantly different from white noise at a significance level of 0.05.
Figure 7 presents indicative graph examples of the above analyses. Overall, one might
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detect two periodicities in reed bed burning. One relates to local small-scale events, most
likely regarding human agricultural burning and management activities (scale of a few ha).
The second refers to quasi-decade large-scale wildfires, ravaging complex landscapes, part
of which are wetland systems (scale of square kilometers). In both time scales and burning
areas, the effect of the 2007 mega-fire event is evident, as well as the return period of such
events, that is, of ≤3 years for small-scale events and ≈8 years for large events.

Table 3. Summary of statistics for time series and white noise analyses of correlations between data
samples of SI reed bed burnings at two time scales, i.e., monthly and yearly. The results presented are
the best fitting versions to a series of models, ARIMA (seasonal and non-seasonal periodicity), and
white noise after various smoothing techniques (e.g., exponential, Fourier, Holt–Winters, and moving
average). FFT RMSE* refers to the normalized RMSE, i.e., RMSE/(max–min) values.

Time Scale/
Data Series

Sample Size/
Spatial Scale

ARIMA Model White Noise

Non-Seasonal (p,1,q) Seasonal (P,1, Q)
Fisher’s K FFT RMSE*

Pseudo-R2 RMSE L-B Test Pseudo-R2 RMSE L-B Test

Monthly/SI
reed bed
burnings

276/NUTS 3 (1,1,1)
0.319

(1,1,1)
0.635

(1,1,1)
0.073

(1,1,1)(1,1,2)
0.192

(1,1,1)
(1,1,2) 8.6

(1,1,1)
(1,1,2) 0.705 p = 0.036 p = 0.102

Yearly/SI reed
bed burnings 2/NUTS 0

(1,1,1)
0.793

(1,1,1)
2.12

(1,1,1)
0.364 -

p = 0.403 p = 0.052
(3,1,3)
0.731

(3,1,3)
2.64

(3,1,3)
0.465

Figure 7. Indicative examples of ARIMA (1,1,1) models of time series analysis of severity indexes of
reed bed burnings in two-time scales, yearly vs. monthly, (a) vs. (b). Red lines present the observed
values, blue lines are the fit lines, and dots are the upper and lower confidence limits. Extracts from
the dashboard of IBM SPSS v. 8. (c,d) present the Fast Fourier Transform smoothing of the SI series
distribution models at a scale of 10 years (or 120 months)—extracts from the dashboard of the XLSTAT
package. RMSE* represents the normalized value calculated as RMSE/(max–min values).
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3.5. Spatial Patterns of Reed Bed Burnings

This section focuses on spatial patterns of reed bed burnings, i.e., the complementary
aspect of the pyrogeographic analysis. To that end, we present two maps. Map 1 (or
Figure 8) presents the totality of reed-bed-burning events (in x/y coordinates) during
2020–2022, for which such data are available in the EFFIS system. One might interpret this
figure as the map of reed-bed-burning hotspots in Greece.

 

Figure 8. (Map 1) Pyrogeographic map of reed bed burning during 2020–2022. The size of the
dots indicates the magnitude of burning events in the corresponding locations. Clusters of events
suggest the reed-bed-burning hotspots in Greece (NUTS 0) and, indirectly, the presence of existing
and converted wetlands where abiotic conditions, especially wetland-related hydric soil conditions,
allow for the presence and post-burning recovery of P. australis beds. Light-black polygons are the
boundaries of NUTS 1 (prefectures); light-grey lines are the hydrographic network of Greece.

Map 2 (or Figure 9) presents the fine-scale distribution of reed burnings in two con-
verted wetlands and two existing wetlands over a Corine Label 3 LU background at a
NUTS 0 level. Yiannitsa area is one of the most extensive “land reclamation works”,
and Copaida is Greece’s first large-scale lake drainage work (see Table 2). Thrace and
Ileia are existing Ramsar wetlands of international importance in the Ramsar Conven-
tion list. The reed-burning dots are georeferenced on extracts from the pyrographic data
throughout 2020–2022, illustrating the precise locations and intensity of burning events in
these wetlands.

“Hotspot” is used here in a casual and evocative manner. Hotspot encapsulates the
meaning of an area of elevated burning incidence or prevalence or a geographic cluster of
reed-bed-burning cases. It also indicates an area with a high frequency of occurrence or
re-occurrence of burning events.
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Figure 9. (Map 2) Indicative examples of reed-bed-burning distribution in two converted wetlands
(Yiannitsa and Kopaida) and two existing Ramsar wetlands of international importance (Thrace:
Lake Ismarida, Porto, and lagoons; and Ileia: Cothychi).

All wetlands suffer extensive reed bed burning, indicating the recovery potential of
the indicator species P. australis and the need to apply fire in the converted wetlands as
an agricultural management practice. Most importantly, the status of the protected area
in the Ramsar wetlands is ineffective since in Thrace (Lake Ismarida, Porto, and lagoons)
and Ileia (Cothychi), the density of the recurring reed burnings is practically higher than in
the converted wetlands. Therefore, besides the value of reed burnings as an indicator of
wetland conditions, these results are a “metric” of bad environmental governance in the
country, even today.

Map 3 (or Figure 10) presents the results of applying the score function.

S(W|R) = ln

(
P(W|R)
P
(
W
∣∣R
)
+ ln

(
P(W)

P
(
W
)
)

> 0

(See the analysis and rationale in Section 2.2 above.) Black-bordered polygons are
neighboring grid cells delimiting those areas in Greece where the human–P. australis
(‘wetlands’) interactions were continuous during the existence of modern Greece as a
nation state.
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Figure 10. (Map 3) Blocks of adjacent grid cells present positive values of the score function. This
applies to both converted and existing wetlands in Greece. Red arrows indicate the locations of the
extensive land reclamation works in Greece for more than a century to develop agricultural land and
secure food sufficiency for the growing population.

4. Discussion

The results allow for building storytelling to provide a verisimilar, credible, but
not mispresented [80,81] interpretation of the complex evolving phenomenon of human–
wetland interactions into simpler components [82]. Hopefully, this might help inspire future
alternatives to socially relevant LU/LUCC scientific research in the polysemic perception
of P. australis and, eventually, its companion species as an indicator of wetlands’ spatial
dynamics and uses.

At the nucleus of the present discussion puts forth the value of storytelling as a
structured narrative [81] on wetlands’ use—and abuse—trajectory in the case study of
modern Greece. Storytelling might appear to deviate from the systematic and logical
approach to discovering characteristics of the noble method of science, especially after
the Popperian paradigm. The genuine scientific scrutiny of this contribution is the asser-
tion that while storytelling and the scientific method may seem different at first glance,
e.g., the lack of falsification, replication, or controlled experimentation, they are both essen-
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tial tools for understanding and explaining the human–wetlands interactions in a country
in the process of modernization and growth. They each have their strengths and can be
used together to effectively communicate complex ideas and engage a broad audience. One
would humbly underscore that our approach is somewhat inspired by the mixed scientific
method that acquired its lettres de noblesse after J. Diamond’s works, e.g., Collapse, although
it is subject to ongoing debate and criticism in academic circles [83].

The core problem with storytelling constructions such as ours is the validation and
limitations of data [84]. As clearly described in the Methods section, data on every fire
event are published yearly and standardized under the EFFIS system (Table 1). Then, the
categories and classes of fire events records present are uniform at the pan-European level.
The same stands true for the causes of fires [31]. As to the limitations of data, possible
sources of weak reliability are (1) the lack of standardized topographic data compatible
with the modern georeferenced boundaries of converted wetlands in the 19th century and
the first half of the 20th century. (2) Limited knowledge of firefighters on the ground as
to the taxonomy of wetland keystone plant species. For example, the severity index (SI)
mainly orbits around the reliability of data obtained from the Firefighting Corp database,
as, at times, the separation of vegetation types is particularly difficult for non-specialists.
Future research should include species-specific data to ensure the distinction between the
types of fires and species and enhance the indicator’s accuracy. This is why we adopted
the morphospecies taxonomy of P. australis as the indicator of this category of helophytes.
(3) Geographic coordinates of fire events have been kept on record since 2020. This is
important for the systematic monitoring of reed bed fires or burnings, which are abundant
in yearly frequency but of small size per event (Figures 2 and 4, Section 3). However, the
pyrogeographic map of reed bed fires or burnings presents interannual consistency (Map 1,
Figure 8).

The association of P. australis with wetland conditions, existing presently or converted
in the past, appears well established in spatial, ecological, and time scales, as well as in
land-use conditions. As strongly stated in earlier sections, the conversion of wetlands into
agricultural land was inextricably intertwined with the establishment and development
of modern Greece (especially the period 1830–1960). However, apprehending post-1960s
reed bed burning as an exclusive agricultural practice like crop residue clearing in cereals’
and industrial crops’ cultures, e.g., cotton, tobacco, and biofuel-transformable plants, is a
limited or narrow explanation of the dynamics of the phenomenon in the terrain. Although
agriculture-related uses, as classified in the Corine NUTS 3 level, dominate the reed-bed-fire
frequency, total area, and SI, it is remarkable that infrastructure, tourism-related, or semi-
industrial activities present significant parts in the non-converted wetland reed-bed-fire
phenomenon. For instance, in island setups, airfields are often situated in flat sea-shore
areas that, in most cases, are or were coastal wetlands. Repeatedly burning the rapidly
recovering reed beds is a safety measure for airplanes’ movements in these airports (Map 2,
Figure 9).

Our storytelling explanation articulates the hypotheses announced and explained in
Methods Section 2.5. At first, anthropogenic reed bed burnings present the lowest severity
index (SI) value among all vegetation types, more or less of the same order as crop residue
agricultural burnings. This mainly concerns the sporadic appearance of post-burning
recovering reed bed stands within agricultural lands. Second, the time series of SI, at any
scale, is stationary (Figure 6), suggesting a constancy in the basic statistical parameters,
e.g., the mean and variance of the SI distribution. However, it should be noted that two
periodicities in the SI variation might be identified. The first relates to very small or small
reed bed burnings; in such cases, the return time of the phenomenon is ~3 years. The
second refers to large reed bed fires as parts of wetland watershed wildfires or mega-fires;
in such cases, the return time has ~7–8 years in Greece since 2000 (Figure 7). Regarding
the spatial pattern of reed bed burnings or fires, “hotspots”, i.e., areas of elevated burning
incidence or prevalence or a geographic cluster of reed-bed-burning cases, are discernable
(Map 1, Figure 8).
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Although indirectly suggested in the previous sections, one might attempt to comple-
ment the storytelling on reed bed burning as an indicator of the dynamics of the wetlands
in modern Greece with a series of questions open for future research, either at the national
or the international level. We focus on the following priorities:

1. Ecological Repercussions: while mainly affecting the keystone indicator species, reed
bed burning impacts the broader wetland ecosystem. It influences the intricate web
of biodiversity and ecosystem services, potentially impacting water quality, habitat
availability, and overall resilience. Understanding these ecological implications is
crucial for devising conservation strategies that address the multifaceted dynamics of
wetland ecosystems.

2. Climate Change Resilience: Exploring the role of reed bed burning within climate
change mitigation policies unveils its potential contributions to adaptive wetland
management. Assessing its impact on carbon sequestration, water regulation, and
ecosystem stability provides insights into whether this practice aligns with broader
climate change mitigation goals. Acknowledging and evaluating the intricate rela-
tionship between reed bed burning and climate resilience is pivotal for sustainable
land-use planning.

3. Policy and Management Recommendations: This research underscores the need for
comprehensive policy frameworks and adaptive management strategies to balance
agricultural, infrastructural, and conservation interests. By recommending nuanced
approaches that integrate ecological sensitivity with socio-economic needs, this study
underlines the need to develop effective wetland management plans. The presence of
these historical, currently converted wetlands plays a significant role in recognizing
the natural state of areas to avoid and prevent the destruction of human infrastructure,
which in most cases would be flooding since wetlands are natural systems created in
drainage basins.

4. Emphasizing the importance of collaborative governance ensures the sustainability
of wetland ecosystems in the face of evolving land-use dynamics. An outstanding
example certainly is the recent flooding of Lake Karla (September 2023), located
in Thessaly (EM-DAT platform on natural hazards and disaster, record 2023-0582-
GRC), i.e., one of the last large-scale drainage or land reclamation works (Table 2,
Methods section). During the “Daniel storm”, the original lake regained its initial
place and area in less than two days (1,900,000 stremma flooded after precipitations
>1000 tons/stremma). Efforts have been made during the last decades to correct the
damage from such initial extensive drainage works, thus emphasizing the importance
of collaborative governance between farmers, scientists, planners, and politicians
to ensure the sustainability of wetland ecosystems in the face of evolving land-use
dynamics and climate change pressures. This was going in the right direction but was
also too late and too slow as a process.

5. Global Relevance: Extending the proposed indicator’s applicability to a global con-
text, the research suggests that insights gained from the study can inform wetland
conservation efforts worldwide. By highlighting the index’s transferability to diverse
socio-ecological settings, this study emphasizes the potential for international collabo-
ration in addressing the everyday challenges wetland ecosystems face. This global
perspective underscores the importance of shared knowledge and cooperative efforts
in safeguarding these critical habitats.

6. Community Engagement: Recognizing the pivotal role of local communities in wet-
land conservation, this study advocates for inclusive community engagement. By
incorporating traditional ecological knowledge and fostering community-driven
initiatives, this research promotes a sense of stewardship among residents. This
collaborative approach ensures that wetland conservation aligns with the commu-
nities’ values and agricultural land management practices intertwined with these
ecosystems.

49



Land 2024, 13, 538

Expanding the proposed indicator species as a precise “locating device” for esti-
mating converted wetland-type conditions requires a multifaceted approach. Additional
parameters and pressures should be systematically incorporated to enhance the indicators’
accuracy and applicability. Key considerations include introducing land-use history data
to capture the temporal evolution of converted wetlands, offering a more nuanced under-
standing of their transformation over time. Hydrological dynamics, such as changes in
water flow and soil moisture, should be integrated to provide insights into the ongoing
ecological processes within converted wetlands.

Furthermore, socio-economic indicators, including land ownership patterns and agri-
cultural practices, can contribute valuable context to the indicator. Understanding the
human dimensions associated with converted wetlands enables a more comprehensive
evaluation of the interplay between anthropogenic activities and ecological responses.
Leveraging advanced geospatial technologies and machine learning algorithms may fa-
cilitate real-time monitoring and predictions of converted wetland conditions, enhancing
the indicator’s adaptive management capabilities. Collaborative initiatives involving re-
searchers, land managers, and policymakers are essential to ensure that the index remains
relevant, responsive, and effective in promoting sustainable land-use practices and the
conservation of converted wetland ecosystems.
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Appendix A

Appendix A presents a synopsis of spatial pyrogeographic data of a NUTS 3 level (pre-
fectures of Greece), emphasizing the average severity index (2000–2022). Area/prefecture
is presented in stremma (0.1 ha). AL: agricultural land; SG: shrubland/grasslands; WER:
wetlands. This collection refers primarily to LUs that are prone to “arson” as management
practices of farmers and shepherds.

Table A1. Severity index by prefecture 2000–2022 (stremma).

Prefecture Area Stremma % of AL % of SG % of WET SI AL SI SG SI WET

Aetolia-Acarnania 5,461,000 32% 28% 3% 33.06 17.05 10.33
Larissa 5,381,000 52% 33% 2% 34.85 66.19 0.22

Ioannina 4,991,000 17% 38% 4% 13.91 32.85 2.09
Phthiotis 4,441,000 42% 34% 1% 14.81 44.93 7.94
Arcadia 4,419,000 27% 52% 1% 167.13 76.76 3.10
Evros 4,242,000 52% 16% 5% 54.92 65.57 2.73

Euboea 4,167,000 32% 40% 2% 6.64 12.07 15.92
Serres 3,968,000 51% 17% 3% 83.81 101.84 20.83
Attica 3,808,000 35% 28% 4% 91.74 43.45 13.10

Thessaloniki 3,683,000 55% 19% 2% 67.35 34.91 1.92
Laconia 3,636,000 39% 46% 3% 102.35 151.99 13.69
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Table A1. Cont.

Prefecture Area Stremma % of AL % of SG % of WET SI AL SI SG SI WET

Kozani 3,516,000 39% 29% 9% 310.03 479.58 22.52
Drama 3,468,000 20% 24% 1% 576.20 274.10 112.35
Trikala 3,384,000 28% 36% 3% 16.56 6.01 2.97
Achaea 3,271,000 38% 41% 3% 52.11 71.97 35.36

Messenia 2,991,000 54% 29% 1% 15.10 24.95 22.86
Boeotia 2,952,000 44% 40% 1% 71.57 62.40 6.36

Chalkidiki 2,918,000 43% 23% 0% 15.16 15.92 0.71
Dodecanese 2,714,000 26% 56% 5% 30.32 6.99 5.39

Heraklion (Crete) 2,641,000 59% 33% 3% 23.87 34.93 15.12
Karditsa 2,636,000 51% 22% 1% 52.03 73.87 3.35

Magnesia 2,636,000 37% 41% 1% 94.55 27.76 23.31
Ilia 2,618,000 69% 20% 1% 29.60 78.10 11.25

Cyclades 2,572,000 31% 61% 2% 6.21 15.15 0.00
Rhodope 2,543,000 46% 24% 3% 12.02 43.55 9.65

Kilkis 2,519,000 63% 13% 0% 42.47 213.63 1.38
Pella 2,506,000 47% 17% 1% 11.89 53.64 7.46

Chania (Crete) 2,376,000 32% 50% 4% 8.19 35.85 2.19
Corinthia 2,291,000 41% 35% 2% 696.00 190.26 35.54
Grevena 2,291,000 34% 26% 1% 14.74 63.16 5.66
Argolis 2,154,000 39% 52% 2% 28.54 17.09 17.30
Lesbos 2,154,000 47% 37% 1% 86.00 52.68 3.72
Phocis 2,121,000 14% 41% 3% 13.65 9.46 6.18
Kavala 2,111,000 33% 30% 3% 43.54 97.57 1.56
Florina 1,924,000 34% 26% 4% 22.72 39.13 17.04

Evrytania 1,869,000 8% 38% 3% 6.48 77.54 2.07
Lasithi (Crete) 1,823,000 34% 56% 5% 54.36 57.65 1.89

Xanthi 1,793,000 35% 18% 3% 52.78 45.93 1.85
Kastoria 1,721,000 29% 30% 1% 23.17 56.23 5.66
Imathia 1,701,000 50% 12% 2% 9.13 35.35 0.62

Arta 1,662,000 31% 42% 5% 250.58 221.33 23.32
Pieria 1,516,000 50% 8% 3% 123.63 110.30 0.29

Thesprotia 1,515,000 25% 51% 3% 20.29 172.49 6.67
Rethymno (Crete) 1,496,000 44% 46% 5% 120.60 11.46 2.05

Preveza 1,036,000 40% 40% 6% 11.00 25.53 10.92
Chios 904,000 28% 57% 10% 121.41 58.83 1.47

Kefalonia 904,000 33% 42% 2% 220.29 100.31 4.60
Samos 778,000 32% 42% 6% 11.99 30.47 2.81
Corfu 641,000 73% 13% 4% 43.86 77.31 5.78

Zakynthos 406,000 53% 35% 1% 155.93 185.08 1.22
Lefkada 356,000 47% 33% 1% 35.42 14.83 21.05

Appendix B

This is a NASA Terra satellite image of the mega-fire conditions in the Peloponnese on
26 August 2007. Coastal wetlands of the prefecture of Ilia burned for more than a week
before suppression. It corresponds to the upper-limit truncation, smax, of the frequency–
size distribution presented in Figure 2 (main text).
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Figure A1. Satellite image (NASA Terra) of the mega-fire conditions in the Peloponnese on 26 August
2007. Coastal wetlands of the prefecture of Ilia burned for more than a week before suppression.
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Abstract: The World Heritage Committee has been meeting to discuss the arrangements of existing
World Heritage Sites, and, on 22–26 October, the area from Giza to the Dahshur was included in the
list of World Heritage Sites. According to the Egyptian Antiquities Authority (EAA), the groundwater
levels at the Pyramids Plateau are too shallow, which threatens the ancient Sphinx and Pyramids
in Giza, Egypt. In addition, many geophysical studies have been carried out in the archaeological
area of Giza, which prove that the area is facing the risk of a high level of groundwater, specifically
threatening the Sphinx. Recent developments in Earth observation have helped in the field of land
monitoring such as land use changes, risk observation, and the creation of models for protecting
cultural heritage sites. This study aimed to examine the impact of land use changes on on the
archaeological sites of the Giza Necropolis area by integrating various data sources including optical
satellite imagery and SRTM data during the period of 1965–2019. A historical database of Corona
1965 and Landsat 2009 data was investigated along with the new acquisitions of Sentinel-2 2016 and
Sentinel-1 2016 and 2019. In addition, the radar Sentinel-1 SLC data were collected and analyzed for
calculating the land subsidence value in the area of interest through two periods between 6–30 July
2016 and 30 July–15 December 2016. Various methods were implemented, including cluster outliers,
the Moran index, and spatial autocorrelation to examine the changes in urban masses. Additionally,
the relationship between groundwater leakage and land subsidence in the region was investigated.
The analysis was carried out using Envi5.3, ArcMap10.6.1, and SNAP6.0 software to extract spatial
data from the raw data. The results from our investigation highlighted rapid changes in urban areas
between 1965 and 2019. The data obtained and analyzed from optical and radar satellite imagery
showed that changes in land use can cause changes in the topographic situation by decreasing the
level of groundwater, which adversely affects Egyptian monumental pyramids and the Sphinx. Land
use analysis showed that the urban area represented 7.63% of the total area of the study area in 1965,
however it reached 32.72% in 2009, approximately half of the total area in 2016, and in 2019, the
urban mass area increased to nearly two-thirds of the total area. The annual growth rate between
1965 and 2019 was estimated by nearly 0.642 km2/year. These land-use changes possibly affected the
land subsidence value (−0.0138 m), causing the rising groundwater level close to the Sphinx. Using
the information obtained from our RS- and GIS-based analysis, mitigation strategies have also been
identified to support archaeological area preservation.

Keywords: optical data; Sentinel-1 (SLC); land use; GIS tools; risk observation; cultural heritage
site management
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1. Introduction

Cultural heritage sites are considered a wealth of human civilization beyond their
value and are rare and irreplaceable places that show the lifestyles of ancient people [1,2].
UNESCO defined cultural heritage sites as “the result of life and inspiration, which should
be protected and preserved” [3]. Cultural heritage regions, encompassing the archaeological
and historical built environment and movable heritage, are at risk and still suffer from a lack
of specific and systematic risk [4–9]. In 2005, a study prepared by ICOMOS considered the
threats to 641 cultural and mixed world heritage properties due to development projects in
addition to the lack of quantitative data on trends between 1994 and 2004 [10]. Indeed, the
risks that threaten heritage sites include natural (e.g., fires, earthquakes, flooding, tsunami,
land and mudslides, winds, tropical storms, land subsidence, etc.) and human factors (e.g.,
urban development, land drainage, agricultural sprawling, etc.) [11,12]. Egypt has multiple
cultural sites, objects, and artifacts, as well as historic rock art sites [13]. For instance, the
pyramid fields from Giza to the Dahshur were accepted as one of the World Heritage Sites
in October 1979 [14]. Unfortunately, thousands of known and unknown archaeological sites
in Egypt are at risk of destruction from urban sprawl and expanding development [15].
Specifically, uncontrolled and unplanned urban growth threatens cultural and ecological
heritage and are among the major causes of archaeological site loss and damage [16]. Urban
sprawl is generally regarded as one of the major problems accompanying contemporary
urbanization in less-developed countries [17]. Around the world, the impacts of urban
sprawl include the loss of community and environmental assets, such as cultural heritage
sites [18,19], as a result of difficult ground and geo-environmental conditions [20–22].

Recently, UNESCO became able to monitor the cultural heritage status via remote
sensing data (e.g., satellite imagery) [23,24]. Indeed, satellite remote sensing is playing an
increasingly important role in the risk detection, uncovering, and documentation of natural
and human heritage sites [25]. Recently, in addition to archaeological site documentation,
archaeological remote sensing and associated technologies (e.g., GIS tools) have enabled the
monitoring of cultural heritage areas that are threatened by natural disasters (e.g., climate
change, earthquakes) and unplanned human activities (e.g., land use changes) [26–28].
In the same context, the first launched satellite that was used in the field of archaeology,
known as the Corona satellite, was produced for espionage and was launched in the 1960s.
This satellite became a very important archive for archaeologists due to its high-resolution
data and old landscape features [29].

Later, civilian satellites started with the launching of the family of Landsat (e.g.,
Land-sat-1 on 23 July 1972, Landsat-2 on 22 January 1975, Landsat-3 on 5 March 1978,
and Landsat-4 on 16th July 1982), which continuously supported archaeologists with the
required information with a spatial resolution data between 60 and 30 m [30]. Based on
the need for clear data, multi-series satellite systems, including the French SPOT HRV,
Orbview (GeoEye), Quickbird, and Sentinel-2, which are characterized by their high spatial
resolution, were launched. In addition, more recent hyperspectral sensors and radar
satellites (e.g., Cosmo-Skymed, Sentinel-1) were installed and enabled workers in the field
of archaeology to discover several new archaeological sites [31,32].

Ten years ago, the Egyptian Antiquities Authority (EAA) declared that the Pyramids
Plateau was threatened by shallow groundwater levels close to the Great Pyramids and the
Sphinx in Giza, Egypt. Thus, Egypt and USAID worked together to lower the groundwater
to safe levels to protect the archaeological site from further damage [33]. Unfortunately,
recent studies revealed high groundwater levels close to the archaeological area [34], which
has led to the need for additional extensive and serious work to provide solutions to reduce
the groundwater level close to this heritage site.

Additionally, multiple geophysical measurements have been carried out in the re-
gion of the Great Pyramids in Giza and have proven that the area suffers from the near-
subsurface groundwater level, which strongly affects some archaeological sites in the
studied area [35] (Figure 1a). The Giza archive documents show not only a 4500-year-old
urban history but also a rapid stream of environmental events [36]. Along with long and se-
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quential environmental events, the phenomenon of urban growth had undesirable impacts
on the entire Cairo region, particularly in the heritage area of the Great Giza pyramids close
to Nazlet El-Samman city [37]. Indeed, geophysics measurements of the Giza Pyramids
have indicated that the elevation of the groundwater table ranges mostly between 14.5 m
and 17 m in the Khafre Causeway, Sphinx, and Sphinx Temple, central field of Mastaba,
Valley Temple of Khafre, and Nazlet El-Samman areas [38]. In Nazlet El-Samman village,
geophysical surveys revealed that the elevation of the groundwater was approximately
17 m. This elevation mostly has a link with the Nile alluvium aquifer, which might raise
the water table level below the Sphinx area, causing a large risk to the heritage site. The
groundwater values of the measured sites revealed that the elevation was between 15 m
and 15.5 m. The base-level elevation of the Sphinx is 20 m lower than that of the suburban
area of Nazlet El-Samman, which might indicate a recharge of the aquifer below the Sphinx
and increased capillary water rise. In the Sphinx area, the groundwater table based on
different techniques has an elevation of approximately 15.5 m to 15.8 m. In contrast, the
Valley Temple of Khafre and the central field of Mastaba measured a groundwater elevation
of approximately 15 m. On the other hand, the Queen Khentkawes tomb has a groundwa-
ter elevation of approximately 14.8–15.2 m. Similarly, the Menkaure Valley Temple had
an average groundwater elevation of approximately 16 m (Figure 1b). According to the
landscape, environment, and geo-environmental status of the study area, great attention
should be given to the built-up spaces to the west of the Great Pyramids of Giza, which
undoubtedly affected the groundwater table elevation of the area. Thus, a dewatering
system should be implemented to lower the groundwater elevation to avoid aggressive
hazards at archaeological sites [38].

  
(a) (b) 

Figure 1. Groundwater level close to study area: (a) partial deterioration in low part of Sphinx body
due to near-subsurface groundwater [39]; (b) groundwater elevation values in area of Great Pyramids
with particular focus on area of the Sphinx (based on [38]).

Remotely sensed land and groundwater indicators are more capable of providing
useful data and information than traditional techniques. Thus, integrated remote sensing
and GIS applications are widely utilized in groundwater mapping and have become the
main focus of numerous geo-archaeological research, beginning with aerial pictures [40].
Therefore, this paper aims to assess the current status of the Giza heritage area based on
the integration between remote sensing and GIS techniques. In addition, the study focuses
on identifying and mapping the areas that are influenced by uncontrolled urban expansion
and land use change, along with land subsidence. To achieve the study goals and quantify
urban sprawl over the years, historical multi-temporal satellite data made up of Corona
and Landsat have been investigated along with the new acquisitions provided by Orbview
(GeoEye), Sentinel-1, and Sentinel-2 data. Results provided quantitative information on
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changes in the uncontrolled urban expansion that occurred around Egyptian monumental
sites. On the other hand, the changes in the topography of the study area (land subsidence)
were calculated based on the radar Sentinel-1 and SRTM data to show the effects of land use
change on the paleo-landscape setting. Finally, based on this remote sensing and GIS-based
analysis of multi-temporal and multi-sensor data analysis, a mitigation strategy is proposed
for supporting the preservation of the archaeological area.

2. Materials and Methods

2.1. The Study Area

This research focused on the Giza complex situated at 31◦7′46.369′′ E and 29◦58′30.734′′ N,
which includes the Great Pyramids, funerary, and temples. This area is situated on a plateau
approximately 66 m above sea level [41]. The study area includes the Great Pyramid (the
pyramid of “Khufu”), which was built in the mid-20th century BC for the fourth-dynasty
pharaoh; the pyramid of his son, “Khafre” (the middle one in size), is slightly smaller
than that of Khufu; and the pyramid of “Menkaure” (his grandson), which is the third
smallest in size and forms a complex beside the Sphinx [42]. This area is famed for the
presence of various temples and tombs dated primarily to the Old Kingdom and later
Egyptian Kingdoms, particularly the New until the Late Kingdoms (Pharaoh’s age), in
ancient Egyptian history [43,44] (Figure 2a,b).

Figure 2. It shows the study area: (a) location map of Egypt highlighting area of interest obtained
from Google Earth and Sentinel-2 imagery with the Great Giza Pyramids and Sphinx; (b) hillshade of
study area including contour lines and elevation points obtained from SRTM 1 Arc-Second Global.

2.2. Material

Multiple satellite sensors were utilized in this research, including the optical satel-
lite imagery Corona (KH-4A) captured on 25 January 1965, Landsat5 (TM) captured on
7 May 2009, and the radar SRTM (1_arc-second) satellite image captured on 22 September
2014. These free-charge data were downloaded from the U.S. Geological Survey (USGS)
website [45] and were used to detect and estimate the changes in the built-up areas close
to the study area. In addition, it enables the creation of the SWAT model derived from
SRTM data (ArcSWAT 2012.10.6.24) obtained from [46]. Additionally, the optical satellite
Sentinel-2A image obtained from ESA [47] was captured on 25 December 2016, along with
the radar Sentinel-1A (SLC) image acquired in 2016 and 2019 (Table 1). These data were
used for calculating the changes in the built-up areas around the study area in addition to
the effects of these changes on the study area topography. The data were analyzed, and the
required information was obtained using SNAP 9.0, ArcMap 10.6.1, and Envi 5.3 software.
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Table 1. Data utilized and satellite imagery specifications.

Number Satellite Sensor Acquisition Date Source

1 Corona KH-4A 25 January 1965 USGS
2 Landsat5 TM 7 May 2009 USGS
3 Sentinel 2A 25 December 2016 USGS
4 SRTM 1 arc-second 22 September 2014 USGS
5 Sentinel 1A_IW_SLC 6 and 30 July, and 15 December 2016 ESA
6 Sentinel 1A_IW_SLC 3 July 2019 ESA

2.3. Methods

In this research, an integration between optical and radar data was implemented
to detect the changes in the urban areas between 1965 and 2019, along with the geo-
environmental status of the region. The optical Corona, Landsat, Sentinel-2, and radar
Sentinel-1 data were preprocessed, processed, and post-processed to measure the changes
in the built-up area. Based on the vector built-up data extracted from the raster satellite
imagery, some spatial statistics were processed to calculate the changes in the space values
between 1965 and 2019 using ArcMap software 10.6.1. Furthermore, the radar SRTM data
were used to evaluate the topographic setting of the study area. Thus, the land subsidence
rate was calculated based on the changes in elevation from 6–30 July 2016. The following
sections will explain the applied techniques in this study in detail.

2.3.1. Optical Data Processing

The optical Corona, Landsat-5, and Sentinel-2 satellite data were downloaded, prepro-
cessed, and processed to extract the urban areas. The Corona data were georeferenced and geo-
metrically corrected based on the coordinates of the study area (WGS_1984_UTM_Zone_36N).
The Sentinel-2 image was resampled, the Landsat image was preprocessed, and all the
data were clipped based on the geographical boundary of the study area. In addition,
unsupervised classification was performed to accurately detect the urban layer, and finally,
the data were converted from raster to polygon. Based on the vector built-up data extracted
from the raster satellite imagery, the changes in the urban areas between 1965 and 2019
were calculated.

2.3.2. Radar Data Processing

• Sentinel-1 (SLC) for extracting urban areas;

The Sentinel-1 radar image was analyzed to detect and calculate the area of built-
up zones in 2019 based on a model arranged inside SNAP software (GraphBuilder tool)
that includes eight principles steps as follows: Read, TOPSAR split, Apply Orbit File,
Calibration, TOPSAR Deburst, Multilook, Terrain correction, and Write operators. The S-1
TOPS split is applied to create a new product with only a sub-swath covering the ROI. When
the study area covers more than one sub-swath, the chosen sub-swaths must be merged by
the S-1 TOPS Merge operator [48]. Thus, to apply orbit information, the precise orbit files
are automatically downloaded for Sentinel-1 products by SNAP and added to its metadata,
such as the accurate position of the satellite during the acquisition of the data. After that,
the satellite image was radiometrically calibrated, and the sub-swaths were debuted to
remove the seamlines between the single bursts [49]. The next step is to multilook the
calibrated data. Multilooking is the process of determining which pixels are averaged in
the range and/or azimuth direction in an SLC dataset. On the other hand, averaging also
reduced some speckling effects and smoothed the image. In addition, because the study
used a single image, a co-registration step was not required [50]. After performing the
multilook step, the terrain correction method is applied to remove the misleading effect of
topography on the backscatter values to remove the geolocation errors [51]. Finally, the
processed data are written to save the output by the Write operator [52] in a tiff formatting
to be readable in the ENVI and ArcMap software.
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• Topographic setting of the study area based on the SRTM data;

The Soil and Water Assessment Tool (SWAT) is an open-source model installed in
ArcMap software [53] that is used to classify and divide a watershed into subbasins ac-
cording to the SRTM (digital elevation model), and the hydrologic parameters such as the
area, slope, and length of the extracted subbasins are extracted. In SWAT, subbasins are
subdivided into hydrologic response units (HRUs) consisting of homogeneous topographi-
cal, land use, and soil characteristics [54,55]. In this study, SWAT Version 2012, published
by the Agricultural Research Service and the Texas Agricultural Experiment Station, was
used. The ArcSWAT ArcGIS extension evolved from AVSWAT2000, an ArcView extension
developed for an earlier version of SWAT [56]. In our case, the Nash-Sutcliffe coefficient
(NSE) was used to validate the SWAT model (Equation (1)):

NSE = 1 − ∑n
i=1(P0 − Px)

2

∑n
i=1
(

P0 − P0
)2 (1)

where P_x represents the model outputs derived from other DEM data, P _0 represents the
mean observed streamflow, P_0 is the observed streamflow, and n represents the number
of measured streamflows [57].

• Sentinel-1 (SLC) for detecting land subsidence values;

The Sentinel-1 (SLC) imagery dated 6 July, 30 July, and 15 December 2016 were
considered for calculating the land subsidence in the region over the short-term (between 6
and 30 July 2016) and long-term (between 30 July and 15 December 2016). The input data
contained two single-look complex (SLC) data covering the study area in zip file format
and were analyzed using SNAP software to perform the interferometric step. Thus, the
split and apply orbit steps were applied by reading the two chosen data products (6 and 30
July–30 July and 15 December), specifically the VV polarization, selecting a sub-swath with
TOPSAR-Split, and choosing the study area. After that, the two images were co-registered
into a stack. The image on the first date (6 July–30 July 2016) was selected as the master
image, and the other image (30 July–15 December 2016) was selected as the slave image,
whereas each ground target contributed to both images having the same (range, azimuth)
pixel. Thereafter, based on a series of steps automatically occurring based on a graph
prepared on the SNAP software, the TOPS co-registered. Thus, the TOPS Deburst operator
was used to seamlessly join all bursts in a swath into a single image. Subsequently, to
emphasize phase signatures related to deformation, topographic phase contributions are
typically removed using a known DEM. Then, to be able to properly analyze the phase
signatures in the interferogram, the signal-to-noise ratio will be increased by applying
multilooking and phase filtering techniques. In addition, for multilooking, a phase filtering
step using a state-of-the-art filtering approach is performed. After the phase filtering step,
the interferometric phase is significantly improved, and the value of the land deformation
is clearly visible [58–60]. Finally, the output data were exported to GeoTIFF format to
match the rate of land subsidence phenomena with other factors (e.g., urban sprawl and
the SWAT model).

2.3.3. Spatial Statistical Analysis

The data obtained from the satellite was analyzed for spatial patterns using various
techniques such as cluster outliers and standard distance, geographically weighted regres-
sion, K function multidistance spatial clustering, optimized hot spot analysis, and spatial
autocorrelation by distance. These techniques were applied to the spaces occupied by
built-up areas.

• Clusters outliers and standard distance;

The process mechanism of this spatial statistics method is that the cluster and outlier
analysis classified the processed layer (feature) into various groups or anomalous values
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based on the proximity criterion (attributes) to five degrees of geographical classes. The
types of classification are (i) the spots that have either high or (ii) low values in concordance
with their surroundings, (iii) anomalous areas where a spot has a value that is very different
from the neighbors in higher or (iv) lower value, or (v) no relations can be made. This kind
of process is mathematically implemented in ArcMap as follows (Equations (2) and (3)):

Ii =
xi − X

s2
i

n

∑
j=1,j �=i

wi,j(xj − X) (2)

where x_i represents an attribute for a feature i, X represents the mean of the corresponding
attribute, x_(i, j) represents the spatial weight between features i and j, and n represents
the total number of features as in Equation (3) [61]:

s2
i =

∑n
j=1,j �=i

(
xj − X

)2

n − 1
(3)

• Spatial autocorrelation statistic using geographically weighted regression;

Geographically weighted regression (GWR) is a familiar tool that can easily produce
detailed maps of spatial variations in relationships. In addition, geographically weighted
regression is a tool that is used for exploring spatial heterogeneity [62]. This method also has
the benefit of being able to produce local measures of conditional spatial dependency [63].
As in Equation (4), it seems intuitively appealing to base estimates a_ik on observations
taken at sample points close to i. If some degree of smoothness of a_iks is assumed, then
reasonable approximations may be made by considering the relationship between the
observed variables in a region geographically close to i as follows:

yi = ai0 + ∑k=1,m aikxik+εi (4)

where a_ik is the value of the kth parameter at location i [64]. GWR allows coefficients
to vary continuously over the study area, and a set of coefficients can be estimated at
any location—typically on a grid—so that a coefficient surface can be visualized and
interrogated for relationship heterogeneity. In essence, GWR measures the inherent re-
lationships around each regression point i, where each set of regression coefficients is
estimated by weighted least squares. The mathematical expression for this case is explored
in Equation (5):

β̂i =
(

XTWiX)−1XTWiy (5)

where X is the matrix of the independent variables with a column of 1 s for the intercept;
y is the dependent variable vector; β̂i = (β i0, . . . βim)

T is the vector of m + 1 local regres-
sion coefficients. Wi is the diagonal matrix denoting the geographical weighting of each
observed data for regression point i [65].

• Space-time Ripley’s K Function for Spatiotemporal Point Pattern Analysis

Space-time Ripley’s K function is a statistical approach that computes space-time point
events and estimates their second-order property based on point pair distance calcula-
tions [66]. It takes both the number of points and distances between points into account,
which allows for quantitatively evaluating how much the observed point pattern deviates
from randomness at multiple spatiotemporal scales. The theoretical space-time Ripley’s K
function is calculated by dividing E, the expected number of points within spatial distance
s and temporal distance t, by the point intensity λst:

K(s, t) =
E(s, t)

λst
(6)

62



Land 2024, 13, 471

Equation (6) characterizes the pattern of spatiotemporal points [67], where a cylinder
of base πs2 and height 2t is centered on each point to count the number of neighboring
points falling within. Then, the total number of points n is divided by the volume of
the irregular cylinder formed by the study area and study duration, resulting in λst. It
is expected that (s, ) = 2πs2t, if the point distribution obeys complete spatiotemporal
randomness (CSTR), K(s,t) > 2πs2t if the points fit clustering within spatial distance s
and temporal distance t, and K(s, t) < 2πs2t for dispersed space-time patterns. Using
Equation (7), the space-time K function is formulated as:

K̂(s, t) =
A·D
n2 ∑n

i=1 ∑j �=i

Is,t(dij, uij)

ωijvij
(7)

where A denotes the area of the study region and D is the duration of the study period.
The product of A and D results in the volume of the irregular cylinder that is formed by the
study area (base) and study period (height). ωij and υij are spatial and temporal weighting
functions that correct edge effects respectively. dij is the spatial distance between points i
and j, and uij is the temporal distance between points i and j.

The statistics that allow the expression of the value of a variable taken in the neigh-
borhood are defined by the product of a measurement allowing the establishment of the
similarity, or dissimilarity, cij, between the values of y, and the indicator of the spatial
connectivity between the variables, wij (Equation (8)):

Γ = ∑N
i=1 ∑N

j=1 ωij × cij (8)

where ωij is the element located on line i and column j of the spatial weights matrix (W). The
measurement of similarity or dissimilarity, cij, usually allows us to gauge the gap between
the values taken in the neighborhood, yj and the value of the variable considered, yi. The
statistics of the products are then normalized by various multiplicative constants. There
are different measurements of similarity/dissimilarity between the values of variable y.
The different measurements of detection are based on these differences in the specification
of the measurements used [68].

• Optimized Hot Spot Analysis

The Getis-Ord Gi∗ statistic [69–72] is a local statistical model that quantifies the degree
of spatial dependence on the pronounced scale distance derived above. The Gi* statistics
were implemented to determine the clustering level of the PS/DS MP, specifying a single
MP at location i and its neighbors j within a searching distance d. For each single MP at
site i, the Gi∗ index can be estimated as:

G∗
i (d) =

∑xj +xi − nij × x∗√
s∗
{[(

n × nij
)− n2

ij

]
/(n − 1)}

(9)

Here, n is the total number of PS/DS MPs, nij is the number of PS/DS MPs within the
scale distance d, x is the surface displacement recorded by PS/DS, and x and s are the mean
value and the standard deviation of all displacements, respectively, that are revealed by the
whole PS/DS MP. Through these Getis-Ord Gi* statistics, clustered and random patterns
can be separately identified. The outcomes of the Getis-Ord Gi* statistics for each PS/DS
MP are the calculated values of the z score (standard deviation) and p value (independence
probability), both of which are utilized to estimate the statistical significance of spatial
autocorrelation. Positive and negative z scores indicate spatial clusters of PS/DS moving
towards and away from the LOS, respectively. Figure 3 shows the data collected, processing
steps, outputs, and the proposed solution of the study area problem.
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Figure 3. Schematic diagram of methodology adopted in this research.

3. Results and Discussion

3.1. Detect the Built-Up Area Time-Series Changes

The total area of the study area is estimated to be 66,614 km2, and the urban area
represents 5083 km2 of this total area, which is equivalent to 7.63% of the total area of
the study area in 1965. In 2009, the urban mass area reached 21,798 km2, accounting for
32.72% of the total area of the study, with an annual increase of 0.379 km2/year. The urban
mass area in 2016 was 31,087 km2, approximately half of the total area, with an annual
increase of 1.327 km2/year between 2009 and 2016. In 2019, the urban mass area reached
39,782 km2, which is nearly two-thirds of the total area, with a high annual growth rate
of approximately 2.898 km2/year. The annual growth rate between 1965 and 2019 was
approximately 0.642 km2/year. The urban areas expanded approximately eight times in
nearly 54 years and doubled twice in the last 10 years between 2009 and 2019. This can be
attributed to significant population growth and security instability following the January
2011 revolution, which marked a turning point in continuous urban sprawl. This led to the
establishment of new urban settlements that were not previously present in this area, as
shown in Figure 4 and Table 2.

Table 2. Urban mass change between years of study (1965, 2009, and 2016) and 2019.

Year
Urban Mass

(km2)
Change Detection ±

(km2)

1965 5083 16,715
2009 21,798 9289
2016 31,087 8695
2019 39,782 -
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Figure 4. Variations in built-up area in study area for period of 1965–2019.

3.2. Detect the Changes by Clusters Outliers and Standard Distance

Based on Figure 5, it can be observed that the standard distances in shapes a, b, c,
and d vary and are inconsistent. The center of the circle changes corresponding to the
increase in urban mass area in the study area between 1965 and 2019. Shapes a and b are
more concentrated and clustered as their circle radius decreases, while shapes c and d are
more dispersed, indicating the spread of urban masses as their circle radius increases. This
observation is further supported by the locations of the three pyramids. At the beginning
of the period (Figure 5a), they were situated far from the circle representing the standard
distance, while at the end of the period, they were closer to the central point of the figure
representing the standard distance in 2019 (Figure 5d).

For the cluster outliers, it can be observed that the urban masses in the years 1965–
2009 exhibit random distributions, as well as dispersion and divergence. The areas with
a Z score less than 1, especially those ranging between (1: −1), whether in the western,
northern, or southern regions, are shown in Figure 5a,b. The distances between urban
masses converge and cluster in the center of the area in small spaces, while the remaining
urban masses spread over a large area on the outskirts of the region. In contrast, in 2016
and 2019 (Figure 5c,d), an increase in the areas with a Z score greater than one, especially
those with a Z score exceeding two, was observed. This indicates that the dominant urban
pattern is clustering and convergence, especially in the eastern and western regions of the
study area. This is due to the increase in the urban mass area in the study area.
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(a) 

 
(b) 

Figure 5. Cont.
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(c) 

 
(d) 

Figure 5. Standard distance of urban mass and pyramids for years from 1965 to 2019. (a) 1965;
(b) 2009; (c) 2016; (d) 2019.
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3.3. Detect the Changes by Geographically Weighted Regression

Based on Figure 6, the weighted geographic regression analysis indicated that the
study area exhibited spatial heterogeneity during the period from 1965 to 2019. The red
areas on the map indicate higher rates of urban expansion compared to the four forms (a, b,
c, and d). These areas extended significantly in the inner parts of the study area during
1965, 2009, and 2016, and spread to the northern and southern parts in 2019. On the other
hand, the blue areas on the map represent regions that experienced more urban growth
than expected. Despite not being expected to occur, urban clusters spread significantly on
the margins of the northern, eastern, southern, and western parts of the study area during
the entire study period.

 
(a) 

 
(b) 

Figure 6. Cont.
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(c) 

 
(d) 

 

Figure 6. Weighted applied geographic regression for years from 1965 to 2019, respectively. (a) 1965;
(b) 2009; (c) 2016; (d) 2019.

3.4. Multidistance Spatial Cluster (K Function) Time-Series Changes

The mathematical transformation of Ripley’s K-function performed in ArcGIS is
slightly different, and as a final result, the expected index of a random pattern is equal
to the input distance [64]. To assess the pattern type, the observed L(d) value must be
compared with the expected value. In each distance increment, the actual distribution is
compared against a random distribution, and if the observed L(d) value is greater than
expected, a clustered pattern is dominant at that scale of analysis. In turn, if this value is
smaller than expected, the distribution is considered to be dispersed. Moreover, for the
index of clustering or dispersion to be statistically significant, it must be greater or smaller,
respectively, than the high or low level of the confidence interval [65]. In our study, Figure 7a
indicates that there is a clustering and agglomeration of urban masses that are concentrated
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near distances of approximately 800 to 2000 m in which the red line (observed) deviates
above the blue line (expected). This deviation reached a maximum distance between the
two lines at 1400 m, where it reached 600 concerning L(d). Additionally, Figure 7b indicates
that there is dispersion and divergence in the urban masses when the distance is less than
400 m, where the blue line deviates above the red line. This dispersion and divergence
gradually decrease until there is a concentration of urban masses, especially at distances
ranging between 1200 and 2400 m.

Figure 7. Changes in urban areas by clustering and dispersion, red line (observed) and blue line
(expected) for years (a) 1965; (b) 2009; (c) 2016; (d) 2019.

Figure 7c indicates the dispersion and separation of urban masses when the distance is
less than approximately 500 m, and there was an agglomeration of urban blocks, especially
when the distance exceeded 1400 m. Figure 7d shows that dispersion and separation
increased to reach distances less than 600 m, while there was urban clustering and ag-
glomeration at distances exceeding 600 m. The deviation between the red and blue lines
decreased, and they became closer to each other, as shown in Figure 7c,d, as a result of the
increase in urban growth between 2016 and 2019. The urban masses moved closer together
due to increasing urban growth.

3.5. Spatial Autocorrelation Statistic Time-Series Changes

In 1965, the Global Moran’s Index Summary by Distance for the Spatial Autocorrelation
statistic for the urban layer indicated that the beginning distance was 829, the distance
increment was 13.95, the first peak (distance, value) was 842.95 and 2.53, respectively, and
the maximum peak (distance, value) was 940.63 and 2.56, respectively. The results revealed
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that Moran’s index is greater than zero, which indicates that the distribution is regular
and clustered but not to a large extent (Table 3 and Figure 8a). All the Z score values were
limited to the range of 1.96–2.58, and the highest value was 2.56 at a distance of 940.63 m,
while the lowest value was 2.23 when the distance was 884.81 m. Furthermore, the lowest
distance between urban masses was nearly 829 m, while the largest distance was 954.58 m.
This closeness between the distances indicates that this clustering is regular, which reflects
the unfair distribution of urban masses in the region in 1965.

Table 3. Moran’s Index summary by Distance for Spatial Autocorrelation statistic for urban layer
in 1965.

Distance (m) Moran’s Index z-Score

829.00 0.000859 2.468979
842.95 0.000868 2.526718
856.91 0.000820 2.430553
870.86 0.000767 2.312585
884.81 0.000723 2.229052
898.77 0.000796 2.516628
912.72 0.000729 2.349612
926.67 0.000697 2.280936
940.63 0.000780 2.562688
954.58 0.000734 2.450355

Figure 8. Spatial Autocorrelation by Distance (Global Moran’s Index) for urban layer for years
(a) 1965; (b) 2009; (c) 2016; (d) 2019.

Additionally, for 2009, the Global Moran’s Index Summary by Distance for the Spatial
Autocorrelation statistic for the urban layer showed that the initial distance was 541.0,
the distance increment was 77.8, the first peaks (distance, value) were 696.6 and 22.1,
respectively, and the maximum peaks (distance, value) were 1007.8 and 25.77, respectively.
The results indicated that the Moran coefficient increased compared to that in the previous
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period, and the z score also increased significantly, ranging between 19.06 when the distance
was 541 m and 25.77 when the distance was 1007.82 m (Table 4 and Figure 8b). This
demonstrates the agglomeration and clustering of urban masses due to the great urban
expansion witnessed by the region between 1965 and 2009. This leads to all Z score values
increasing to more than 2.58.

Table 4. Moran’s Index summary by Distance for Spatial Autocorrelation statistic for urban layer
in 2009.

Distance (m) Moran’s Index z-Score

541.00 0.114091 19.059431
618.80 0.110322 21.001711
696.61 0.102889 22.071586
774.41 0.092411 22.068745
852.21 0.085496 22.583187
930.01 0.082103 23.730188

1007.82 0.082640 25.771371
1085.62 0.076208 25.492819

For 2016, the Global Moran’s Index Summary by Distance for the Spatial Autocorrela-
tion statistic for the urban layer proved that the beginning distance was 445, the distance
increment was 86.22, and the first peak (distance, value) and max peak (distance, value)
were recorded as none. The results revealed that the Moran coefficient increased compared
to that in the previous period, as did the z score. The z score ranged between 15.94 when
the distance was 445 m and 28.70 when the distance was 1220.98 m (Table 5 and Figure 8c).
This indicated that urbanization became closer and more clustered during this period in
2016 than during the previous period in 2009.

Table 5. Moran’s Index summary by Distance for Spatial Autocorrelation statistic for urban layer
in 2016.

Distance (m) Moran’s Index z-Score

445.00 0.150765 15.941361
531.22 0.125013 16.208135
617.44 0.112533 17.062234
703.66 0.118415 20.513646
789.88 0.109149 21.116408
876.10 0.103648 22.154363
962.32 0.106204 24.861730

1048.54 0.104824 26.548377
1134.76 0.100804 27.544697
1220.98 0.097990 28.696645

In 2019, the Global Moran’s I Summary by Distance for the Spatial Autocorrelation
statistic for the urban layer showed that the initial distance was 702, the distance increment
was 91.07, the first peaks (distance, value) were 1066.28 and 37.89, respectively, and the
maximum peaks (distance, value) were 1248.41 and 38.83, respectively. The results in
Table 6 and Figure 8d show that the distance between urban masses increased due to
the newly developed urban communities along the region’s outskirts. Additionally, a
noticeable increase in the z score was detected, ranging between 31.47 when the distance
was 793.07 m and 38.83 when the distance was 1248.41 m. This stage is considered the
urban explosion in the region, in which urbanization became more clustered, agglomerated,
and closer in this period of 2019 compared to the previous periods of study.
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Table 6. Moran’s Index summary by Distance for Spatial Autocorrelation statistic for urban layer
in 2019.

Distance (m) Moran’s Index z-Score

702.00 0.216568 31.928737
793.07 0.188440 31.472736
884.14 0.167797 31.479186
975.21 0.166038 34.136998

1066.28 0.169543 37.894397
1157.34 0.156790 37.813164
1248.41 0.150946 38.830281
1339.48 0.140816 38.636843
1430.55 0.130735 38.070068
1521.62 0.125271 38.597769

3.6. Land Subsidence (Deformation)

The study area was analyzed using Sentinel-1 (SLC) data that were collected over the
short and long terms for showing the effects of urban expansion on the rise in ground-
water levels in the area around the archaeological area of Giza Necropolis. For instance,
Bokhari et al. (2023) analyzed land subsidence based on long-term data spanning from
July 2017 to July 2019 [73]. Similarly, Ghazifard et al. (2017) evaluated subsidence rates
during two extended periods, from March to December 2005 and from July 2011 to January
2012. Their findings indicated that the primary causes of ground subsidence were declining
groundwater levels and changes in sediment composition and thickness [74]. Additionally,
Tiwari et al. (2017) estimated subsidence over an urban area using a time series of Sentinel-1
data from 2014 to 2017, with an image acquired on 29 May 2016, serving as the master
image, resulting in a maximum perpendicular baseline of 150 m [75]. Bhattarai et al. (2017)
detected land subsidence in the Kathmandu Valley over an extended period from 2007 to
2010 [76]. Furthermore, Nalakurthi and Behera (2022) examined the rate of land subsidence
in Mumbai and investigated the impact of groundwater exploitation using Sentinel-1 SAR
imagery collected from October 2014 to May 2019. Mumbai, being one of the most densely
populated cities in the world with significant urban sprawl and water scarcity issues,
experiences groundwater exploitation for domestic and industrial purposes, resulting in
land subsidence and affecting coastal communities due to the influence of sea levels [77].

In this study, the two chosen dates were between 6 and 30 July 2016 and in the period
between 30 July and 15 December 2016. The data showed that land subsidence occurred in
this area, as illustrated in Figure 9a,b. The changes were mostly observed in the southern
region near Nazlet El-Samman, which is close to the pyramids. On the other hand, the
northern region experienced little change. The subsidence in the southern region reached
about −0.0138 m over the period between 30 July and 15 December 2016. It is believed
that groundwater may have caused the land subsidence, leading to the gradual sinking or
settling of the land surface. When water seeps into the ground and saturates the soil layers,
the soil can lose its structural integrity and contract. Consequently, structures such as the
Great Pyramids and the Sphinx may have started sinking, which could eventually lead to
structural damage.

The historical geophysical characteristics showed that there was a waterway in this
region, with a groundwater level ranging between 14.2–16.3 m, and higher values were
observed close to the Pyramid of Khufu, which is approximately 17.4–19.4 m [38]. Moreover,
urban expansion increased in recent years, particularly in 2019, which put pressure on
the area and increased land subsidence. The threat facing the Great Pyramids and Sphinx
region arose from the impact of groundwater leakage from nearby irrigation canals and
condensed urban masses [35].
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Figure 9. Changes in land subsidence values of study area over short and long terms: (a) between 6
and 30 July 2016; (b) between 30 July and 15 December 2016.

Overall, the results show that urban expansion greatly influenced the study area,
particularly in 2019. Urban masses increased and clustered in the region, which was proven
by different indices, such as geographically weighted regression, the Multidistance spatial
cluster (K function), and Moran’s index. The study revealed that newly developed urban
communities led to an increase in the spaces between urban masses along the region’s
outskirts in 2019. This new development in the region resulted in urban explosions becom-
ing more clustered and condensed in 2019 compared to previous years. This unmanaged
urban expansion resulted in increased water leakage to groundwater in neighboring ar-
eas. The great pyramids of Giza have been threatened by this rise in groundwater level
resulting from water infiltration from nearby urban masses. Two main aquifers are located
near the Sphinx, with water levels of 1.5–4 m and 4–7 m below the surface [34]. These
aquifers are recharged by water leakage from urban areas, leading to severe hazards in the
area. Pyramid construction materials and structures might be damaged as a result of this
water infiltration.

4. Recommendation

Monitoring and regulating groundwater levels, implementing efficient drainage sys-
tems, and managing leaks from urban growth and irrigation canals are essential to reduce
their impact on the Great Pyramids and Sphinx area. To reduce the impact of groundwater
on the Great Pyramids and the Sphinx area, the stabilization of structures and moisture
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management should also be given top priority in preservation and restoration activities.
Protecting cultural heritage, such as archaeological and cultural sites, is undoubtedly
considered a critical issue and an urgent need [78–81]. In addition, the preservation of
cultural heritage should be planned as a means of promoting conservation, documentation,
and even restoration based on a specific strategy [82–85]. Therefore, many efforts have
been made to address the issues of urban expansion and groundwater leakage and their
massive impacts on the Great Pyramids and the Sphinx region, in addition to mitigating
their impact on the region. Based on the topography, built-up areas, and subsidence value
properties, this research suggested a scenario for minimizing the groundwater level close
to the Giza Pyramids area. Figure 10a–d illustrates the factors that influence groundwater
leakage in the study area, which includes the topography, urban mass distribution, and
land subsidence level. Figure 10e shows the suitable locations of the proposed trenches
that could help reduce the impact of the groundwater level on the Great Pyramids and
the Sphinx.

(a) (b) 

  
(c) (d) 

Figure 10. Cont.
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(e) 

Figure 10. Recommended model for lowering groundwater level close to the Giza Pyramids area
based on: (a) topographic setting; (b) built-up areas; (c,d) subsidence values properties; (e) including
recommended locations for trenches, pipeline, and water recycling station.

5. Conclusions

Changes in land use and land cover can have significant impacts on archaeological
areas such as the Giza Necropolis in Egypt. Detecting the impacts of land-use change
on this archaeological area is essential for its preservation and management. Therefore,
this study aimed to track the extent of land-use changes over time for 1965, 2009, 2016,
and 2019 based on remote sensing and GIS integration. In addition, the relationships
between groundwater leakage and land subsidence in the region were studied. Multiple
satellite sensors were utilized in the current study such as Landsat, Corona, as well Sentinel
1 and 2. These satellite data were analyzed based on different techniques, including
cluster outliers, the Moran index, and spatial autocorrelation, to examine the changes
in urban masses between the 1965 and 2019 period. This study revealed that urban
expansion and infrastructure development can, directly and indirectly, impact the Giza
Necropolis. The land use changed in the study area due to human interactions, in which
the urban masses increased from 5.083 km2 in 1965 to 39.782 in 2019 with an annual
growth rate of 0.642 Km2/year. Urbanization led to encroachment, increased population
density, construction, and the establishment of modern settlements near the archaeological
site. These changes resulted in physical damage, disturbance of underground structures,
increased pollution, and alteration of the surrounding landscape. Understanding the
linkage between land-use changes and archaeological areas enables the identification of
areas at greater risk from urban sprawl and the identification of areas that require immediate
attention for preservation efforts. This study proposed new locations for trenches that can
minimize the effect of groundwater discharge and reduce the impact on the Giza Pyramids
and Sphinx.
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Abstract: Wild boars use a wide range of habitats. Their invasive nature is gaining attention due
to the complexity of its impact. The goal of this research is to analyze the impact of the wild boar
on the chemical properties of soils in a natural and a post-fire forest in the Edough Forest Massif
in Algeria. This study compares the impact of wild boar rooting on soil parameters to determine
the functional role of the wild boar. The research was conducted during the winter of 2022. The
study sites included a natural forest and a post-fire area. Rooting tracks were geolocated and soil
samples were collected. The results show significant differences between rooted and control patches
in the chemical parameters measured in the two environments. However, in the natural environment,
significant differences were only noted for the calcium content and electrical conductivity. But in
the post-fire environment, strong significant differences were observed for all measured parameters,
suggesting that wild boars do not exert a noticeable soil homogenization effect on the soil properties.
This research highlights the importance of understanding and managing the impact of wild boars
in natural and post-fire forests on soil formation processes, the diversity of soil properties, and
their magnitude.

Keywords: wildlife impact; soil disturbance; soil properties; comparative analyses

1. Introduction

The wild boar (Sus scrofa) is one of the most controversial wild species due to its
invasive and prolific nature, ranking among the top 100 worst invasive species responsible
for agricultural crop damage and conflicts with humans [1–3]. However, this ecosystem
engineer plays a crucial role in its native habitats, including forests: it regulates the density
of plant species and disperses fruit seeds through its feces, facilitating the spread of various
(including invasive) plant species [4–8]. It contributes to the balance of populations in
the trophic chain, particularly for insects and micromammals. It also aids soil aeration
and soil organic matter formation [9] while causing physical modifications to the habitat,
affecting soil structure and composition [10]. These findings emphasize the importance of
developing management and monitoring strategies for wild boar populations to maintain
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the carrying capacity of forest ecosystems and, consequently, mitigate potential damage
in agricultural areas [11], wetlands [12], and urban environments where the species has
penetrated.

There is a never-ending debate about the role of the wild boar. Is it a natural effect
or is it a damage that we see when we encounter wild boar rooting? Since wild boars
have been in the investigated area during the formation of recent soils, one must consider
that—in addition to other factors—wild boars played a crucial role in the formation of the
soils that we can see today. The question of where the population size should end is a
complicated one and is perceived by many interested parties from many points of view:
foresters, hunters, wildlife biologists, wildlife managers, rangers or nature conservationists
in general, tourists, joggers, walkers, technical sports enthusiasts, parents, etc., all have
their own specific view or perception of the same situation [8–12].

Mediterranean forests have faced numerous environmental and anthropogenic pres-
sures, including deforestation, fragmentation, and especially wildfires in recent years,
which have had devastating effects on vegetation cover and associated fauna [13–15].

In this study, we investigate the role of the wild boar and its effects on the quality
of forest soils. This study was conducted in the Edough Mountain Massif, a region in
northeastern Algeria that is part of a regional biodiversity hotspot and is considered an
endemism center for many plant species [16]. Like all Mediterranean forests, this area has
been exposed to numerous wildfires, the recurrence of which could threaten the integrity of
this biodiversity hotspot [17]. Due to climate change, it is predictable that precipitation and
temperature will change dramatically in the near future, possibly causing more wildfires.
This is why the investigation of the effects of fires with the combination of wild boar
rooting on soil parameters can help to find the appropriate number of wild boars (or, more
generally speaking, the optimal population size) in these forests.

We hypothesize that soil bioturbation by wild boars has different effects when other
factors such as wildfires are prevalent.

The objective of this study is to analyze the impact of wild boar activity on soil
chemical parameters in natural forest and post-fire forest environments and to deduce the
functional role played by the wild boar in each environment.

2. Materials and Methods

2.1. Short Description of the Studied Areas

This study was carried out on the Edough Peninsula during the winter period of
2022 (from the end of December until the end of February). The Edough Mountain Range
is located in the extreme north-east of Algeria, with 35,423 hectares of forest area and
4880 hectares of maritime area, and is limited to the south-east by the Guerbès Senhadja
wetland complex, to the south by the Fetzara Lake Basin, to the west by the lower course of
Oued El Kébir, and by the Kharraza Plain to the east; to the north, the peninsula is bordered
by the Mediterranean Sea [18]. A Mediterranean-type climate and northeast winds prevail
in the region. The Edough Massif is populated on its northern slope by forest species.
The Edough Massif corresponds to crystalline, eruptive, sedimentary, and metamorphic
formations. Lithological analysis reveals a large area occupied by Numidian sandstones
and another by gneisses. These siliceous rocks provide an acidic substrate, and the soils
resemble brown forest soils (Cambisols and Luvisols) and shallow soils (Leptosols) on
steep slopes where water erosion is a natural phenomenon. The combination of humidity
and acidity sometimes results in soils with podzolic tendencies, especially those forming
on Numidian sandstones [19]. We chose two sites for sampling, mainly based on the
significant and regular presence of traces of rooting by the boars: the natural site of Bouzizi
and the post-fire site of Aïn Barbar (Figure 1).
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Figure 1. The study area with sampling sites of wild boar rooting in the north-east corner of Algeria
(A: Aïn Barbar; B: Bouzizi. Source: Google Earth).

The Bouzizi forest (36◦53′59.7′′ N–7◦39’10.2′′ E) is located in Algeria, southeast of the
Edough Massif, between 800 and 850 m above sea level. This locality is characterized by
cork oak (Quercus suber L.) forests and its rich associated floristic procession. The post-fire
forest of Aïn Barbar is located near the road (36◦55′03.8′′ N–7◦36′43.0′′ E). The area burnt
down totally in August 2021. The locality was characterized by the dominance of the
cork oak and by the presence of some specimens of the zean oak (Quercus canariensis) and
maritime pine (Pinus pinaster), located at an altitude of 579 m above the Mediterranean Sea
(Figure 2).

Figure 2. Photos of the two study sites. (A): natural site of Bouzizi, (B): post-fire site of Aïn Barbar
(on the right) (Photo: Kamelia Benotmane, 5 January 2022).

Figure 2 shows the characteristic differences between the two study sites. The burnt
site after 4–5 months shows some regeneration effects, and there are some flowering plants
already on the soil surface.

Both sites are characterized by shallow soils. The A horizon is 28–38 cm thick, its
color is black, the texture is loamy sand, the lime content is zero, roots are present in the
whole depth of the horizon, it is slightly compacted, and the soil moisture was low at the
time of the evaluation. Below the A horizon there is the C horizon; its color is yellow,
the texture is loamy, the lime content is zero, roots are visible as deep as 72 cm, and it is
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medium compacted and also dry. Wild boars did not reach the C horizon during their
rooting activities.

2.2. Soil Sampling on the Field

Sampling was carried out from the end of December 2021 until the end of February
2022, with two prospecting trips per month, to identify new rooting. The selection and
sampling protocol was carried out according to the method of Pitta-Osses et al. (2020) [8].
Only so-called deep rooting was considered during the measurements, meaning that there
is a visible/considerable depth (e.g., approximately a minimum of 20 cm) of the inner part
of the rooting, and the deep rooting is surrounded by a visible and distinguishable ring
formed from the excavated soil material (Figure 3). This deep rooting differs from shallow
rooting by its spatial extent; while one deep rooting is approximately typically 1–5 m2,
shallow rooting is typically 5–50 m2. Each rooting was geolocated by the Map mobile
application (Figure 3).

Figure 3. The photo of the rooting where standard measurements were taken in each rooting, ring,
and nearby control area (Photo: Benotmane, K., January 2021, Edough).

During the winter period, 10 rooting areas in the natural and 10 rooting areas in the
burnt area were sampled from 0 to 20 cm depths. Three samples of 250 g of soil were taken
from each rooting: one in the middle of the dug-out depression (rooting), the second from
the ring that surrounds the rooting (ring), and the third as a control or outside the rooting
(control), which was taken next to the rooting at the intact surface. A total of 60 samples
(30 in a natural area and 30 in a burnt area) were collected for analysis.

2.3. Laboratory Analysis of the Soil Samples

Soil samples were dried at ambient temperatures for about 5 days, crushed and sieved
with 2 mm sieves, and then analyzed for different chemical properties: total calcium
(Ca mg/L), total magnesium (Mg mg/L), total potassium (K mg/L), and total sodium
(Na mg/L) were determined by extraction with buffered ammonium acetate at pH 7.0
before reading with an atomic absorption spectrometer for Ca, Mg, and K and Na with a
flame spectrometer [20]. Total nitrogen (N %) was determined by the Kjeldahl method [21]
and phosphorus (P mol/L) was measured by colorimetry using the Murphy and Riley
methods [22]. Electrical conductivity (EC mS/cm) was measured by a conductivity me-
ter [23]. The equivalent calcium carbonate was determined by the gasometrical method
(Bernard’s Calcimeter). The pH was determined by using a pH meter (HANNA HI 8520)
after mixing soil with distilled water (1:2.5 w/v) [24]. Samples were digested in a mixture
(3:1) of Nitric Acid (HNO3) and Perchloric Acid (HClO4), and the contents of Ca (mg/L),
Mg (mg/L), and K (mg/L) were determined using an atomic absorption spectrophotometer
(AAS) (Model Analyst 700, Perkin Elmer).
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2.4. Applied Statistical Analyses for Evaluation of Soil Data

Statistical analysis of the data was conducted in R (R Development Core Team, 2021)
using separate factorial MANOVA tests for the two study sites to depict local differences in
soil parameters affected by wild boar rooting. Furthermore, we implemented an additional
MANOVA test to verify the effect of fire disturbance, wild boar rooting, and their interaction
on soil parameters in general. Pillai’s trace was used as a test statistic in all cases. Variables
were checked for multicollinearity; neither of them showed high correlation (rmax < 0.65).
Visualizations were created with the ggplot2 package [25]. We also performed a principal
component analysis with the Minitab (version 14) software. The first component included
the chemical elements, and the second component represented the different sampled groups
(rooting, ring, and control).

3. Results

3.1. Analysis of the Wild Boar’s Impact on the Natural Environment (Bouzizi, Algeria)

The results of the MANOVA test performed on soil data collected from the nat-
ural environment revealed differences between the characteristic parts of the rootings
(F(16, 42) = 6.08, p < 0.001; Pillai’s trace = 1.39). However, the related univariate test re-
vealed that only the calcium content and electrical conductivity (EC) differed between
groups (Table 1). This suggests that the rooting activity of wild boars did not cause
major changes in the general composition of the soil, except for a few specific elements
(calcium: control = 247.8 ± 26.9, ring = 257.9 ± 40.9, rooting = 202.9 ± 41.1 mg/L; EC:
control = 0.15 ± 0.02, ring = 0.19 ± 0.03, rooting = 0.18 ± 0.02 mS/cm).

Table 1. Univariate test statistics of separate MANOVA tests performed on soil attribute data. The
rooting effect (rooted area, ring, control) was used as an explanatory variable.

Bouzizi
(Rooting)

Aïn Barbar
(Rooting and Fire)

df 2 2
K 3.08 22.3 ***
Na 0.92 7.27 **
Mg 1.32 11.9 ***
Ca 6.3 ** 103.3 ***
P 3.32 45.36 ***
N 0.97 26.5 ***
pH 0.53 24.5 ***
EC 10.9 *** 26.3 ***
Residuals: 27 27

*** p < 0.001; ** p < 0.01.

The calcium content was the lowest in the core part of the rooting, while it was nearly
similar in samples collected from the redistributed soil (ring) and the control (Figure 4).
Additionally, the electrical conductivity was the lowest in samples free from wild boar
disturbance (control) and higher in the rooting and the ring, with extremes at both ends of
their ranges (Figure 4).

These results indicate that, although the overall impact of wild boars on soil composi-
tion in a natural environment is limited, they can nevertheless have significant local effects
on certain chemical elements in the soil.
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Figure 4. Boxplots showing the distribution of the measured soil parameters originating from Bouzizi,
where wild boar rooting but no wildfire occurred. (Boxes show the interquartile range, the black line
in the box shows the median value, whiskers show the maximum and minimum values except for
outliers, and dots show outlier values.)

3.2. Analysis of the Wild Boar’s Impact on the Post-Fire Environment (Aïn Barbar)

The results obtained in the post-fire environment indicate statistically significant
differences regarding wild boar rooting (F(16, 42) = 19.23, p < 0.001; Pillai’s trace = 1.76).
This was confirmed for all measured soil parameters (Table 1). Contrasts were more
pronounced in relation to the control samples. Potassium, sodium, nitrogen, phosphorus,
electrical conductivity, calcium, and pH levels were equally the lowest in samples collected
from plots free from wild boar disturbance, while in the case of magnesium, we observed
quite the opposite (Figure 5).

The variability in parameters among groups was much larger in this post-fire environ-
ment than in the first study site where only wild boar disturbance occurred (Table 2).

Table 2. The mean and standard deviation of the measured soil parameters in Aïn Barbar, where wild
boar rooting occurred after a wildfire.

Control Ring Rooting

K (mg/L) 13.6 ± 2.2 25.6 ± 4.2 24.3 ± 6
Mg (mg/L) 30.8 ± 5.3 27.5 ± 3.3 22.2 ± 2.9
Na (mg/L) 19.8 ± 1.4 19.2 ± 2 22.7 ± 3
N (%) 0.21 ± 0.04 0.34 ± 0.03 0.32 ± 0.05
P (mol/L) 0.16 ± 0.07 0.62 ± 0.15 0.41 ± 0.1
EC (mS/cm) 0.13 ± 0.02 0.21 ± 0.03 0.19 ± 0.03
Ca (mg/L) 188.7 ± 31 395.8 ± 25 331.7 ± 41
pH 5.9 ± 0.2 6.5 ± 0.1 6.2 ± 0.2
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Figure 5. Boxplots showing the distribution of the measured soil parameters originating from Aïn
Barbar, where wild boar rooting occurred after a wildfire. (Boxes show the interquartile range, the
black line in the box shows the median value, whiskers show the maximum and minimum values
except for outliers, and dots show outlier values.)

3.3. Comparative Analysis of the Wild Boar’s Impact between the Natural Environment (Bouzizi)
and the Post-Fire Environment (Aïn Barbar)

The final MANOVA test on the joint dataset of the two study sites verified our hy-
pothesis that soil bioturbation by wild boar has different effects when other factors such as
wildfires are prevalent. The soil parameters were statistically different between the study
sites, rooting effect groups, and with the combined impact of wild boar and fire disturbance
(Table 3).

Table 3. Multivariate test statistics of MANOVA performed on soil attributes data. The study sites
(Aïn Barbar and Bouzizi), the groups of the rooting effect (rooted area, ring, control) and their
interaction were used as explanatory variables.

df Pillai’s Trace F

Study site 1 0.85 29.37 ***
Rooting 2 1.38 11.65 ***
Study site × Rooting 2 1.17 7.35 ***

*** p < 0.001.

Almost every parameter was significantly different among groups of the studied
factors (Table 4), but we need to note that the confirmed significant effects for rooting alone
come from the effect of merging the datasets of the two areas and were largely affected by
the significant differences observed in the Aïn Barbar area (see Table 1).
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Table 4. Univariate test statistics performed on soil attribute data. The study sites (Aïn Barbar and
Bouzizi), the groups of the rooting effect (rooted area, ring, control), and their interaction were used
as explanatory variables.

Study Site Rooting Study Site × Rooting

df 1 2 2
K 9.3 ** 11.2 *** 11.1 ***
Na 12.7 *** 3.5 * 3.8 *
Mg 30.9 *** 7.4 ** 3.3
Ca 58.5 *** 48.3 *** 50.5 ***
P 45.3 *** 5.5 ** 23.9 ***
N 12.7 *** 15.9 *** 6.2 **
pH 12.8 *** 11.8 ** 7.4 **
EC 0.9 36.6 *** 4.4 *
Residuals: 54

*** p < 0.001; ** p < 0.01; * p < 0.05.

On the other hand, significant interactions of the site and rooting indicate that
wild boar rootings could have various effects on soil properties depending on the pres-
ence/absence of fire disturbance. In the case of potassium, its concentration was different be-
tween sites without rooting (control: Bouzizi = 24.6 ± 5.8 vs. Aïn Barbar = 13.6 ± 2.2 mg/L),
but wild boar rooting induced the convergence of these tendencies (Figure 6). In contrast,
sodium levels were the most different in the redistributed soil (ring) between the natural en-
vironment and the post-fire site (ring: Bouzizi = 23.5 ± 2.8 vs. Aïn Barbar = 19.2 ± 2 mg/L),
and its levels were more similar even in the rooting or in the control samples.

Figure 6. Interaction plots of rooting and site effects on potassium, magnesium, and sodium content
of the soil. The solid line with black points indicates data collected from Aïn Barbar, the dotted line
with black triangles indicates data collected from Bouzizi.

The same converging tendencies can be observed in total nitrogen and phospho-
rus (Figure 7), where the redistributed soil (ring) showed very similar levels (nitrogen:
Bouzizi = 0.34 ± 0.05 vs. Aïn Barbar = 0.34 ± 0.03%; phosphorus: Bouzizi = 0.53 ± 0.21 vs.
Aïn Barbar = 0.62 ± 0.15 mol/L), while calcium levels tend to separate in rooted patches
between the two sites, as noted in the case of phosphorus.
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Figure 7. Interaction plots of rooting and site effects on calcium, total nitrogen, and phosphorus
content of the soil. The solid line with black points indicates data collected from Aïn Barbar, the
dotted line with black triangles indicates data collected from Bouzizi.

Electrical conductivity values were similar between sites; only rooting affected them
significantly (Table 4). The variability was not impressive considering the pH of the
samples, but still reached a significant difference between sites and among rootings, where
the differences were the highest in the redistributed soil (ring: Bouzizi = 6.1 ± 0.3 vs. Aïn
Barbar = 6.5 ± 0.1) (Figure 8).

Figure 8. Interaction plots of rooting and site effects on electric conductivity and pH of the soil.
The solid line with black points indicates data collected from Aïn Barbar, the dotted line with black
triangles indicates data collected from Bouzizi.

89



Land 2024, 13, 382

3.4. Principal Component Analysis on Soil Parameters of the Two Study Sites

We conducted a principal component analysis (PCA) by correlating all the chemical
parameters of the soil in two types of environments (Figures 9 and 10).

Figure 9. Principal component analysis of the measured parameters of the soil in the natural forest
of Bouzizi, Algeria. First component: the chemical elements; second component: rooting, ring, and
control.

Figure 10. Principal component analysis of the measured parameters of the soil in the post-fire forest
of Aïn Barbar, Algeria. First component: the chemical elements; second component: rooting, ring,
and control.
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This analysis revealed the following findings:

• In the natural environment, pH, Na, and Mg and K appear to behave separately from
the other parameters.

• In the post-fire environment, pH has a positive correlation with P, Ca, and K.
• Magnesium (Mg) is negatively correlated with the other parameters in the post-fire

environment.
• Magnesium (Mg) and potassium (K) are strongly positively correlated in the natural

environment, whereas Mg tends to be negatively correlated with other components in
the post-fire environment (just as well as sodium).

• In both environments, sodium (Na) exhibits a negative correlation with the other
parameters.

4. Discussion

Rooting is a trophic behavior of wild boars in the forest environment that results
in soil renewal, leading to its aeration, as well as improved oxygen penetration and the
mixing of nutrients and organic matter [26,27]. Several studies have highlighted numerous
positive effects of this species, which exerts a natural plowing effect on the soil [6,8,28].
These studies have rehabilitated the functional role of the wild boar, which appears to
be ecologically beneficial for both fauna and flora, and especially for the soils of the
environments they colonize [29]. The rooting effect is particularly crucial for improving
physical characteristics, as it even contributes to slowing down the erosion process by
creating depressions to halt water runoff [8]. These benefits can be advantageous for other
ecologically important animal groups, such as amphibians, earthworms, and insects, many
of which rely on consistently moist soils for feeding and breeding, and for which the use
of these rootings and depressions in the soil caused by ungulates has been reported [8,30].
This soil humidification action also allows for better growth of organisms that colonize
the soil (soil microfauna and macrofauna) [30]. Our results are consistent in some cases
with existing studies, as we observed a modification of the analyzed chemical parameters
between the rooting, ring, and control zones. In the same study area, Benotmane et al. [31]
found no statistically significant differences in soil chemical parameters in the natural
forest environment, except for organic matter. Other studies, such as Singer et al. [32],
have observed that disturbed soils had lower concentrations of certain elements, such as
Ca, P, Mg, Mn, Zn, Cu, H, and N, as well as reduced cation exchange capacity. Siemann
et al. [33] noted an increase in the nitrogen mineralization rates in rooted plots in deciduous
pine forests in the United States. The work by Bruinderink and Hazebroek [34] and Mohr
et al. [35] found no effect of rooting on characteristics such as soil horizon depth, soil pH,
organic matter, and nitrogen content. A more recent study showed that some values do not
illustrate significant differences but suggest that wild boars engage in a natural plowing
action by mixing litter with the upper mineral horizons of the soil, resulting in a more
homogeneous distribution of nutrients [36–39].

The results obtained in the post-fire environment, a few months after the fire, highlight
significant differences between the values of the chemical parameters in the three analyzed
zones (rooting, control, and ring). In the literature, it is well established that wildfires have
an impact on the chemical properties of soils, especially in Mediterranean ecosystems [40–
42]. Many studies indicate a substantial increase in nutrients immediately after a fire
event [41,43–46], caused by the combustion of vegetation and debris, which significantly
affects their availability. Our study supports these findings, as we observed very high
concentrations of K, Na, Mg, Ca, P, N, pH, and EC in the examined soils. The PCA analysis
reveals two distinct configurations that suggest that, unlike in the natural environment,
wild boars do not exert a noticeable soil homogenization effect in the post-fire forest. Few
studies have assessed the effects of fires on herbivore diversity profiles, establishing a
connection between fire occurrence gradients, climate, soil fertility, and the alpha and beta
diversity profiles of ungulates [47–49]. The recent works of Lewis et al. [50] showed that fire
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severity and wild and domestic ungulate herbivory can strongly influence the long-term
(10 years post fire) regeneration and recruitment of plant species over varying durations.

Similar disturbances occur in soils when other natural phenomena happen. In the Tatra
Mountain, windfall caused losses of all measured nutrients (Ca, Mg, K, Fe, Al, ammonium-
N, nitrate-N, S) except P [51]. These nutrient leaching were due to the strongly acid soils
(pH 3.0–4.5). The examined area of Algeria did not have this very low pH so the results are
not comparable.

Regardless of the lack of data, mainly concerning the joint impact of forest fires and
wild boar rooting, we tried to build some foundation on the findings of the recent research,
and taking into account the complexity of the soil, some statistical data could establish
some of our further discussion in this manner. For example, not strictly speaking but
searching for solutions, our results might help to evaluate the magnitude of wild boar
impacts by taking the following findings into account:

(a) The statistical tests confirmed differences in soil parameters between sites, rooting
effects, and the interaction of the two. This suggests that each site has its own specific
soil system that can react differently to biotic and abiotic disturbances like wild boar
rooting or wildfires. Since we lack soil data of the pre-fire status from Aïn Barbar,
we cannot depict the extent of how significant the impact of wildfire could be on the
alteration of soil attributes. If we can consider the two sites rather similar in their
pedological attributes, then forest fires did exert a notable impact on soil life and
its parameters (Table 4). For example, phosphorus levels were statistically different
between sites as well: this can be the result of receiving extra phosphorus from the
ashes after the forest fire.

(b) While forest fires can highly affect topsoil layers, bioturbations by wild boars could
reach deeper in the soil, homogenizing layers and nutrients or creating much larger
disparities in nutrient levels. We found examples for both cases (Table 1), but it seems
that bioturbation’s effects were more prevalent in the post-fire environment.

(c) This twofold effect of wild boar rooting was also confirmed when the interacting
terms of fire and rooting were tested (Figures 6–8). The redistributed soil showed
especially high variability in this context: some soil parameter levels converged (N, P,
K), while others tended to separate here (Na, Ca, pH).

As soils are very complex and very diverse, these considerations might help in the
further evaluation of the effect of wild boar rooting, especially on areas after forest fires, as
there is very little information available from the literature. The size of the deep rooting is
obviously an important influencing factor on water retention, missing the less permeable
ash layer and thus helping the infiltration of rainwater into the soil, which can also prevent
soil, nutrient, and water runoff, reducing the effect of soil water erosion as described by
Pitta-Osses et al. [8].

5. Conclusions

The comparison of the rooting, ring, and control areas of wild boar rooting at two
Algerian sites proved that wild boar have more significant effects on the soil parameters (K,
Na, Mg, Ca, P, N, pH, EC) in natural environments than after a recent forest fire.

Based on the literature review, we can also conclude that the Algerian natural (non-
disturbed = non burnt) site is similar to those natural forest areas described in numerous
studies from the wild boar rooting point of view (with lots of non-significant effects).

The last conclusion is that more research is needed on the analysis of the effects of wild
boar rooting in areas after forest fires, by regular and progressive monitoring of edaphic
parameter characterization, over long periods (up to 10 years post fire). This can help us
to assess when the wild boar’s action becomes beneficial for forest regeneration, and to
deduce the processes influenced by the rootings after forest fires.
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Abstract: Understanding the contributions of stream bank and bed erosion will allow us to implement
the most effective management practices. The objective of this study was to assess different methods
to measure bank and bed erosion at different scales, specifically the watershed, reach and plot.
Innovative and traditional methods were utilized. At the watershed scale, indices based on free
satellite images were used. For the reach scale, indices were used, but the images with higher accuracy
were purchased and captured by unmanned aerial vehicles (UAVs). At the plot scale, erosion pins,
cross-sections and laser scanning were applied. The watershed scale analysis showcased “hot spots”.
These “hot spots” were reaches vulnerable to erosion and deposition. The indices of the purchased
images were applied to these “hot spots” and allowed us to narrow the length of the reaches where
UAV flights took place. These flight images located where erosion and deposition occurred. Finally, at
the plot scale, laser scanning provided more detailed and accurate data at a greater scale compared to
the traditional methods. The implementation of these methods allows us to find the areas vulnerable
to erosion and deposition. These are the areas where nature-based solutions should be implemented
to effectively mitigate erosion problems.

Keywords: watershed scale; reach scale; plot scale; satellite images; unmanned aerial vehicles;
laser scanning

1. Introduction

Stream bank and bed erosion and deposition (Figure 1) are complex phenomena
that can negatively affect societies and communities worldwide [1]. Fluvial erosion is
the detachment of material from the stream/riverbed and its banks. Both erosion and
deposition are natural processes, but anthropogenic activities and climate change have
substantially accelerated their rates. Thus, stream bank and bed erosion and deposition
monitoring and assessment are a priority worldwide because of the many negative impacts
that they cause, but they can be difficult to achieve because of the episodic nature and
the many factors that influence them [2]. These factors can be spatial, such as bank
aspect, height and slope, or temporal, such as seasonal and yearly precipitation and
streamflow events. Riparian land use also has a major influence. Typically, banks with
natural vegetation have significantly less erosion than banks with agricultural activities [3].

Riparian areas are semi-aquatic ecosystems located in the transition area where the
two adjacent ecosystems, the terrestrial and the aquatic, meet and integrate [4]. The
aquatic system can be a river and stream and, along with the adjacent riparian area, can
influence and impact of the fluvio-geomorphic processes including erosion and deposition.
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Accelerated and extensive stream bank erosion and deposition can have detrimental effects
on aquatic, terrestrial and semi-aquatic ecosystems [3]. Human alterations in land use
and the developed infrastructure have increased the water concentration time of rainfall
reaching streams. This is the result of the decreased water storage capacity of the landscape
and increased surface runoff. Overall, the total amount of rainfall water reaching the
channels has substantially increased, leading to higher annual and peak discharges. This
leads to accelerated stream scouring potential and sediment transport capacity, leading to
extensive channel incision [5,6]. A good understanding of stream bank erosion processes is
necessary to manage streams, rivers and their riparian areas sustainably. Although many
studies on stream bank and bed erosion have been conducted during recent decades, many
facets of its processes are still not well explained because of their high temporal and spatial
complexity [7–10].

Figure 1. (a) Typical erosion (in yellow) and deposition (in brown) areas along a stream reach. (b) The
cross-section A to B, from image (a), showing the erosion (in yellow) and deposition (in brown) areas.
The dark blue indicates the area with the fastest stream flow.

Various methods and tools have been used to study and monitor stream bank ero-
sion [11]. Traditional examples are the placement of erosion pins or Gerlach traps to
monitor the geomorphologic changes by taking periodical field measurements [12]. Field
monitoring stations, such as sensors of ultrasonic technology, can be used to estimate the
distance changes between soil surface and the sensor [13]. In addition, photo-electronic
erosion pins and the thermal consonance timing principle have been employed to increase
the frequency and accuracy of erosion or deposition measurements [14]. Cross-section
surveys and terrestrial laser scanners are other field methodologies that study soil erosion
and deposition [15]. Field application erosion methods typically demand hard-working
laborious tasks, are spatially limited and are time-consuming in contrast to remote sensing
applications [16].

Remote sensing has been lately widely utilized for mapping, monitoring and predict-
ing soil erosion [17]. An example of remote sensing monitoring is the utilization of satellite
images [18] in combination with spatial datasets in geographical information systems (GIS)
to implement the Universal Soil Loss Equation (USLE) model [19]. Other characteristic
examples of models utilized for erosion include the following: (a) the Water Erosion Predic-
tion Project (WEPP) model, which is a process-based continuous simulation model, (b) the
Gavrilovic Equation [11], (c) the Soil and Water Assessment Tool (SWAT), which is based
on the empirical Modified Universal Soil Loss Equation (MUSLE) [20], etc. Satellite images
provide a wide range of possibilities for soil erosion monitoring in a fast way, especially in
areas where a field survey is difficult or impossible due to the topography, dense vegetation
or other local factors [21]. Vegetation and water indices based on satellite-derived images
are very helpful for studies focused on soil erosion monitoring, since both the land cover
and the soil moisture affect the soil erosion rate [22]. Lately, the combination of aerial
photographs and images from unmanned aerial vehicles (UAVs) have been widely utilized
in geomorphologic studies to monitor soil erosion or deposition areas [23]. UAV-based
photogrammetry is considered the most advanced measurement approach in photogram-
metry, resulting in high-accuracy and -resolution products captured by the remote-control
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aircraft [24]. In addition, UAVs, apart from the usually attached camera, can carry other
sensors for mapping, such as a light detection and ranging system (LiDAR) [25]. The
flight can be manual, semi-automated or assisted and fully automated [26]. Higher spa-
tial accuracy can be achieved either by using ground control points (GCPs) or by (global
navigation satellite system) GNSS-tagged imagery [27]. GCPs are collected by using a
rover and base station with a real-time kinematic (RTK) surveying system or by using a
UAV with on-board an RTK positioning system [28]. Future monitoring belongs to UAVs
since their increasing capabilities are enabling many new applications in photogrammetry.
UAVs’ performance has enhanced accuracy at larger scales and they are quicker compared
to other methods [29].

Laser scanner instruments are based on the triangulation principle and are able to
achieve high measuring accuracy (less than 1 mm) [30]. The laser scanner fits on a regular
surveying tripod, while the survey data can be stored on its disk or a laptop. The scanned
(X, Y and Z) data are stored on a local or global reference grid, while an expert software
is used to process and develop the georeferenced point clouds or even orthomosaics [31].
There are several companies offering various 3D laser scanners to the market but their cost
remains higher in contrast to other measuring techniques [32,33]. Terrestrial laser scanning
(TLS) has proven to be an efficient and reliable method for collecting point clouds for a
wide range of applications in architecture, engineering and construction [34]. Furthermore,
TLS has been applied in earth sciences for many disciplines such as forest management,
geology, seismology, natural hazards, geomorphology and glaciology, among others [35].
The use of TLS for measuring stream morphology is still in its early stages of research due
to the complex environmental factor affecting the results (vegetation and other artifacts
that are a considerable “noise”) [36]. Heritage and Milan [37] successfully used TLS to
measure the grain roughness heights of exposed bars and riverbed surfaces. Picco et al. [38]
utilized TLS to study the short-term morphological dynamics and the processes of erosion
and sediment deposition along a small gravel-bed braided river by comparing point clouds
before and after a stream flow episode. Mayer et al. [39] compared three techniques for
measuring stream bank erosion: erosion pins, total station and terrestrial laser scanning
at nine site locations of the Indian Mill Creek watershed of Michigan, USA. They did
not detect significant differences between measurement techniques but found a strong
correlation between the last two techniques. Finally, TLS has been previously applied to
collect high-resolution stream bank topography data and to estimate the volume of stream
bank retreat [40].

This specific research presents the application of different methodologies to assess
and estimate stream bank erosion and deposition at different spatial levels, from the
watershed to the reach scale and finally to the plot scale. The many methods utilized
and the technological advances require the assessment and comparison of the utility and
ability to implement different methods for erosion and deposition. The study area was
a typical Mediterranean watershed, the Aggitis watershed, in northern Greece. At the
watershed scale, vegetation and water indices were developed based on freely available
satellite imagery. At the reach scale, again, vegetation and water indices were utilized,
but in this case, they were developed based on purchased satellite imagery of substantial
higher resolution of targeted areas of the watershed. In addition, UAV-captured imagery
was utilized to detect fluvio-geomorphologic changes in different cross-sections of selected
reaches. The plot-scaled assessment included (a) the placement of erosion pins in selected
stream banks with different land uses and soils, (b) taking cross-sections at the same
locations and c) 3D laser scanning at specific vulnerable selected cross-sections. The
ultimate goal of this research was to develop a framework of erosion and deposition
measuring methods at different scales. The proposed framework will allow us to identify
areas with the most geomorphologic activity (vulnerable areas of erosion and deposition).
These areas should be targeted for erosion and deposition mitigation where nature-based
solution implementation can help achieve the sustainable environmental management of
the entire watershed.
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2. Materials and Methods

2.1. The Study Area

The Aggitis River watershed is located in the Regional Unit of Eastern Macedonia in
northern Greece (Figure 2). It belongs to the GR11 water division of Eastern Macedonia
and the greater water basin GR11 of the Strymonas River. It covers an area of 2700 km2

and it belongs to three regional units: (a) the Regional Unit of Serres (621 km2 or 23%), (b)
the Regional Unit of Drama (1647 km2 or 61%) and (c) the Regional Unit of Kavala (432
km2 or 16%) [41]. The watershed is surrounded by the mountain ranges of Menoikio to
the west, Falakro to the north, the Lekani mountains to the east, Simvolo to the south and
Paggaio to the southwest [42].

Figure 2. The Aggitis basin (red divide line) with the main stream network (blue lines) and the
many monitoring locations with erosion plots and cross-sections of areas of different land use and
soil types.

There are 21 different land uses that occupy the entire area. The four main land uses
were selected to install erosion plots (forests/riparian zones, sclerophyllous vegetation,
natural grassland/pastures and agricultural land) [43]. The watershed is characterized by
the typical Mediterranean climatic conditions, land uses, soils, stream flows (ephemeral,
intermittent and perennial), anthropogenic pressures and a channelized irrigation network
for agricultural purposes [44]. In addition, several fluvio-geomorphological events have
been recorded in the past. With limited studies on stream bank erosion and deposition
in Greece and the Mediterranean, this study can be used as a benchmark for similar
watersheds of the region. The Aggitis River length is 14.66 km and the water discharge
volume is estimated as 495 m3. The average annual precipitation varies from about 500 to
600 mm in lowlands, 600 to 1000 mm in the interior and exceeds 1000 mm in the highlands.
The average annual relative humidity ranges from 65% to 70%. The average annual cloud
cover is about 4.5 degrees, with the number of clear days ranging from 100 to 120.

The Aggitis basin is a tectonic depression created by faults in the wider area during
the Alpine Orogeny. Based on the geologic map, of particular importance are the large
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extent and thickness of the marbles located in the mountainous zone which have been
affected by karst phenomena and tectonism (faults recorded in many places). Gneisses,
schists and amphibolites are included within the marbles. The hilly and semi-mountainous
areas are composed exclusively of tertiary sediments which, in their surface parts, consist
of cohesive cobblestones and sandstones while at depths up to 250 m consist of marl. The
lowland part consists of quaternary sediments, characterized by alternating layers of clay,
gravel, sand and silt. In the deeper layers, clay materials and limestone silt prevail and are
interrupted by lignite layers (depth reaches 370 m).

The marbles of the mountainous zone and the quaternary deposits of the plains are
of great interest from a hydrogeological point of view. The marbles host huge amounts of
groundwater. The underground water of these aquifers is discharged through a significant
number of karst springs in the quaternary deposits. The aquifer of the Ochiro Basin is
located in the mountainous zone north of the basin named as the Ochiro (Kato Nevrokopi)
plateau and it is the source of the Aggitis River (Maara Cave or Aggitis Cave).

The peat area of Tenagi Filippon (55 km2) with interspersed inorganic materials
(mainly clay) of Holocene age is unique. This is a vulnerable hot spot as this area (formerly
marsh and lake) is drained by a central agricultural ditch. Other hot spots are along the
Aggitis River course and the mountainous torrents. Concerning the city of Drama, flooding
was very frequent in the past, especially in the former torrent of the “19th of May”. The area
was urbanized and the specific torrent was covered by the street. The Kallifytos torrent is
also an underground stream, but on the east side, entering the city, it has natural vegetation.
It is considered dangerous, with many flooding phenomena along its course and with a
large sediment transport capacity. Projects have recently been approved for its management
with construction works. The below-mentioned are examples of flood events:

- Floods of 13–14 October 2002. Damage to 15.2 km2 of crops in the plain of Drama.
- Floods of 18 November 2007. Great material damage in the local communities (Antifil-

ippi, Eleftheroupolis, etc.)
- Floods of 10–11 February 2010. The fire service was called on dozens of occasions to

clear water from flooded houses and warehouses.
- Floods of 10 March 2015. Major flooding phenomena in the Tenagi–Philippoi marsh

plain, 80 square km of arable land under water.
- Floods of 13 December 2021. Flooding, landslides, infrastructure failures, road closures

and transported materials (trees, rubble and other materials) in the Kallifytos torrent.

This study focused on the Aggitis watershed for the watershed-scaled assessment
and afterwards examined specific reaches (e.g., Kallifytos torrents and Mavrolefki stream)
and plots on selected stream banks and beds that had different land uses and soil types.
Since stream bank erosion and deposition have high temporal variation [2], all monitoring
methods were applied for at least one year to capture seasonal variability.

2.2. The Watershed-Scaled Assessment
2.2.1. The Free Satellite Images

Initially, free satellite images (Sentinel-2) were downloaded from the USGS EROS
Archive (https://earthexplorer.usgs.gov last accessed on 12 February 2022). The Sentinel-
2 satellite system has been developed and is being operated by the European Space
Agency [45]. Sentinel-2 is an Earth observation mission from the Copernicus Programme
that systematically acquires optical imagery at high spatial resolution (10 m to 60 m) over
land and coastal areas [46]. The mission currently has a constellation of two satellites,
Sentinel-2A and Sentinel-2B [47]. The images are multi-spectral with 13 bands in the visible,
near-infrared, and short-wave infrared part of the spectrum [48]. Free satellite images
covering different time periods (from winter to late autumn images) were downloaded to
detect erosion-vulnerable areas. The images were acquired for dates when the vegetation
cover was less developed, at the same enabling us to capture floods events (e.g., 18 February
2019). Another important parameter for the selection of the specific images was to have
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less than 5% of cloud cover. Overall, a total of nine images were selected, three for each
year of interest, 2019, 2020 and 2021. The specific dates of the images are as follows:

• 18 February 2019;
• 14 August 2019;
• 16 October 2019;
• 10 May 2020;
• 5 September 2020;
• 22 October 2020;
• 10 May 2021;
• 3 August 2021;
• 25 October 2021.

The selected images were processed in the ArcGIS software. The boundaries of the
study area were delineated and used as a mask to crop the needed section of the satellite
images. The next step was to produce the two indices: (a) the Normalized Difference
Vegetation Index (NDVI) and (b) the Normalized Difference Water Index (NDWI). This
was performed in the “Spatial Analysis Toolbox–Map Algebra–Raster Calculator” utilizing
the corresponding spectral bands. The indices were classified into six groups/classes based
on previous researchers’ works (see Table 1) [49–51]:

Table 1. The classification of NDVI and NDWI values into the 6 classes.

No # NDVI Description NDWI Description

1 −1.0 to 0.0 No vegetation −1.0 to −0.5 Very high drought or
terrestrial vegetation

2 0.0 to 0.2 Unhealthy vegetation −0.5 to −0.2 High drought or terrestrial
vegetation

3 0.2 to 0.4 Poorly healthy vegetation −0.2 to 0.0 Moderate drought

4 0.4 to 0.6 Moderately healthy
vegetation 0.0 to 0.2 Poor water content/

low drought
5 0.6 to 0.8 Healthy vegetation 0.2 to 0.5 Moderate water content
6 0.8 to 1.0 Very healthy vegetation 0.5 to 1.0 High water content

2.2.2. The Vegetation Index

The Normalized Difference Vegetation Index (NDVI) is a frequently utilized proxy for
vegetation cover in environmental and climatic change studies [52]. Equation (1) is used to
calculate the NDVI as follows [53]:

NDVI = (NIR − Red)/(NIR + Red), (1)

The NDVI is a dimensionless index that describes the difference between visible and
near-infrared reflectance of vegetation cover [54]. The index receives values from −1 to
+1. The higher the value (close to +1), the more it reflects high near-infrared (NIR) light,
which means dense, greener and healthier vegetation cover, while clouds and snow are
characterized by negative values. Typical vegetation values range from 0.2 to 1. Healthy
plants, which are in very good condition, are reflected by values greater than 0.6 [55]. The
values close to zero correspond to the absence of vegetation. The vegetation cover but also
the road network and vehicles are clearly identified in the developed image, while the
implementation of more enhanced calibration techniques could also separate the water
surface. This index can be also used for soil erosion and drought monitoring [56,57].
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2.2.3. The Water Index

The Normalized Difference Water Index (NDWI) is related to the water concentra-
tion levels on and in the soil or the existence of water bodies including flooded areas.
Equation (2) is used to calculate it as follows:

NDWI = (Green − NIR)/(Green + NIR), (2)

The NDWI was developed in 1996 [58] and is frequently utilized in remote sensing
analysis of satellite images to map and detect surface water bodies. One of the key utilities
of NDWI is the analysis before and post flood–storm events [59]. In addition, it can be used
to predict erosion rates since it estimates the soil moisture [60]. Areas with higher values of
the index indicate areas that may significantly influence the process of soil erosion and thus
impact sediment concentration and deposition [61,62]. Similar to the NDVI, the values of
the NDWI index vary from −1 to +1. Positive values (greater than 0.2) usually represent
areas with high soil water concentrations, flooded areas or water bodies [63].

2.3. The Reach-Scaled Assessment
2.3.1. The Purchased Satellite Images

High-resolution satellite images were acquired in order to further assess the areas
that were found to be vulnerable to soil erosion or deposition based on the results of the
watershed-scale study (targeted areas). This enabled us to develop the vegetation indices at
a different scale (reach scale) and study the areas in greater detail with substantially higher
accuracy. The selected area of 25 km2 in the Aggitis watershed was the confluence of the
three main channels (Aggitis River, Tenagi Filippon Ditch and Agia Varvara Stream) in the
Aggitis Dam in Symvoli Village, based on the watershed-scale analysis. A thorough study
of the available satellite images, emphasizing the area after major events (dry/wet periods),
was conducted in order to select those providing full coverage with no cloud cover. The
final selection included 2 images captured by the Gaofen Satellite and 2 images captured
by the WorldView-2 (WV2). The satellite images captured different extreme weather
events (specifically after flood events). Gaofen is a series of Chinese high-resolution Earth
imaging satellites launched as part of the China High-Resolution Earth Observation System
(CHEOS) program [64]. The specific images have 80 cm resolution and were captured on 29
October 2016 and 21 March 2017. WorldView-2 is an imaging and environment-monitoring
satellite from Maxar of the United States which was launched on 8 October 2009 that
continues to remain operational [65]. The WV2 collects images that have a 50 cm resolution
and the dates of the purchased images were 30 April 2019 and 11 June 2019. These images
were used to develop the NDVI and NDWI for the selected areas based on the watershed
analysis for the specific dates. The water boundaries of the natural channelized stream
were delineated and any geomorphological changes (erosion/deposition along riverbanks
and riverbed) were recorded in the ArcGIS 10.4 software.

2.3.2. The UAV-Based Orthomosaics from the UAV Flights
The UAV Flights

The flights were performed by using a powerful tetra-copter: the DJI Phantom 4 RTK.
Using the DJI Phantom 4 RTK can be advantageous as it is user-friendly, low-cost (free
and/or low-cost tools/software) and quick, as images can be captured in 10 min or less
(depending on the area) and the results can be produced in a few hours (depending on the
hardware capabilities). Their use also provides safety, since the user can hover the UAV
remotely from a distance from the riverbanks and channel. The UAV is capable of capturing
the stream bed and banks of a reach as its battery life is 30 min [66]. The UAV hovered
at 50 m or 100 m height from the ground. The height was based on the conditions and
dimensions of each stream reach that would allow us to capture the widths of its channel
and its riparian zone in greater detail. The UAV can be coupled with the D-RTK 2 mobile
high-precision GNSS receiver that supports all major global satellite navigation systems,
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providing real-time differential corrections. This allows us to generate centimeter-level
positioning data for improved relative accuracy. In addition, the GCPs included natural
points (e.g., trees and rocks), human constructions and artificial marks (e.g., black/white
targets in A4 size) that were used to calibrate the produced orthomosaics. The coordinates
were taken by the GPS-GNSS Ruide Pulsar R6p device and the GPS-GNSS receiver of
the UAV. The georeferencing was performed in the World Geodetic Reference System
coordinate reference system (WGS84). The literature offers a wide range of choices for the
number and spatial distribution of the GCPs used for photogrammetric applications [67].

The Photogrammetric Software

The Pix4Denterprize 4.5.6. is a powerful software capable of combining and merging
the images based on common points; this methodology is commonly used for photogram-
metric applications. Pix4D includes a set of tools, such as Pix4Dcapture, which is a mobile
application that defines and executes the flight plan, and Pix4Dmapper that can be utilized
to edit the captured data and create photogrammetric products [68]. The Pix4Dcapture
tool is a mobile application that enables autonomous flight missions (grid, double-grid,
polygon, circular, and free flight) and provides the estimated flight time, which is calculated
based on the predefined mission parameters [69]. The Pix4Dmapper tool generates the
point cloud, the mesh model, the texture, the orthomosaics, the 3D model (if images are
captured from different ankles) and the digital surface model (DSM). One of the Pix4D’s
advantages is that it produces a feature report and a processing log which provides the
detailed results [70]. Pix4D Mapper is a commercial software with the advantages that it is
very easy to apply, even for beginners [71]. The developed orthomosaics and DSMs enable
us to locate hot spots along the stream banks, even under water, either showcasing erosion
or deposition areas.

2.4. The Plot-Scaled Assessment
2.4.1. The Stream Bank Erosion Pins

One of the best methods to capture the temporal (seasonally and yearly) and spatial
(top and bottom bank) variability in stream bank erosion/deposition is erosion pins [72].
The main reason is because of the ability to frequently measure them and the high accuracy
of the measurements. Erosion pins are narrow metal rods installed horizontally that are
commonly used to measure the retreat or advancement of the streambanks over time [73].
They are suitable for a wide range of fluvial environments, inexpensive, and simple to
maintain and measure. However, erosion pins can have difficulty accounting for larger
scale (stream or reach scale) and very detailed spatial variability in streambanks. Totally,
400 erosion pins were placed in 40 selected positions throughout the stream network of
Aggitis watershed (10 erosion pins per plot). The positions of the erosion plots were
distributed equally among the four (4) main riparian land uses along the three main
channels. The exact locations of the erosion pins were established by using the GPS-GNSS.
Each plot had two spatially distinct erosion pin zones (five erosion pins in each one). The
bottom zone was placed at 1/3 of the bank height (bottom bank) and the top zone at 2/3 of
the bank height (top bank) (Figure 3). Vertical distances between the pins in the plots were
1 m. The erosion pins were 730 mm long, 7 mm in diameter, made of steel and inserted
perpendicularly into the bank face.
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(a) (b) 

  
(c) (d) 

Figure 3. Examples of stream bank erosion pins in Kallifytos torrent: (a) the two different height
zones of erosion pin placements; (b) erosion pins marked with red paint for better identification;
(c) placement of the erosion pins; (d) measuring erosion/deposition of the erosion pins.

Hooke [74] recommends that at least one-third of the pin remains buried in the stream
bank face to reduce the risk of loss during a major erosion event. Pins also should not
exceed 800 mm in length because when greater than that length, they can increase bank
stability by reinforcing the soil, particularly increasing cantilever stability. The 7 mm
diameter is small enough to cause minimum disturbance to the stream bank but large
enough not to bend in high discharge events. The placement of erosion pins started on 13
November 2021 and finished on 5 December 2021. After the placement of the pins, five
repeated measurements were made over a period of 2 years systematically and/or after
major weather events (dry or wet days). The specific dates were as follows:

1. 25 April 2022;
2. 18 June 2022;
3. 8 October 2022;
4. 28 February 2023;
5. 15 June 2023.

2.4.2. The Stream Cross-Sections

Bench-marked cross-sections (Figure 4) were used to monitor the contemporary
changes in the same plots where the erosion pins were placed [75]. The positions of
the cross-sections were as follows: (a) one meter before the first pins, (b) in the middle
of the erosion pin plot and (c) one meter after the last pins. The measurement days were
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identical to the erosion pin measurement days mentioned above. The variables measured
in each cross-section were as follows:

1. Length of each stream bank.
2. Length of the stream bed.
3. Slopes along each stream bank (left and right). More than one measurement was

taken when slopes differed substantially along the bank.
4. Slopes along the stream bed. More than one measurement was taken when slopes

differed substantially along the bank.
5. Cross-sections were compared among dates to detect changes in the morphological

characteristics of the stream over time.

  
(a) (b) 

  
(c) (d) 

Figure 4. Examples of cross-sections in Kallifytos torrent: (a) UAV image captured an erosion cross-
section; the different colors indicate the location of the three cross-sections; (b) field image of a narrow
cross-section; (c) field image of a wide cross-section; (d) field image of a wide cross-section after
torrential phenomena.

For the measurements of the above variables, the following equipment was used:

• A GPS-GNSS receiver to find the locations of the plots;
• A measuring tape for the channel’s length (bank and bed);
• An inclinometer for the slope of streambanks and streambed;
• Height poles for the bank height/depth.

2.4.3. 3D Laser Scanning of Stream Cross-Sections
3D laser scanning is a method of collecting spatial measurement data from a distance.

It is based on LIDAR (light detection and ranging) or laser radar technology: determining
the position of an object by sending and receiving a laser beam [76]. The 3D laser scanners
use a mirror mechanism that deflects the laser beam to scan the entire space or object
with the desired density (resolution) and at a very high collection speed (recording up to
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millions of points per second) [77]. With this method, a dense cloud of measuring points
(3D point cloud) is quickly produced that documents with great completeness, precision
and reliability the geometry of the space or the object captured [78]. 3D mapping was
carried out on 18 February 2022 (1st date) and 24 April 2023 (2nd date) using the Faro
Focus3D X 130 laser scanner in order to assess any geomorphological changes on the stream
banks and bed of three different sites of interest. Only the Kallifytos site (X: 41.146953, Y:
24.171873) data are presented as the most representative channel type of the study area (see
Figure 5).

  
(a) (b) 

Figure 5. An example of 3D scanning capturing (a) the RGB image and (b) the 3D point cloud from
the Kallifytos torrent.

3D scanning was conducted from an appropriate number of scanning positions to
completely cover the area of the channel to be mapped, with an average resolution of 1 cm.
Alongside the scan, high-resolution panoramic images were taken from each location via
the scanner’s built-in camera. Eighteen (18) scan sites were used on the 1st date, while
17 sites were used on the 2nd one.

To process and analyze the captured data, the Faro Scene, Autodesk ReCap 2023.1.1
and Gexcel Reconstructor 4.4.1 software were utilized for the following:

• Processing of the georeferenced measurements (control points).
• Generating the point cloud for each scan position.
• Preprocessing of the point clouds (cleaning, filtering, quality control, target identifica-

tion, etc.).
• Aligning the clouds from successive scan positions. This was performed with the

cloud-to-cloud methodology using the least squares and iterative closest point (ICP)
algorithms.

• Georeferencing based on georeferencing measurements.
• RGB color rendering from panoramic images.
• Creating a single-colored 3D georeferenced point cloud.

The produced deliverables were color 3D point clouds for the Kallifyto site per date
and various visual 2D and 3D visualizations (in the form of digital images) of the 3D
point clouds. This enabled us to visualize the stream bank and bed of the captured areas
and to understand and interpret the geometric changes in their slopes between the two
measurement dates.

3. Results

3.1. The Watershed-Scaled Assessment
3.1.1. The NDVI

The distribution of the NDVI classes differed for each satellite image (Figure 6). The
NDVI for class #6 was present only during spring and summer, specifically on 14 August
2019, 10 May 2020, 5 September 2020, 10 May 2021 and 3 August 2021, with a maximum
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coverage of 8%. The NDVI for class #1 was only visible on the 08.02.2019 satellite image
(4%), with classes #2 and #3 dominating with a coverage of 38% and 42%, respectively. In
the autumn months, specifically, 16 October 2019, 22 October 2020 and 25 October 2021, the
NDVI classes #3 and #4 (both approximately 33%) had the highest percentage followed
also by classes #2 and #5. On all of the other satellite images, the NDVI class #5 had the
highest coverage percentage and was dominant.

 

Figure 6. The percentages of the NDVI six classes for each satellite image.

3.1.2. The NDWI

The NDWI class #2 was dominant in all satellite images, with percentages ranging
from 50% to 72%, followed by the NDWI class #1 (19–45%) (Figure 7). The specific classes
correspond either to terrestrial vegetation (mostly sparse sclerophyllous vegetation and
pastures) but also to bare soil, which indicates a high degree of soil erosion mostly on
higher altitude and intense slopes of the surrounded mountainous areas. The classes
#5 and #6 were very limited and adjacent to existing water resources that enabled us
to narrow this study focus to the “hot spots” of soil erosion: areas near floodplains of
torrents/streams/rivers.

 

Figure 7. The percentages of the NDWI six classes for each satellite image.
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3.1.3. Soil, Land Uses and Slope Characteristics

Three characteristics, soil types, land uses and slopes percentages, were calculated
based on the developed NDVI and NDWI maps (for each satellite image). Specifically, the
percentage of the indices’ classes for these characteristics could highlight which reaches
would be more vulnerable to erosion or deposition (higher percentages of a certain class).

The NDWI class #6 was dominated by “Calcaric Fluvisols”, “Calcaric Leptosols” and
“Dystric Leptosols”. This class represents flat areas with vulnerable soils to erosion and
deposition affected by the stream network in the pilot area of the Aggitis River watershed.
Furthermore, if we include the NDWI class #5, the areas were dominated by “Calcaric
Fluvisols”, “Eutric Histosols” and “Vertic Cambisols”. On the other hand, the “Dystric
Cambisol” was the soil that dominated the areas of the NDWI class #1. Concerning the
NDVI, classes #1 and #2 (which may indicate soil erosion) had the highest percentages for
“Vertic Cambisols”, “Calcaric Fluvisols”, “Chromic Luvisols”, “Calcaric Leptosols” and
“Eutric Histosols” soils, although this was highly different in each satellite image. There
were occasions when class #6 of the NDVI was not recorded at all.

The urban areas (specifically industrial or commercial units), non-irrigated arable
land and complex cultivation patterns have the highest share in land cover for the NDVI
class #1. Furthermore, the land uses, permanently irrigated land, natural grasslands,
sparsely vegetated areas and water courses, also had a significant contribution. It must be
highlighted that similar land uses were recorded for potential erosion and deposition in the
NDWI. Specifically, complex cultivation patterns and industrial or commercial units had
high NDWI #6 percentages, followed by water courses, permanently irrigated land and
non-irrigated arable land but also broad-leaved forests that had high NDWI #5 percentages.

The slope (%) had five discrete categories based on the natural breaks of its values:
(i) areas with slope angles less than 12% (gentle slopes), (ii) areas with slope angles between
12% and 29%, (iii) areas with slope angles between 29% and 48%, (iv) areas with slope angles
between 48% and 72%, and (v) areas with slope angles greater than 72% (steep slopes).
Gentle slopes stood out for their extent and moderate exposure to erosion, especially based
on the NDWI (classes #1 and #2). In contrast, steep slopes dominated areas characterized
by no or sparse vegetation which form stream network valleys.

3.2. The Reach-Scaled Assessment Results
3.2.1. The Purchased Satellite Images

An automatic classification of the indices’ values in ArcGIS enabled us to delineate the
boundaries of the water surface. The area captured by the purchased satellite images was
the main water course near the confluence of the Aggitis River in the plain of the Regional
Unit of Drama. According to the watershed-scale analysis, this area along these perennial
streams is one of the most vulnerable to soil erosion and deposition. Many changes have
been recorded throughout time on the stream banks and the main channel geomorphology
(especially in the confluences where the tributaries meet). Figure 8 includes the boundaries
as polylines in four different locations for different dates.

3.2.2. The UAV Images

Based on the previously purchased satellite image analysis, the Mavrolefki reach of
the hydrologic network of the study area is one of the most vulnerable. This reach collects
the water from Drama city but also from Kalabaki and Doxato towns. This reach is located
along the southeast side of the village Mavrolefki (Y: 41.053137, X: 24.104371 in WGS84)
where there was a temporary earth-filled dam (or embankment dam) established during
the summer to store water from agricultural purposes (Figure 9). During the UAV flight
(23 October 2021), this dam was destroyed, and the flowing water even covered the nearby
gravel road for agricultural vehicles. The Mavrolefki reach (part of Tenaghi stream) has
intense meanders that are covered with water during high rainfall events. The entire stream
has many “hot spots” of erosion and deposition, including islands in the main channel bed
(Figure 9). In addition, there were other locations along the same reach with litter present
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(plastic bottles, tree trunks or tires) as well as locations where the color of the water was
cloudy, probably due to agricultural practices (see Figure 10).

Figure 8. The stream water boundaries are seen as polylines in four different locations on four
different satellite dates. The background satellite image is the same for all dates.
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(a) (b) 

Figure 9. (a) The orthomosaic and (b) the DSM for the Mavrolefki reach near the Mavrolefki village.

  
(a) (b) 

  
(c) (d) 

Figure 10. Examples (in red circles) of soil erosion, deposition and littering in different sections of the
Mavrolefki reach detected by using UAV images: (a) sediment deposits as small islands and stream
bank erosion, (b) stream bank erosion and plastic tires in the stream, (c) littering accumulation and
cloudy water and (d) sediment deposits as small islands in the confluence of two streams. Different
color due to a rainfall event that occurred mainly in one of these two watersheds. Water color is much
clearer in the top than in the bottom.
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The second targeted location of the same reach (Figure 10a,b) is at the main road
network (Y: 41.047003, X: 24.094152 in WGS84), specifically at a bridge. The specific stream
reach has also intense meanders that are covered with water during high rainfall events.
The DSM was very helpful to distinguish the main channel curves of current water flow.
There are parts of the stream banks that were vulnerable to soil erosion and others that are
characterized by soil deposition. Another important point that needs to be mentioned is
that the land use of the adjusted area is grazed pastures which enhances soil erosion.

Another location of the same stream is at its confluence with other streams (Y: 41.045076,
X: 24.090637 in WGS84) that is mainly characterized by frequent sediment deposition
(Figure 10c,d). The specific reach reveals both soil erosion (on the north side) but also sedi-
ment deposition (on the south side) and small island formation at the junction of the two
stream networks. The UAV flight was performed during a rainfall event that covered the
east side of the watershed of Aggitis and supplied with water the area of Tenagi Philippon
(Kavala region) in contrast to the Drama region which was not affected by the rainfall event
and its stream was not supplied with water. This fact led to a color difference due to the
high sediment concentration in the streams from Kavala.

3.3. The Plot-Scaled Assessment Results
3.3.1. The Stream Bank Erosion Pins

The monitored banks (Figure 11) show differences according to the land-use types.
The positive values indicate erosion, while negative values refer to deposition. In natural
grazed grasslands, there are fluctuations in the erosion of the banks after intense rainfall
events. These differences in erosion and deposition appear more on the pins at 2/3 of the
bank height (Figure 11a,b). In the riparian forested areas (Figure 11c,d), the erosion of
the bank is very low and in most of the measured pins does not exceed 10 cm. Overall,
we can state that the observed changes were not substantial. In the agricultural areas,
there was extreme erosion measured, in some cases exceeding 40 cm on the monitored
banks (Figure 11e,f). It is important to mention that in several cases, erosion pins were
completely lost. This happened on the first (25 April 2022), second (18 June 2022) and fifth
measurement (15 June 2023). Also, for this land use, we observed that at 1/3 of the bank
height, there was more erosion than at 2/3 of the bank height. At locations characterized
by sclerophyllous vegetation, there were also strong geomorphologic changes, with both
erosion and deposition recorded (Figure 11g,h). Specifically, the erosion rate was lower at
1/3 of the height, approximately 5 cm, than at 2/3 of the bank height, ranging from 10 to
15 cm.

3.3.2. The Stream Cross-Sections (Plot Scale)

Erosion and deposition events were recorded on the sampled surfaces with the changes
in the dimensions of the cross-sections (Figure 12). In general, the changes were small, but
several large differences were observed between the measurements that reached 1–2 m.
Such differences were recorded more in agricultural areas, while for the other land uses
such as grazed natural grassland and sclerophyllous vegetation, the changes in the cross-
sections were smaller, with a difference ranging from 0.30 to 0.80 m. Finally, it is important
to mention that in riparian forested areas, the changes in the cross-sections were minimal,
with values ranging from 0.10 to 0.20 m. An example is the Kallifytos torrent, where the
material which was transported and deposited was mainly located in the area upstream of
the Irish Bridge (before the east entrance to the city of Drama). The material deposited is
frequently removed by the local authorities using heavy bulldozers that can compact the
stream bed material (Figure 12a).
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 11. Bar diagrams of erosion and deposition for the four land uses (positive values = erosion
and negative values = deposition). (a) Erosion and deposition rates at 1/3 of stream bank height in
natural grazed grasslands, (b) erosion and deposition rates at 2/3 of stream bank height in natural
grazed grasslands, (c) erosion and deposition rates at 1/3 of stream bank height in riparian forested
areas, (d) erosion and deposition rates at 2/3 of stream bank height in riparian forested areas,
(e) erosion and deposition rates at 1/3 of stream bank height in agricultural areas, (f) erosion and
deposition rates at 2/3 of stream bank height in agricultural areas, (g) erosion and deposition rates at
1/3 of stream bank height with sclerophyllous vegetation and (h) erosion and deposition rates at 2/3
of stream bank height with sclerophyllous vegetation.
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(a) (b) 

  
(c) (d) 

Figure 12. A typical cross-section of each land use in six different areas: (a) agricultural area;
(b) natural grasslands; (c) sclerophyllous vegetation; (d) riparian forests.

3.3.3. The 3D Laser Scanning Streams’ Cross-Sections (Plot Scale)

The Kallifytos torrent is a typical intermittent Greek torrent that has flash flood risk
potential particularly after heavy rainfalls [75]. The torrent was selected (erosion pins, cross-
sections and laser scanning) because it has a diverse fluvio-geomorphologic profile, with
rapid changes in the channel and bed shape due to the large amounts of water, sediments
and debris transported [79]. The Kallifytos torrent passes through chutes under the city
of Drama before discharging into the Agia Barbara stream, which is a tributary of the
Aggitis River.

The comparative 3D sections from the Kallifytos reach based on the 3D field scanning
allowed us to estimate the fluvio-geomorphological changes between the two surveying
dates (Figure 13). The point clouds (Figure 13a: first survey and Figure 13c: second survey)
along with the mesh models (Figure 13b: first survey and Figure 13d: second survey) were
developed. Furthermore, five selected cross-sections were drawn to estimate the material
loss or gained between the two survey dates.
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(a) (b) 

  
(c) (d) 

Figure 13. The 3D outputs based on the 3D laser scanning application in Kallifytos torrent reach:
(a) the point cloud (1st survey); (b) the mesh model (1st survey); (c) the point cloud (2nd survey);
(d) the mesh model (2nd survey).

There are clearly visible geomorphological changes in the stream bed. During the
first survey, there was deposited material in the center of the stream bed which was
distinguished by the lighter blue color. The second survey captured the manmade sand
excavations and the removal of deposited material carried out by municipality bulldozers
(rectangular formations depicted in darker blue color). There were also differences in the
stream banks which are depicted more clearly in the selected 2D cross-sections of the same
captured location (Figure 14). In the cross-sections, the first survey is shown in red and
the second in green, while both the X and Y axis scales are in meters. Specifically, height
differences ranging from 0.00 to 1.26 m of removed material (section B) were detected. The
removed material was estimated to be equal to 412.01 m3 for the stream bed, 2.55 m3 for
the north stream bank and 2.21 m3 for the south stream bank (Figure 14). Similarly, the
gained material was estimated to be equal to 2.82 m3 for the stream bed, 0.58 m3 for the
north stream bank and 0.70 m3 for the south stream bank (Figure 13).
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Figure 14. The selected five 2D cross-sections based on 3D laser scanning application in Kallifytos
torrent reach. The red lines indicate the 1st survey and the green lines indicate the 2nd survey.

4. Discussion

Erosion and deposition are two of the main fluvio-geomorphologic processes that at
both the watershed and/or stream channel scale need to be measured and understood
in order to achieve sustainable watershed management, especially under the auspices of
the Water Framework Directive and the EU Green Deal. In this study, different measuring
methods were utilized at the watershed, reach and plot scale to assess erosion and deposi-

115



Land 2024, 13, 232

tion (Figure 15). These methods included remote sensing, UAV monitoring, terrestrial 3D
scanning and traditional commonly used field monitoring tools (pins and cross-sections).

Figure 15. The flowchart of different stream bank and bed erosion and deposition methods. The
methods are for different scales: some are for identifying erosion and deposition hot spots and others
are for measuring exact rates.

The technological and methodological advancements in the field of Earth observation
has contributed to the widespread increase in the use of satellite remote sensing approaches
that have enhanced the monitoring of the Earth’s surface and its changes [80,81]. Today,
there is a readily available large collection of imagery in Google Earth, including satellite,
aerial, and even 3D and street view images. Furthermore, free available satellite imagery
(e.g., Landsat and Copernicus) is of high importance for remote sensing in geomorphol-
ogy [82,83]. Free SENTINEL-2 satellite images have been used in various studies to develop
indices, as they are competent at highlighting differences in vegetation and water content.
The NDVI enables the monitoring of ecosystem and fluvio-geomorphological changes
based on the large-scale land monitoring/mapping of floodplains [84]. In addition, as a
globally used index of vegetation’s health and moisture presence, it is used for the assess-
ment of watershed soil erosion and sediment yield in the floodplains [85]. The NDWI, the
other index utilized, can characterize soil and vegetation moisture content before and after
flooding events. In addition, it is used to monitor the channel migration [86]. Channel
bank and bed erosion occurs mainly in the floodplains; thus, the NDWI was used to de-
tect the water presence lines that can lead to short-term stream bank erosion [87,88]. Its
effectiveness decreases with intermittent or ephemeral streams typical in Mediterranean
ecosystems [89]. Both indices enabled us to map the most vulnerable areas to erosion and
deposition along the stream network and their floodplains. The results of the NDVI and
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NDWI showcased the most critical areas prone to erosion. Those which belong to NDVI
#1 and NDVI 2 classes represented 7–40%. On the other hand, the affected areas by water
(areas adjusted to the water courses and floodplains, NDWI classes #5 and #6) represented
only up to 1% of the total studied area. It must be noted that these areas are highly im-
portant for the dynamic procedures of stream bank erosion and sediment transportation
and should be focal points for stream conservation [12]. In general, erosion occurs when
the force of the river’s flow removes sediment from the stream bed and banks, widening
and deepening the river channels. It is typically caused by the high velocity and turbulent
flow of water [90]. The confluence of rivers are such dynamic locations of a hydrologic
network where soil erosion or deposition have high rates [91]. The convergence of flow
often leads to erosion (downcutting) of the stream bed. Tributaries also alter the hydraulic
geometry of the receiving streams (due to stream water turbulence) including width, depth,
and bar size and occurrence. Typically, they can alter the particle size distribution, either
coarsening or fining the channel bed material. The morphological effects of confluences
tend to be most pronounced in lower-gradient portions of rivers. These areas are “hot
spots” and allow us to determine potential targeted areas so we can move management
from the watershed to the reach scale. Additionally, we used ancillary information (soils,
land cover and slope) to determine whether we can find any connection between these
characteristics and vulnerability to erosion and deposition (watershed-scale approach).

These vulnerable reaches were further investigated by the comparisons of purchased
satellite images that had substantially better resolution. These images were taken before
and after flood events in order to capture deposition and erosion phenomena. Low spatial
resolutions images are appropriate to be applied at perennial and large dimension tempo-
rary streams and for the identification of individual large and medium-sized gullies but
do not allow for gully growth analysis with sequential imagery that requires higher reso-
lution [92,93]. Medium and low-resolution images are effective for erosion risk mapping
if they present data shortly before and after the first erosion event [94]. High-resolution
satellites have enhanced the ability to detect and monitor individual small-scale geomor-
phologic features [95]. Studies have applied high-resolution products for monitoring
erosion by mapping ephemeral streams, as well as smaller (even temporary) gullies and
rills that are not covered by dense vegetation (dry and semi-dry environments) [96–99].
There is a place to utilize both free and commercial satellite products, as nowadays there
are more options for economical topographical mapping [100]. The selection of higher to
low spatial resolution satellite products depends on the ground sampling distance needed
based on the research objective [101]. In addition, the size of the study area and the avail-
able funds must be considered. High-resolution imagery should be used for study areas
of 20–100 km2 study, while low resolution for areas > 100 km2 [102]. This is the reason
we proposed to firstly use the free low-resolution satellite imagery in the watershed-scale
phase (in our case study Aggitis basin is 2700 km2) and secondly, to use higher-resolution
products (if available) on the selected “hot spots”. The results of this study show the utility
of both and how they can be complimentary to each other. The free satellite images can
indicate where there is a need (hot spots) to purchase the high-resolution satellite images.
This allows for the cost-effective use of funds, and the more targeted approaches for the
placements of conservation practices (e.g., nature-based solutions) can be implemented
with higher-resolution purchased images.

Furthermore, UAV-based orthomosaics were developed in some of these vulnerable
selected reaches. UAVs have been applied worldwide as a monitoring methodology to
improve the monitoring of fluvio-geomorphologic changes [103,104]. The advantages of
UAV-based photogrammetry are the ability to reconstruct the stream bank topography in
very high detail and very quickly [105]. The results produced by the UAV’s flights enabled
us to monitor the fluvio-geomorphologic changes again at the reach scale but also at a
smaller scale and with enhanced resolution. Orthomosaics developed by UAV images
taken at different times provide detailed stream channel features to detect changes between
periods [75].
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Site assessments and in-situ measurements (erosion pins, stream cross-sections and
3D laser scanning) have been used to evaluate and monitor the stream bank erosion or
deposition at the plot scale. The analysis of the results from the field measurements of
this study showcased high erosion on some stream banks, especially after extreme rainfall
phenomena. In several plots, bank erosion exceeded the 50 cm, while in a few, deposition
was also recorded. Deposition was recorded mainly in sclerophyllous vegetation (both
bank heights) but also in agricultural areas (1/3 of bank height). Stream bank erosion was
high in most of the natural grasslands/pastures and agricultural areas. Agricultural and
livestock activities are highly associated with erosion phenomena since they weaken bank
stability though different activities [106]. Finally, it should be noted that on stream banks
covered with riparian vegetation, the erosion was limited or non-existent. Many studies
have shown that maintaining or re-establishing the riparian vegetation is optimal to reduce
erosion and a highly recommended nature-based solution [107]. Land cover types, and
their changes, have different hydrological and geomorphological effects on controlling
bank stability or enhancing soil erosion [108]. Forests are considered to stabilize slopes
and banks, while human intervention on stream banks and riparian zones may reduce
stability [109,110]. For agricultural lands, the implementation of conservation practices can
have a significant impact on soil erosion reduction, especially in the Mediterranean dry
region which suffers from tillage agriculture erosion impacts [111]. The produced point
clouds of the plot-scaled laser scanning approach were of high resolution and estimated
soil volume changes (erosion or deposition) before and after events. Specifically, soil
deposition was recorded after an extreme flood event, while soil removal (erosion) was
detected after excavations were performed by bulldozers. The amount of stream bed and
bank material was also easily estimated in these specific cross-sections through the point-
cloud comparison when riparian or stream bed vegetation was limited or absent [112].
Overall, the results of laser scanning and traditional field plot measurements were similar.
The advantage of laser scanning was the higher accuracy and also the larger scale it can
implemented on in comparison with traditional methods.

The studied targeted reaches of Mavrolefki stream showed that erosion can lead to the
formation of sandbars and islands within the stream channels. Deposition occurs when
sediment carried by the stream flow decreases, and thus settles and accumulates in the bed.
This is also evident in the main course of theAggitis River and its tributary streams with
intermittent flow. On the other hand, Kallifytos showed more episodic flow characteristics,
typical of Euro-Mediterranean torrents (ephemeral and intermittent flows) [113]. For most
of the year, these torrents have no flow, but a few times during the year, they can have very
high flows and transport large amounts of sediment.

The results of this study are similar to others that utilized such methodologies, al-
though our study was the first detailed research incorporating all of these methods [23].
UAV-based surveys have been also conducted by the authors before, in selected reaches of
the region, for the first time with successful results [75]. Flooding is a common phenomenon
in the Aggitis basin after extreme rainfall events or snowmelt causing serious damage in
the area [114]. There is high connectivity between extreme flood events and stream bank
and bed erosion and deposition in the channels and floodplains [115]. Anthropogenic
activities and climate change are accelerating soil erosion, fluvial activity and extreme
flood events [116]. Along the Aggitis River and its tributaries, alluvial aggradation was
accelerated by 6000 BP due to climate change between 6500 and 5000 BP [117]. Such events
were also recorded during the Ottoman period, linked to the intensification of farming in
the Aggitis river plain along with the increase in grazing and logging in the surrounding
mountainous areas [118]. This study also revealed that extensive erosion occurs by an-
thropogenic activities in channels when the major land cover in the riparian areas and the
watershed is agricultural or grazed grasslands.

The different studied stream bank and bed monitoring techniques presented advan-
tages and disadvantages that have been presented previously. Their selection and applica-
tion is highly dependent on the scale and accuracy required, the site-specific conditions and
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the experience of the researcher. Traditional field monitoring approaches can be laborious,
time-consuming and resource-demanding, especially when examining lengthy reaches of
rivers or streams [119]. Erosion pins can be used in vegetated banks but with coarse spatial
and temporal resolution. UAV mapping or laser scanning have higher resolution for larger
reaches but can have problems when the stream banks have dense vegetation. A UAV
survey requires low vegetation, as tree canopy may cover the ground, while terrestrial laser
scanning can be applied in a forested environment when employing the vegetation filter to
extract the tree trunks, but it is difficult, or even impossible, when riparian vegetation is
low or mixed. As a consequence, the final choice of the appropriate technique depends on
the goals of the project and the desired resolution, the stream bank or bed conditions, and
the available resources, tools and finances [39].

5. Conclusions

Stream bank and bed erosion and deposition are natural process, but anthropogenic
pressures and climate have and will continue to accelerate stream bank and bed deposition
but also other types of erosion. A framework with a cadre of different methodologies to
monitor and understand erosion is a necessity, especially in climate change-vulnerable
regions such as the Mediterranean. This is what this study tried to achieve by showcasing
different methods that can be used at different scales and with different accuracy. In
addition, all of these methods could be used together since they are complimentary to one
another. Remote sensing products such as free satellite imagery and Google images can be
the first step in order to identify stream bank changes over short periods of time (e.g., after
a flood event) or over many years. UAVs can be utilized as a second step to provide higher
accuracy and analysis at a larger scale (reach scale) of specific locations. Field measurements
at the plot scale, such as erosion pins and cross-sections, can be used at a very narrow scale
(specific bank), focusing on intense rainfall events or anthropogenic alterations (excavations)
that change stream bed and bank morphology and provide validation data for the satellite
and UAV images. Finally, through 3D terrestrial scanning, the determination of accelerated
bank erosion or deposition is more accurate and enables the land managers to identify
vulnerable areas to erosion and deposition. Once these areas are identified, nature-based
solution should be implemented by land managers in order to stabilize stream banks,
reduce erosion or deposition rates and consequently mitigate non-point source pollutants.
Nature-based solutions are preferred because they try to emulate nature, thus reducing the
acceleration of erosion and deposition. This proposed framework has high utility since it
will allow managers to target the areas that produce the greatest erosion and deposition,
and thus utilize funds more cost-effectively and promote sustainable management. In
addition, because of the better erosion mitigating results, this framework is more likely
to achieve the approval of the policy makers and general public, thus helping obtain the
needed funding.
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Abstract: The port of Tangier Med is essential due to its strategic location, as it is an important trading
center linking Europe, North America, and Africa. However, the increased rates of downstream
sediment transportation put pressure on the sustainable future of the port. Thus, assessing the
existing erosion rates and future improvement scenarios is imperative for planning sustainable
management at the catchment level. We utilize the Erosion Potential Model (EPM) combined with the
Intensity of Erosion and Outflow (IntErO) algorithm to assess the erosion and outflow intensity and to
distinguish the sediment-producing areas in the R’mel watershed. The port’s proximity at the bottom
of the slope opposite the R’mel Dam is relevant in this context. Initial results show an average erosion
rate of 13 t/ha/year. Quarry operations were identified as the primary sediment source, as indicated
by the factors contributing to erosion. The qualitative PAP/RAC (Priority Actions Program/Regional
Activity Center) model was used to assess the development trends in the watershed, confirming
a clear tendency toward irreversible degradation in the quarry areas. Considering that the mined
carbonate lithology represents 23.77% of the total area of the catchment, the situation in the region
could deteriorate if quarry operations continue. The simulation of quarry rehabilitation scenarios
through land use and land cover change (LULC) with IntErO shows that reforestation of quarries can
significantly reduce erosion rates (4.78 t/ha/year) compared to their conversion to agricultural land.
This study underlines the effectiveness of IntErO, based on the EPM model, in quickly and effectively
mapping and quantifying water erosion.

Keywords: Intensity of Erosion and Outflow (IntErO) algorithm; Erosion Potential Model (EPM);
quarry operations; reforestation; R’mel watershed
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1. Introduction

The northern region of Morocco, geographically known as the Rif, is highly vulnerable
to water erosion risk. Numerous recent and long-term studies have highlighted the high
erosion rates in the Rif watersheds [1,2]. This increased susceptibility to erosion is mainly
due to the relatively young age of the lithological formations, which consist primarily
of friable material dominated by marl and clay [3]. The rugged topography and steep
slopes that characterize the Rif area further facilitate the detachment and mobilization of
sediments [4]. The adverse effects of erosion are particularly noticeable regarding water
and soil resources, as the storage capacity of the hydraulic infrastructure has decreased
significantly in recent years. Soil resources are exposed to the leaching of organic and
mineral matter due to erosion [5,6], which leads to progressive soil degradation and
threatens the food security of all living beings, including humans [7,8].

The scientific community and public and private institutions have been intensively
involved in studying water erosion and erosion control for many years. The aim is to
improve the understanding of this phenomenon and to develop appropriate erosion con-
trol measures that would ensure the sustainability of water and soil resources for as long
as possible. As a result, numerous quantitative and qualitative models have been devel-
oped over the years. For example, some models are based on radioactive tracers such
as Caesium-137 (137Cs) [9,10], Pb Lead-210 (210Pbex) [11], and Beryllium-7 (7B) [12,13].
These techniques have been widely criticized, mainly because of the high costs associated
with laboratory analysis, the short half-life of these isotopes [14,15], and their inability to
account for specific parameters that control the erosion process [16].

In addition, methods based on hydrological modeling have been developed, with
the Soil and Water Assessment Tool (SWAT) model being one of the most widely used
worldwide [17,18]. This model facilitates the assessment of sediment and water supply
with optimal sensitivity parameters, and its main strength lies in ensuring the connectivity
of hydrological systems within catchments. However, its application in Morocco is limited
by the need for data measured by hydrometric stations over relatively long periods [19,20].
Other methods are based on a geographic information system (GIS) and remote sensing,
such as the Revised Universal Soil Loss Equation (RUSLE) [21], Modified Universal Soil
Loss Equation (MUSLE) [22], RUSLE-3D [23], and the Erosion Potential Method that is
known as EPM [24] and which is a frequently used empirical model across the Balkan area,
North Africa, and Europe along with the Middle East [25]. These models differ in terms of
the type of data used.

EPM is one of the most used models by researchers as it considers various factors of
water erosion [26–28]. It also assesses the effects of erosion forms and lithological substrates
when evaluating the erosion process [29]. It has been integrated into an intensity of Error
and outflow algorithm called IntErO (Intensity of Error and outflow) [30]. The integration
of EPM into IntErO has facilitated the execution and application of EPM and has led to the
international dissemination of the EPM method. However, in Morocco, the application of
EPM still needs to be further improved [29,31]. This limitation can be overcome with IntErO,
as it allows a fast and practical simulation of the physical catchment parameters. Previous
studies have been conducted in the Arbaa Ayacha watershed using IntErO to assess erosion
potential and show the influence of geomorphologic factors on soil erosion [29,30]. The
successful implementation of previous studies has shown great potential for applying
IntErO for advanced lithological applications in the Rif region.

IntErO is also a practical tool for qualitative erosion assessment. Previous studies
have shown the importance of qualitative and holistic assessment methods for erosion
prediction in risk mitigation measures in North African landscapes [32,33]. The qualitative
method differs from the quantitative method in that it assigns weights to geographical units
corresponding to soil erosion intensity [34]. The qualitative and quantitative models consider
the same erosion factors, such as land use and land cover, soil type, slope gradient, and
precipitation [35]. However, in the qualitative approach, each erosion control factor is given a
specific weight depending on the researchers’ assessment or understanding of the local erosion
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processes and the importance of each parameter in controlling the phenomenon [35–37]. The
PAP/RAC method [38] is one of the most used qualitative approaches in Morocco. The
main objective of this method is the management of the Mediterranean coastal areas and
the evaluation of the condition of the soil surfaces concerning their susceptibility to erosion.
The PAP/RAC enables the visualization of erosion conditions, the analysis of water erosion
relationships, and the assessment of risk trends in different catchment sizes [32].

An essential objective of this study is to adapt the IntErO model to the environmental
conditions of the Moroccan Rif region to study erosion and runoff. The choice of the study
area is not arbitrary but essential for several reasons. First, a reservoir in the downstream
watershed of the R’mel serves as the primary source of drinking water for the city of Kser
Essghir. Directly opposite the reservoir is the most critical national coastal structure, the
international port of Tangier Med [39]. This vital infrastructure must be protected from
flooding and the damaging effects of water erosion. In addition, the basin’s soils must be
safeguarded through land management, especially as agriculture is the most important
source of economic activity for the local population. In addition, the assessment of the
current state of the R’mel catchment shows that land use has changed significantly and
rapidly over time. The anthropogenic influence in this catchment is particularly pronounced
and can be seen above all in the extensive quarrying activities concentrated in the central
region of the catchment. The economies of many Mediterranean countries have benefited
from the extraction of raw materials. Unfortunately, many quarries in Mediterranean
countries caused severe damage to the environment and landscape [31,40,41]. Numerous
studies have demonstrated the direct impact of operating or abandoned quarries on soil,
water quality, and siltation of dams [42,43]. Therefore, soil conservation practices must be
implemented to ensure soil protection and reduce the direct impact of the quarry on the
ecosystem. Among these practices, the transformation of quarries to forests or vegetated
areas, commonly known as afforestation, is of great scientific importance in the efforts to
combat climate change, preserve biodiversity, stabilize soils, prevent erosion, and protect
reservoirs as natural filters that retain sediments and pollutants before they enter the
reservoirs [44]. In addition, reforestation helps to stabilize soils by strengthening their
structure and water retention capacity, thus reducing the risk of erosion. Soil conservation is
essential to maintain the fertility of adjacent agricultural land and prevent soil degradation.

The goal of this study is to determine the rate of erosion and the amount of sediment
moving downstream of the basin using an efficient but not widely used model across
the country. Sediment sources were identified and analyzed with respect to land use
change scenarios in the region. Two scenarios regarding quarry surfaces were simulated
utilizing the IntErO tool to assess the reliability of quarry rehabilitation and its impact on
reducing erosion rates and sediment yield to the reservoir. Finally, the influence of erosion
control factors on the erosion process was evaluated by incorporating qualitative aspects to
determine the development trends of erosion in the region.

This study demonstrates the importance of quarry rehabilitation for environmental
protection and ecosystem sustainability, highlighting the priority areas where erosion
control measures are needed. Proactively managing these issues is essential to protect
water and soil resources while maintaining the integrity of ecosystems in the region.

2. Materials and Methods

2.1. Study Area

The water catchment area of the R’mel lies in the northern Rif region of Morocco. It
belongs to the province of Ksar Essghir, located in the Tangier-Tetouan Elhoceima region.
The watershed covers an area of 34 km2. Its altitude ranges from 12 to 572 m (Figure 1a).
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Figure 1. Geographical location of the (a) R’mel watershed and the Tanger Med port in Northern
Morocco, (b) lithological map of the study area.

The topographic data for this watershed were extracted from the ASTER digital terrain
model (DTM) downloaded from the Earth Explorer website (https://earthexplorer.usgs.gov
(accessed on 27 August 2023)). In the central and upstream parts of the watershed, the
two highest points are located at the villages of Aanasser and Amezzouk. However,
the lowest elevations are downstream of the watershed where the R’mel Dam was built.
This dam collects water from the surrounding slopes and surface runoff through the
hydrographic network.

The study area has a Mediterranean sub-humid climate with an average annual precip-
itation of about 820.3 mm, calculated based on a 12-year precipitation data series measured
at the meteorological station of the catchment area. Land use and land cover (LULC) data
were obtained using geospatial remote sensing by processing a Landsat OLI8 image down-
loaded from the United States Geological Survey (USGS) website (https://www.usgs.gov/
(accessed on 27 August 2023)) and processed with ENVI software version 5.5.2 [45]. This
software facilitated the supervised classification of the different LULC classes within the
watershed, with in-depth field checks performed for specific classes. The resulting map
illustrates that most of the watershed is covered by dense scrubland, followed by open
scrubland, which is detailed in the Results and Discussion section. On the other hand,
dense natural forests are limited to the southern and northeastern parts of the watershed.
Arable land is generally located in the central part of the watershed and near the villages
and accounts for 22.7% of the total watershed area. The watershed’s unvegetated areas
include rocks, bare land, and quarry areas (Table 1).

Table 1. Percentage of land use land cover (LULC) classes in the study area.

LULC Area (km2) % LULC Area (km2) %

Dam 1.1 3.1 Dense forest 0.3 0.9
Quarrying areas 1.4 4.2 Moderately dense forest 1.1 3.1
Bare lands 0.5 1.5 Clear forest on dense scrublands 1.5 4.5
Rock outcrop 1.5 4.4 Dense reforestation 1.1 3.3
Agricultural land 4.8 13.9 Clear reforestation 0.04 0.1

Association: agricultural and built land 3.0 8.8
Dense scrubland 8.9 25.8
Clear scrubland 91 26.4

The lithological data of the basin were taken from the geological map at a scale of
1:50,000, inspired by successful previous studies with aligning research objectives [46,47].
The basin has a variety of lithological formations (Figure 1b). The flysch formations, mainly
located in the western part of the basin, cover about 49.77% of the basin’s total area. In the
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eastern part of the basin, sandstone formations dominate, covering approximately 15.25%
of the site. Marl and quaternary deposits are mainly found on the banks of the gorge and
make up 11.21% of the basin’s area. Finally, compact carbonate rock outcrops in the central
part of the basin make up about 23.77% of the total area. This carbonate formation was
mined on a large scale, mainly for the construction industry.

We engaged a specialist pedologist from our authors’ team, who conducted a compre-
hensive field visit in collaboration with our team. Drawing on the insights gained from this
fieldwork and in conjunction with the data obtained from the prior geological survey, our
team, comprising specialist pedologists and geologists, derived numerical values needed
for the IntErO calculations in relation to the soils of the river basin. These values were then
instrumental in the evaluation of the soils within the basin.

2.2. Intensity of Erosion and Outflow Assessment
2.2.1. IntErO Model Description and Implementation

EPM models [24] use multiple components to obtain a global estimate of soil loss. Each
factor quantifies one or more processes and their relationships [30,39]. EPM quantitatively
estimates erosion intensity, sediment production, and sediment transport [48]. Most models
are used to predict long-term annual rates of soil loss to crops due to sheet erosion, gully pro-
cesses, sediment transport, rill erosion, and deposition on the soil surface. The EPM model
predicts the extent of erosion due to sheet or gully erosion and accounts for additional
soil losses due to gully erosion, wind erosion, or soil erosion [49,50]. The IntErO model
of Spalevic [24,51,52] integrates Erosion Potential Model (EPM) of Gavrilovic [24] into its
algorithm. It is an improvement over the previously used river basin and area/distance
measurement programs [29,53]. The method is useful and can handle large amounts of
data. It requires only 25 input parameters to generate 22 output parameters (Table 2).

The IntErO model program package of Spalevic [54] takes six elements into account:
soil type and lithology are represented by the coefficient Y, land use data represents Xa,
temperature is linked to the parameter t, and erosion patterns are represented by the
coefficient Q [51]. These coefficients must be thoroughly evaluated in various processes,
including data collection, fitting, analysis, and integration into the model equations. The
annual volume of sediments ‘Wyear’ eroded because of soil erosion was calculated using
the following equations, Equations (1) and (2).

Wyear = T × Hyear × π×
√

Z3 × F (1)

where F is the watershed area (km2), and T is the temperature coefficient derived as follows:

T =

√
(

t
10

+ 0.1) (2)

Hyear is the yearly average rainfall between 2007 and 2022 in mm. The Z coefficient,
which can be categorized according to the degree of erosion (Table 3), represents the
strength of the erosion process, and is calculated as follows in Equation (3):

Z = Xa × Y ×
(

∅ +
√

Isr
)

(3)

The variable (Xa) represents the degree of soil protection. Xa considers land use and
the extent of vegetation cover. With values close to 0, indicating low soil protection, and
values around 1, indicating strong soil protection, this coefficient typically varies between
0.05 and 1 [20,55,56]. The Xa values were obtained by assigning the classes suggested
by the EPM technique and comparing the LULC map of the watershed with previous
studies [51,57].
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Table 3. Ranges of the Z coefficient in the Erosion Potential Method (EPM) [24,54].

Erosion Intensity Erosion Type Z Mean Value Z

Excessive
Deep 1.51

1.25Mixed 1.21–1.50
Surface 1.01–1.20

Strong
Deep 0.91–1

0.85Mixed 0.81–0.90
Surface 0.71–0.80

Medium
Deep 0.61–0.70

0.55Mixed 0.51–0.60
Surface 0.41–0.50

Low
Deep 0.31–0.40

0.3Mixed 0.25–0.30
Surface 0.20–0.24

Very low
Deep

0.01–0.19 0.1Mixed
Surface

The soil erodibility coefficient Y is a dimensionless factor that reflects the erosion
resistance of the soil and depends on the pedological lithological characteristics of the
basin [20]. The Y factor was evaluated in this study using lithological data from the study
area. Values for each soil type were then assigned based on EPM recommendations and
previous studies [20,55,56]. Values below 0.25 indicate moderate erodibility, while values
above 2 indicate extremely erodible formations [56,58].

The coefficient ϕ is a one-dimensional component with values between 0.1 and 1. This
parameter is related to active erosion and was calculated using the erosion pattern map of
the R’mel basin. Values were then assigned to each erosion type using the recommendations
of the previous studies [20,56,58]. Finally, the average percentage of basin slope Isr in the
study area was calculated using DEM (DTM-ASTER-GDEM). Calculating the specific
sediment production (Gsp) was undertaken in m3 km−2 year−1 as some sediments are re-
deposited in rivers or other catchments. This can be achieved using the following equation,
Equation (4):

Gsp = Wyear × Ru (4)

This can be accomplished by multiplying the average yearly sediment production
(Wyear) by an R coefficient (delivery ratio), Equation (5):

R =

√
O × D

0.25 × (Lv + 10)
(5)

The parameters O and D are given in kilometers, where O is the extent of the catchment
area, D is the average height of the basin in the final section, and Lv is the length of the
main river.

2.2.2. Land Cover Change Scenarios and Effect of Geomorphological Conditions

The investment directed toward implementing anti-erosion practices, along with their
subsequent production, has the potential to yield satisfactory economic efficiency. This
indicates that the allocation of resources to these measures can result in favorable returns,
balancing both the financial aspect and the effectiveness of mitigating erosion-related
challenges [59,60]. In this study, two scenarios were simulated in quarry areas using
the IntErO algorithm to assess the reliability of quarry rehabilitation and its impact on
erosion rates and sediment yield in the reservoir. This simulation involves utilizing the
methodology outlined in Table 2 and Equations (1)–(5), incorporating alterations to the Xa
coefficient within Equation (3). In the initial scenario, the land use and land cover (LULC)
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category associated with quarries has been substituted with a vegetation zone. In contrast,
quarries have been reclassified as cultivated land in the second scenario.

To analyze the effect of geomorphological conditions on the erosive process, we created
an intersection between the individual erosion factors and the erosion rate map to illustrate
the influence of crucial erosion variables on sediment formation. This link was created
through a GIS process between the files in vector format. This method requires two vector
layers for the slope factor: one for erosion classes and one for slope classes [29]. To create
the low, medium, high, and excessive classes in the resulting EPM model map, we first
divided the slope map into four categories: 0–15%, 15–30%, 30–45%, and above 45%. The
two files were then overlaid using the ArcGIS 10.8 intersect command to determine the
erosion rate for each slope class. To determine the proportion of low, moderate, high, and
excessive erosion classes, we used a map showing the erosion rates for each slope class
generated by this process. The contribution of each factor to sediment production was
indicated using the same methods for other factors and maps illustrating lithological, land
use, and erosion features [29,52]. The slope map and sediment production map classes are
sliced from each map using the same ArcGIS 10.8 commands and tools.

2.3. Evolutionary Trends of Erosion in the Basin and Its Qualitative Assessment

Several organizations (UNEP, FAO, and DGCONA) have mapped and measured the
erosion processes caused by rainfall in the Mediterranean regions [32]. The PAP/RAC
approach was developed to analyze the sensitivity of water erosion [33,61]. It is based
on the interrelationships and interdependence of water erosion risk variables. Specific
procedures are required to map each element of the approach, primarily the processing,
intersection, and analysis of the data sets.

Generally, the technique can be divided into three main steps. The first step is the
predictive approach to assign values to water-eroding variables such as lithology and soil
type, LULC, slope, and vegetation density. In this phase, a map of the erosive state is
created (Figure 2), and the catchment is prioritized according to the degree of erosion. The
second step is the descriptive stage based on a map of the erosion forms and patterns of
the site and its erosion risk.

The third step is the integration phase, which is the culmination of the previous
two processes. It overlays the map of erosion forms with the map of erosion conditions
(Matrix 4 in Figure 2). An interactive map of water erosion is displayed. It helps to
identify development trends in the catchment areas concerning erosion risk. Using a
systematic approach, the PAP/RAC method examines the potential risk of soil erosion by
emphasizing conservation measures and implementing effective erosion control methods.
The PAP/RAC method for measuring soil erosion risk in Mediterranean regions includes
the following steps:

- Data collection: The first step is to collect data on the many factors that influence the
risk of soil erosion, including rainfall, soil type, lithology, LULC, and vegetation cover.
This data can be collected through surveys, remote sensing, or existing databases.

- Data preparation involves digitizing and arranging the data obtained in a geographic
information system (GIS) to process and prepare them for analysis.

- Erosion risk assessment: The next step is to assess the erosion risk by summarizing
the information on the different aspects using a matrix technique. Under the matrix
approach, each element is given a score based on how much it contributes to erosion
risk. These scores are then added together to provide an overall erosion risk score for
each area (Tables 4 and 5).
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Figure 2. Methodology for assessing erosional trends in the basin using the PAP/RAC method [62].

Table 4. Matrices for assessing soil erodibility and soil protection degree.

Lithofacies Classes Density of Recovery

Classes of
Slope

a-1 b-2 c-3 d-4 Land Use 1 (<25%) 2 (25–50%) 3 (50–75%) 4 (>75%) 5 (dam)

1 1: EN 1: EN 1: EN 2: EB 1 2: M 1: A 1: A 1: A 0
2 1: EN 1: EN 2: EB 3: EM 2 3: B 2: M 1: A 1: A 0
3 2: EB 2: EB 3: EM 4: EA 3 4: MB 4: MB 3: B 2: M 0
4 3: EM 3: EM 4: EA 4: EA 4 4: MB 4: MB 3: B 2: M 0
5 4: EA 4: EA 5: EX 5: EX 5 (dam) 0 0 0 0 0

Matrix 1: Degrees of erodibility
EX: Extreme, EA: High, EM: Medium,

EB: Moderate, EN: Low

Matrix 2: Degree of protection of the soil
MB: Very low, B: Low, M: Medium, A: High

Table 5. Matrices for assessing erosive states and erosion trends.

Erodibility Classes Erosion Forms

Soil Protection
Classes

1-EN 2-EB 3-EM 4-EA 5-EX Erosive States
Minor Forms of

Erosion (SP, L, D)
Major Forms of

Erosion (M, C, Cx, Lx)

1 (A) 1 1 1 2 2 1 1 3
2 (M) 1 1 2 3 4 2 1 3
3 (B) 1 2 3 4 4 3 2 4

4 (MB) 4 4 5 5 5 4 2 4
5 (Dam) 0 0 0 0 0 5 2 4

Matrix 3: Erosive states
5: Very High, 4: High, 3: Notable, 2: Low, 1: Very low

Matrix 4: Erosion trends
(*): (1), (2), (3), (4)

(*) 1. Erosion processes tend to stabilize, retreat, or limit their spatial expansion. 2: Erosion processes tend to
extend or intensify locally. 3: Erosion processes have a typical tendency to expand or increase. 4: A general trend
toward irreversible degradation.
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- Erosion risk mapping uses erosion risk scores to show where there is a high risk of
erosion. This allows you to prioritize protection measures and visualize the areas at
risk of erosion.

- Selection of conservation measures: Appropriate soil conservation measures can be
selected for each erosion-prone area based on the erosion risk mapping. These mea-
sures may include terracing, contour plowing, improved plant cover, soil management
techniques, and engineering structures.

- Finally, the selected protective measures are implemented, monitored, and tested for
their effectiveness in minimizing erosion risk.

3. Results and Discussion

3.1. Erosion Potential Assessment

The IntErO model calculates the sediment supply and the maximum discharge in
the R’mel catchment area. Table 6 shows the results obtained after applying this model.
According to the symmetry coefficient A (0.67), the catchment can experience large flood
waves. The coefficient G of 3.20 indicates that the drainage network is very dense. The
Isrvalue of 479.65% suggests the catchment has almost vertical slopes. The Z-value of
the catchment area of 1.424 indicates that it is damage category I. The erosion process
is excessive due to the type of erosion; in this case, it is mixed erosion. According to
Gavrilovic, a watershed with a value of 1101.36 m3/km2 is classified as category III, which
indicates moderate to severe surface erosion.

Table 6. Analysis of the current situation using IntErO.

Parameters Symbols Values Units

The river basin shape coefficient. A 0.41
Watershed development coefficient. m 0.59
The average breadth of a river basin. B 3.7 km
The river basin A’s symmetry. a 0.67
The density of the basin’s river network. G 3.2 km/km2

The tortuousness of the river basin. K 1.68
Average river basin elevation. Hsr 255.19 m
The river basin’s average elevation difference. D 243.19 m
Decrease in the typical river basin. Isr 479.65 %
The elevation of the river basin’s local erosion base. Hleb 560 m
Coefficient of the river basin relief’s erosion energy. Er 73.6
Coefficient of permeability in the area. S1 0.86
Coefficient of the cover of vegetation. S2 0.74
Water retention in influx is presented analytically. W 0.7704 m
Water flow’s potential for energy during torrential downpours. 2gDF½ 405.14 m km s
Maximum outflow in the river basin. Qmax 81.51 m3 s−1

Coefficient of temperature. T 1.36
Coefficient of erosion in the river basins. Z 1.424
Erosion material produced in the river basin. Wgod 169,137.6047 m3/god
Coefficient for the retention of deposits. Ru 0.224
Actual losses in soil. Ggod 37,886.82 m3/god
Actual losses of soil per km2. Ggod/km2 1101.36 m3/km2 god

The degree of soil protection is assessed using the parameter Xa. The values for the
soil protection coefficient Xa range from 0.05 to 0.9. A significant part of the catchment
area had to be adequately protected, as 35.69% of the area had values for Xa on bare soils
and plowed fields above 0.8. Lower Xa values correspond to some units of old dense
afforestation, dense scrubland, and dense deciduous forest, which account for 34.5% of the
basin. This value shows that one-third of this catchment is developed, slightly reducing
erosion. Degraded forests and scrubland represent mean values of Xa in the remaining
catchment (29.61%). Using the erodibility coefficient Y, the IntErO model evaluates the
erodibility of the soil. The soil type and the lithology influence the soil erodibility (Y).
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The study region’s lithological and pedological maps were classified according to the
terminology of the IntErO program. The soils of this catchment have an average erodibility
in 50% of the catchment, a high erodibility in 43.26%, and a very high erodibility in 6.74%
of the catchment. The parameter ϕ in this model expresses how far the erosion forms
extend. It is a numerical representation of an evident and exposed erosion process. The
values assigned to this component by Gavrilovic [63] have been applied. At the same time,
forests and permanent vegetation cover 56.84% of the surface, 32.6% of the basin is subject
to surface erosion, 2.34% to erosion by creeks and gullies, and 8.22% to deep erosion.

The erosion rates determined with the EPM model integrated into the IntErO program
are shown in Figure 3. The average sediment production is 1101.36 m3/km2/year (Figure 3a)
or 13.22 t/ha/year (Figure 3b), with minimum and maximum values between 5 and
300 t/ha/year. This uniform conversion is intended to compare the results with erosion
studies in the Moroccan Rif region. Most of these studies give the results in t/ha/year,
while the EPM-IntErO models are not widely used in Morocco [20,64].

Figure 3. Erosion rates were obtained for the current situation in (a) m3/km2/year, (b) t/ha/year,
(c) for reforestation in Scenario 1, (d) cropping and plowing in Scenario 2 Compared to other sections
of the Moroccan Rif, the average erosion rate in the R’mel basin is low. For example, the average rate
in the Nakhla catchment is 38.7 t/ha/year [65], while the RUSLE and SWAT models in the Arbaa
Ayacha catchment showed 25.77 tha−1y−1 and 28.09 tha−1y−1, respectively [29]. Erosion in the
Raouz catchment area is estimated at 26.6 tha−1y−1 using remote sensing [66] and 16.53 tha−1y−1

using the RUSLE model [67]. These differences are mainly explained by the characteristics of the
catchment area and the numerous interventions and developments carried out in the R’mel catchment
area to maintain the dam and the downstream port.
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The LULC parameter plays an important role. Over 60% of the R’mel catchment is
covered by land uses that limit erosion, including dense and moderately dense forests,
scrubland, and afforested areas. Moreover, the lithological substrate of the basin is mainly
composed of fractured and compact erosion-resistant rocks such as tight carbonate rocks,
sandstones, and flysch. In contrast, only a tiny part of the basin contains friable lithologies
like marls and fluvial deposits. Consequently, anthropogenic activities, such as quarrying,
are assumed to be the leading cause of erosion rates and the source of sediments mov-
ing downstream from the basin. These results highlight the need to analyze the basin’s
physico-chemical characteristics and assess each parameter’s impact and contribution to
erosion rates.

3.2. Effect of Basin Geomorphological Conditions

Bare areas and quarries, mainly located in the central zone of the basin, are the
leading cause of excessive erosion (Figure 4a). The dense vegetation largely contributes
to the low sediment input (34%). Open scrublands and agricultural land are essential in
developing moderate erosion processes [68,69]. These observations also become apparent
when analyzing the impact of erosion forms on sediment production (Figure 4c). Indeed,
the areas exploited by quarries have the highest percentage in the excessive erosion class.
Conversely, the regions stabilized by dense vegetation and afforestation mitigate the spread
of erosion processes and ensure the stability of a considerable part of the basin (30%).

 

Figure 4. Analysis of erosion-contributing factors to the erosion rate, (a) LULC, (b) slope classes,
(c) lithology, (d) forms of erosion.

The other erosion classes generate more particles in the study area than the slope class
(0 to 15%). Due to the combination of this component and other variables that determine
the amount of sediment production, areas with a slope of 15 to 30% are most likely to
be affected by erosion (Figure 4b). This slope class is associated with poorly developed,
highly erodible soils in the basin’s center and downstream. The lithology in this part of the
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basin is essentially marble and clay, and all formerly vegetated areas have been replaced by
agriculture.

All these features favor large amounts of sediment and accelerate the erosion pro-
cess. However, slopes with more than 45% inclination, especially upstream in the basin,
favor small amounts of sedimentation. In this area, erosion is limited by the extensive
regeneration of matorral shrubs, deciduous vegetation, lithosols, and sandstones. The
erosion-limiting effect is known for these lithologies and land use patterns [29,70]. The
steep slope, dense vegetation, and hard rock limit sediment production in this case.

3.3. Soil Erosion Scenarios

Analyzing factors controlling erosion in the catchment has shown that quarries are
the primary activity responsible for erosion and the main sediment source. Two simulation
scenarios were investigated to mitigate the impact of the quarry on the erosion process
in the study area. The first scenario (Table 7), which involved replacing the quarries with
dense vegetation through afforestation, resulted in a significant reduction in erosion rates,
which decreased from 13.22 to 8.44 t/ha/year, a decrease of 4.78 t/ha/year (Figure 3c).

Table 7. Analysis of Scenario 1 (reforestation) using IntErO.

Parameters Symbols Values Units

The river basin shape coefficient. A 0.41
Watershed development coefficient. m 0.59
The average breadth of a river basin. B 3.7 km
The river basin A’s symmetry. a 0.67
The density of the basin’s river network. G 3.2
The tortuousness of the river basin. K 1.68
Average river basin elevation. Hsr 255.19 m
The river basin’s average elevation difference. D 243.19 m
Decrease in the typical river basin. Isr 479.65 %
The elevation of the river basin’s local erosion base. Hleb 560 m
Coefficient of the river basin relief’s erosion energy. Er 73.6
Coefficient of permeability in the area. S1 0.86
Coefficient of the cover of vegetation. S2 0.69
Water retention in influx is presented analytically. W 0.7704 m
Water flow’s potential for energy during torrential downpours. 2gDF½ 405.14 m km s
Maximum outflow in the river basin. Qmax 75.72 m3/s
Coefficient of temperature. T 1.36
Coefficient of erosion in the river basins. Z 1.056
Erosion material produced in the river basin. Wgod 10,7971.3 m3/god
Coefficient for the retention of deposits. Ru 0.224
Actual losses in soil. Ggod 24,185.57 m3/god
Actual losses of soil per km2. Ggod/km2 703.06 m3/km2 god

According to the asymmetry coefficient A, severe floods are possible in the watershed.
The drainage network is highly dense according to the G value of 3.20. The watershed’s
slopes are steep and nearly vertical, according to the Isr value of 479.65%. Based on a Z-
value of 1.056 (Scenario 1) and 1.366 (Scenario 2), the watershed is classified as Destruction
Category I. The erosion strength is considerable, and the type of erosion is surface erosion
(Scenario 1) and mixed erosion (Scenario 2). Gavrilovic classifies the basin as category IV,
i.e., an area of low erosion, with a value of 703.74 m3/km2god (Scenario 1), and as category
III, a region of medium erosion, with a value of 1035.62 m3/km2god (Scenario 2).

It should be noted that reforestation requires a lot of time until the trees reach full
maturity and can develop their protective effect. The second scenario (Table 8), which
involves the conversion of quarries to cropland, also reduced erosion rates slightly by
almost 1 t/ha/year, from 13.22 to 12.42 t/ha/year (Figure 3d). Although this approach is
less practicable than reforestation, it has the advantage that it takes less time to convert
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quarries into agricultural land. The conversion of quarries into arable land is less effective
than afforestation in erosion control. However, it has the advantage that the conversion
and restoration of quarry areas take less time.

Table 8. Analysis of Scenario 2 (cropping and plowing) using IntErO.

Parameters Symbols Values Units

The river basin shape coefficient. A 0.41
Watershed development coefficient. m 0.59
The average breadth of a river basin. B 3.7 km
The river basin A’s symmetry. a 0.67
The density of the basin’s river network. G 3.2
The tortuousness of the river basin. K 1.68
Average river basin elevation. Hsr 255.19 m
The river basin’s average elevation difference. D 243.19 m
Decrease in typical river basin decrease. I.sr 479.65 %
The elevation of the river basin’s local erosion base. Hleb 560 m
Coefficient of the river basin relief’s erosion energy. Er 73.6
Coefficient of permeability in the area. S1 0.86
Coefficient of the cover of vegetation. S2 0.74
Water retention in influx is presented analytically. W 0.7704 m
Water flow’s potential for energy during torrential downpours. 2gDF½ 405.14 mkms
Maximum outflow in the river basin. Qmax 81.51 m3/s
Coefficient of temperature. T 1.36
Coefficient of erosion in the river basins. Z 1.366
Erosion material produced in the river basin. Wgod 158,888.9 m3/god
Coefficient for the retention of deposits. Ru 0.224
Actual losses in soil. Ggod 35,591.11 m3/god
Actual losses of soil per km2. Ggod/km2 1034.62 m3/km2god

Both scenarios are critical to reducing erosion, protecting the downstream dam and
harbor from the adverse effects of erosion, and promoting the restoration of regional
ecosystem balance through reintroducing native fauna and flora. The combination of these
approaches would enable more sustainable management of the quarry while maintaining
water quality and biodiversity and helping to protect vital infrastructure.

3.4. Quantitative Analysis of Erosion Trends in the Basin

To assess these trends and anticipate potential impacts, the applied PAP/RAC method
allowed us to simulate future regional developments regarding degradation or stabi-
lization [32,33,61]. The findings of this study show that the areas occupied by quarries
(Figure 5a,b) exhibit a pronounced trend toward irreversible degradation, mainly concen-
trated in the central and upstream sections of the watershed where unprotected rocks
predominate (Figure 6).

A widespread trend of widening or intensification of erosion was observed in areas
with deep gullies, especially downstream of the basin. The zones around the dam are also
moderately threatened (Figure 5c), indicating a localized trend of widening or intensifying
erosion processes and highlighting the need for erosion control measures in this location.
In contrast, the rest of the watershed appears to be relatively well preserved, with low
erosion conditions and a trend toward stabilizing and regressing the spatial distribution of
erosion processes (Figure 6).
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4. Conclusions

Applying the IntErO algorithm based on the EPM model has proven to be a valuable
tool for assessing sediment production under Moroccan environmental conditions. The
study showed an average sediment production rate of 13.22 t/ha/an. Quarry areas were
identified as the main contributors to sediment production, significantly influencing erosion
and deposition downstream. These results are consistent with the qualitative model used
by PAP/RAC, which shows a worrying trend of irreversible degradation in the quarry
areas. In addition, the analysis has demonstrated that IntErO’s ability to simulate quarry
rehabilitation scenarios supports reforestation as an effective strategy to mitigate erosion.
This approach helps control erosion, promotes ecosystem restoration, and contributes
to the recovery of local flora and fauna in the catchment. The study found that several
factors influence sediment mobilization within the catchment, including land use, lithology,
erosion forms, slopes, and rainfall. The results highlight the robustness and effectiveness of
the IntErO algorithm in erosion studies and sediment assessment under Morocco’s unique
environmental conditions. This research provides valuable insights for informed decision-
making and promoting sustainable regional land management practices. By facilitating
the conservation and restoration of critical ecosystems, the study contributes to the global
scientific community and has broader implications for land management and erosion
control research.
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36. Drzewiecki, W.; Wężyk, P.; Pierzchalski, M.; Szafrańska, B. Quantitative and qualitative assessment of soil erosion risk in
Małopolska (Poland), supported by an object-based analysis of high-resolution satellite images. Pure Appl. Geophys. 2014, 171,
867–895. [CrossRef]

37. Kader, S.; Jaufer, L.; Bashir, O.; Raimi, M.O. A Comparative Study on the Stormwater Retention of Organic Waste Substrates
Biochar, Sawdust, and Wood Bark Recovered from Psidium Guajava L. Species. Comp. Study Stormwater Retent. Org. Waste
Substrates 2023, 69, 105–112. [CrossRef]

38. Chikh, H.A.; Habi, M.; Morsli, B. Influence of vegetation cover on the assessment of erosion and erosive potential in the Isser
marly watershed in northwestern Algeria—Comparative study of RUSLE and PAP/RAC methods. Arab. J. Geosci. 2019, 12, 154.
[CrossRef]

39. Mohamed-Chérif, F.; Ducruet, C. Regional integration and maritime connectivity across the Maghreb seaport system. J. Transp.
Geogr. 2016, 51, 280–293. [CrossRef]

40. Sort, X.; Alcaniz, J. Contribution of sewage sludge to erosion control in the rehabilitation of limestone quarries. Land Degrad. Dev.
1996, 7, 69–76. [CrossRef]

41. Ozcelik, M. Comparison of the environmental impact and production cost rates of aggregates produced from stream deposits
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Abstract: The Chure Hills, already vulnerable due to their fragile nature, face increased landslide
risk, prompting the need for reliable susceptibility assessment. This study uses Poisson regres-
sion modeling to assess landslide susceptibility in two highly susceptible districts of the Chure
region. Variance inflation factor (VIF) tests were conducted to ensure robustness, indicating no
multicollinearity among the variables. Subsequently, Poisson regression analysis identified eight
significant variables, among which geology, lineament density, elevation, relief, slope, rainfall, solar
radiance, and land cover types emerged as important factors associated with landslide count. The
analysis revealed that higher lineament density and slope were associated with lower landslide
counts, indicating potential stabilizing geological and topographical influences. The categorical
variable, namely geology, revealed that middle Siwalik, upper Siwalik, and quaternary geological
formations were associated with lower landslide counts than lower Siwalik. Land cover types,
including areas under forest, shrubland, grassland, agricultural land, water bodies, and bare ground,
had a substantial significant positive association with landslide count. The generated susceptibility
map that exhibited a substantial portion (23.32% in Dang and 5.22% in Surkhet) of the study area
fell within the very-high-susceptibility categories, indicating pronounced landslide susceptibility in
the Dang and Surkhet districts of the Chure hills. This study offers valuable insights into landslide
vulnerability in the Chure region, serving as a foundation for informed decision-making, disaster
risk reduction strategies, and sustainable land-use and developmental policy planning.

Keywords: landslide susceptibility; Chure region; poisson regression; susceptibility map

1. Introduction

Landslides, a significant geo-hazard, have profound implications worldwide, causing
substantial loss of life, damage to infrastructure, and environmental degradation [1,2].
Nepal, nestled in the Himalayas, faces significant landslide challenges due to its rugged
terrain and complex geology, causing substantial economic and human loss [3]. One region
particularly susceptible to landslides is the Chure region of Nepal, located in the southern
foothills of the Himalayas. The Chure region’s unique topography, geological composition,
and anthropogenic activities contribute to its heightened vulnerability to slope failure and
landslides [4]. Understanding the causes and impacts of landslides in this region is crucial
for effective susceptibility assessment, mitigation, and sustainable development.

The Chure region of Nepal has key ecological and socioeconomic significance. It is
one of the country’s major carbon reservoirs, is rich in biodiversity, possesses high-value
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timber species, and is the efficient water supply source for the Terai region of the coun-
try [5]. Nearly four million populations from the Chure and Bhabhar regions depend on
the site’s local natural resources to generate livelihoods and income [6]. Despite its broad
ecological and socioeconomic significance, it faces substantial outside challenges. The envi-
ronment of the Chure region is undergoing unprecedented changes through illegal logging,
uncontrolled mining, and increased anthropogenic activities [7]. The other activities con-
tributing to the loss of its environmental assets are over-exploitation of natural resources,
free livestock grazing, and the illegal trade in forest products [8]. The region is delicate
and environmentally sensitive due to the composition of loose materials that are derived
from soft rocks [6]. Foreseeing its threat and considering its significance, the Government
of Nepal created the President Chure Terai Madesh Conservation Development Board in
2010 to conserve and manage the region’s land, water, and forest for ecological stability in
the region [9].

Technological advancements and data analysis tools have recently revolutionized our
understanding of landslides. Google Earth data, geographic information systems (GIS),
remote sensing, and modeling techniques have become indispensable for studying land-
slide dynamics and assessing their potential risks [10–12]. Google Earth’s high-resolution
satellite imagery provides valuable visual information, enabling researchers to identify
landslide-prone areas and study their geomorphological characteristics [13]. GIS facilitates
the integration and analysis of diverse spatial datasets, aiding in identifying the factors
contributing to landslide occurrences [14]. Furthermore, freely available high-resolution
data, such as the digital elevation models, have aided in precisely mapping terrain features
and monitoring landslide activity [15,16].

There are two major approaches in the landslide susceptibility assessment: qualitative
and quantitative methods. Qualitative methods are inventory-based and knowledge-
driven, whereas quantitative methods are data-driven and physically based models [17].
According to its occurrence data, the qualitative methods classify areas with similar geo-
morphological and lithological properties, ultimately indicating the region that is highly
susceptible to landslides [18]. On the other hand, the quantitative methods include sta-
tistical, probabilistic, artificial intelligence-based, and deterministic approaches [19,20].
The quantitative approach is more reliable as this technique’s prediction of landslide sus-
ceptibility is based on actual data and interpretations [21,22]. Many techniques, such
as statistical tools [23,24], frequency ratios [25,26], the weight of evidence [27], and the
analytical hierarchical process [21,28], are used by many researchers to produce precise
results with reasonable accuracy for landslide assessment. Among the various approaches,
the generalized linear model (GLM) is one of the most common statistical methods for
landslide prediction modeling [29]. GLMs offer greater flexibility in analyzing relationships
among variables because they can handle a wide range of continuous and categorical
data [30].

Landslides occur at unexpected sites and uncertain times; thus, they are called stochas-
tic processes. These stochastic processes are often modeled using a probability-based
approach. The Poisson model, a mathematical framework that operates in a continuous
time and consists of random point-events (landslide) in ordinary time, which is treated as a
continuous and uninterrupted flow, is used for the calculation of the occurrence of random
point-events in time and is used commonly to model the occurrence of landslides [31,32].
Geographic information systems (GIS) have been found to play beneficial roles in the study
of landslides since they combine the functions of data collection, storage, manipulation,
display, and analysis with a spatial framework. Integrating GIS and multivariate statistics
is a fruitful approach in landslide mapping [14,33]. Previously, many studies have used
GIS and other evaluation techniques (frequency ratio, logistic regression method) for land-
slide hazard assessments [34,35]. However, limited research has been conducted focusing
specifically on the Chure Hills for landslide susceptibility and factors influencing it. Thus,
this study attempts to explore the application of the Poisson model and GLM, as it is
mainly based on actual data, requires less theoretical data, and enables the researchers and
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policymakers to gain crucial insights into landslide dynamics and preparedness measures
and develop sustainable land management strategies in similar geographical regions of
Nepal. Such comprehensive approaches will be instrumental to mitigating landslide risks
and fostering resilient communities in this vulnerable region.

2. Study Area

The Chure range of Nepal is a long strip spanning from its western to its eastern
boundary (Figure 1). It constitutes almost 26% of the total population of Nepal across
37 districts [36]. The Chure range accounts for 12.78% of the country’s land area, containing
14 forest ecosystems [37]. Climate-wise, the Chure range mainly falls under temperate
regions with an elevation of 120–2000 m, a temperature of 15.8–31.8 ◦C, and precipitation
between 1400 and 2000 mm per year [6,9]. The region is very young and geologically
composed of loose and soft rocks, which are very vulnerable to sedimentation during peak
monsoon due to a high number of gullies [4,6]. The physiography of the Chure range can
be divided into the main Chure hillslopes, the Bhawar Dun valleys, and the inner river
valley [38]. Among these different physiographical divisions of the Chure region, the hills
of Chure are in the greatest danger of landslides due to their weak geomorphic structure,
very dry summers, and high risk of erosion in monsoon due to the larger number of rivers
running throughout the hills [4]. In contrast, the Bhawar region is densely covered with
forests [39], reducing landslide risk.

 

Figure 1. The geographical location of Nepal, along with study area.
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Meanwhile, the Dun and the inner river valley are mostly urbanized and agricultural
plain areas, which, when building landslide inventory, created a high number of non-
occurrence data. This can lead to a misbalance in occurrence and non-occurrence data,
leading to biases in predictive modeling [40]. Therefore, we only assessed the Chure Hills
area, neglecting the Bhawar and the valleys. The shapefile of the Chure hills in Figure 1
was downloaded from https://www.chureboard.gov.np/ (accessed on 15 July 2023).

As a case study approach, our analysis focused on two districts, namely Dang and
Surkhet. According to Petley et al. [3], population growth, land-use changes, urbanization,
and linear infrastructure development are the driving factors of landslides. Therefore,
the selection of these districts was made purposively with the following criteria: (1) a
high proportion of fragile Chure hills, (2) a high population growth rate, (3) biologically
significant areas, (4) land-use changes, and (5) the excavation of sand, gravel, and boulders.

Dang district comprises the largest portion of the Chure Hills, covering around 11% of
the total area, making it the largest district in the Chure Hills. Similarly, Surkhet district
ranks fifth, encompassing approximately 7% of the Chure Hills region. The total area
of Dang along with Surkhet is 5548.44 km2 (https://sthaniya.gov.np/gis, accessed on
20 July 2023), with the Chure hills in the region covering 2577.06 km2, which is nearly
half of the total area of these two districts in the Chure region. These two districts also
have very high population growth rates, with Dang and Surkhet having rates of 1.92% and
1.62%, respectively [36]. These two districts contain rich species diversity and are home
to various biologically significant areas. For instance, the Kakrebihar protected forest, ten
wetlands in Surkhet, and the Dang–Deukhuri foothills forest, which is a part of the Terai
Arc Landscape conservation, are key providers of the livelihoods of local people and harbor
various endangered species [37].

Despite their profound importance, the Chure hills in Surkhet and Dang are at high
risk of soil erosion, landslides, and river-bank cutting. This risk is mainly due to existing
excavation sites—nine in Dang and one in Surkhet—with the potential for a further increase
to eight in Dang and four in Surkhet [9]. Furthermore, the increased number of settlements,
intense land-use change, encroachment, geology, and many other anthropogenic factors
make this region prone to natural hazards, such as landslides and erosion [39].

3. Materials and Methods

3.1. Data Collection and Processing

Our methodology integrates advanced remote sensing technology, ArcGIS 10.3 soft-
ware, manual interpretation, field verification, and statistical modeling to investigate land-
slides. This study utilized Remote Sensing data from Google Earth™ and applied ArcGIS
10.3 software for interpretation and analysis. Firstly, the landslide inventory was manually
created by visually interpreting landslides in Google Earth in 2022. Each landslide-impacted
area was clipped into landslide polygons and converted into shape files to enable further
processing and analysis within the ArcGIS 10.3 software. Secondly, a comprehensive analy-
sis is needed to determine the distribution and frequency of landslide occurrences using
the compiled landslide inventory data. By employing this data-processing approach, we
aimed to enhance the effectiveness and accuracy of our study, providing valuable insights
into landslides in the specified timeframe. A subset of 10% of the total landslide incidents
was verified through direct field observations to validate the occurrence of landslides in the
study region (Figure 2). This verification process was conducted to ensure the accuracy of
our results. Finally, the analysis for the predictive assessment of the landslide-susceptible
area was conducted through a grid-based generalized linear model (GLM). The study area
was divided into grids with sizes of 5 × 5 km2 (i.e., (25 km2) grids (n = 620) using “Fish net”
tools in Arc GIS 10.3. We examined 1279 locations where landslides had occurred, allowing
us to derive comprehensive insights for our study.
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3.2. Factors Influencing Landslides

Landslides, like many natural hazards, result from a combination of various factors
rather than a single, specific cause. There is no consensus about which variables give the
best outcome for landslide prediction and modeling; rather, various studies have utilized
various factors for landslide analysis [18,21,41,42]. In this study of landslide hazard as-
sessments, various factors influencing landslide occurrences were thoroughly examined,
analyzing the previous landslide research. Curvature, a key aspect impacting surface runoff
and ground infiltration, was found to play a significant role in surface erosion and ground-
water conditions [43]. As curvature values become increasingly negative, the likelihood of
landslides occurring escalates [43,44]. Elevation, a vital component in landslide susceptibil-
ity mapping, also influences environmental conditions on slopes, including human activity,
vegetation, soil moisture, and climate [43,45,46]. Past studies have suggested that higher
elevations are more prone to landslides than lower elevations [41,47]. The topographical
wetness index (TWI) was identified as another significant factor contributing to landslides,
as it quantitatively displays terrain control on soil moisture’s spatial distribution [43].

Slope angles are directly related to landslide occurrence, where steeper slopes increase
the likelihood of landslides [43,48,49]. Drainage density was also positively correlated with
erosion, making it a factor responsible for landslide occurrence [50]. Lineament distance,
as determined by Lee and Talib [44], was found to influence landslide conditions. Land
cover types were shown to have varying impacts on landslides [51–53], and, hence, land
cover was incorporated as a significant landslide conditioning factor in this research.

Geology emerged as a factor in accelerating landslides [54,55]. Previous studies
highlighted rainfall as another important factor involved in causing landslides [43,56]. Ad-
ditionally, annual solar radiation, expressed as the mean solar radiation at a specific pixel
over a year, significantly influences landslides [47]. Higher solar radiation in certain areas
intensifies sunlight, causing increased moisture evaporation from the exposed soil [57].
Consequently, this heightened evaporation can render these areas more susceptible to
landslides [58]. Hence, the solar radiation map was created by utilizing the digital elevation
model (DEM) using the “Area solar radiation” toolkit in ArcGIS and then converted to
KWH/m2 using a raster calculator. The relative relief of the study area, as demonstrated
by Singh and Kumar [59], profoundly impacted natural conditions, shaping the suscepti-
bility to landslides. Furthermore, the distance from roads emerged as a crucial parameter
affecting landslide occurrence, with road construction activities disrupting natural slopes
and rendering areas near the toe more vulnerable and weakened along highways [60].
Incorporating these factors into the study provides valuable insights into the complex
interplay between elements influencing landslide hazard assessment. Figure 3 illustrates
the comprehensive methodological framework employed in this study.

3.3. Data Analysis

The statistical data analysis process involved a series of sequential steps used to
comprehensively examine the features of landslide occurrences. Initially, the R Statistical
package v4.0.4 [61] was utilized for data analysis. They were systematically divided
into groups to enhance the understanding of the assigned predictors, as illustrated in
Table 1. Descriptive summaries of landslides were then computed using the Pivot table
function in Microsoft Excel 2013. Subsequently, a generalized linear model (GLM) was
employed, incorporating 15 independent variables (Figure 4) as predictors with a Poisson
error distribution. The GLM, known for its versatile utilization of variables through a link
function that accommodates categorical, continuous, and both types of data, was chosen
rather than traditional linear regression modeling [30]. Specifically, the Poisson family
GLM was utilized in this study, considering the presence and absence of the grid and the
frequency of data in each grid.
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Table 1. Description of the significant variables used in this study.

S.N. Variables Type Unit Source

1. Elevation Continuous Meter (LPDAAC, 2019, [62])
2. Curvature Continuous Degrees/m Delineated from DEM

3. Drainage
density Continuous km/km2 Delineated from DEM

4. Lineament Continuous km/km2 Delineated from DEM
5. Rainfall Continuous Millimeter (Fick and Hijmans, 2017, [63])
6. Relief Continuous Meter Delineated from DEM
7. Slope Continuous (◦) Delineated from DEM

8. Topographical
wetness index Continuous Unit less Delineated from DEM

9. Geology (Lower
Siwalik = 0) Categorical Unit less (ICIMOD, 2020, [64])

10. Area of water
bodies Continuous m2 (ESRI, 2020, [65])

11. Area under
forest Continuous m2 (ESRI, 2020, [65])

12. Area of
grassland Continuous m2 (ESRI, 2020, [65])

13. Area of
agricultural land Continuous m2 (ESRI, 2020, [65])

14. Area of
shrubland Continuous m2 (ESRI, 2020, [65])

15. Distance from
road Continuous Meter (OCHA Nepal, 2021, [66])

16. Solar radiance Continuous KWh m−2 Delineated from DEM

 

Figure 2. Ground verification and Google Earth points: (A) western Side of Chure region of Surkhet
district (Location: Kale Khola); (B) eastern side of Chure region of Dang district (Location: Khoreya).
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Figure 3. Methodological framework of this study.

Once all the variables were finalized and compiled, they were resampled to the same
extent and resolution of 30 m for further analysis. This involved clipping the variables to
form 30 km2 cells. Model fitting was performed using the ‘DescTools’ package [67] and
the ‘manipulate’ package [68]. Prior to constructing the model, a multicollinearity test was
conducted using the VIF (variance inflation factor) function from the ‘faraway’ package [69]
for all variables. Importantly, none of the variables exhibited significant multicollinearity
(VIF value > 5), thereby allowing the inclusion of all variables in the model construction [70].
Weightage was assigned to each variable based on the coefficient values obtained from
the model to predict the potential landslide susceptibility map. ArcGIS 10.8 was then
employed to prepare the final landslide susceptibility map. The model’s effectiveness was
assessed through the AUC curve, ranging between 0 and 1, where a value of 1 is considered
the maximum. Models or classifications with an AUC value above 0.9 were regarded as
outstanding, those in the range of 0.8–0.9 were regarded as excellent, and those in the
range of 0.7–0.8 were regarded as acceptable. Values below 0.5 were considered false and
inaccurate [71].
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Figure 4. Cont.
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Figure 4. Predictor variables considered for spatial analysis: (a) elevation, (b) curvature, (c) drainage
density, (d) lineament density, (e) rainfall, (f) relief, (g) slope, (h) topographical wetness index (TWI),
(i) geology, (j) land cover, (k) distance from road, and (l) solar radiance.

4. Results

4.1. Geospatial Analysis of Landslide

The spatial analysis of the landslide points was conducted to determine the spatial
pattern of landslides across variables. In examining the land cover within the study area,
disparities in the distribution of different land cover classes were identified. The forest
area emerged as the dominant cover class, constituting approximately 83% (n = 1041) of
the total landslide count. Shrubland and grassland followed with 15.2% (n = 189) and 3%
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(n = 49), respectively. Other land cover types, including water bodies, agricultural areas,
and bare ground, collectively accounted for less than 1% of the total landslides.

Concerning the geological divisions, the middle Siwalik region exhibited the highest
concentration of landslides, representing approximately 51% of the cases, while the lower
Siwalik, upper Siwalik, and quaternary divisions contributed 35% (n = 441), 11% (n = 142),
and 1% (n = 22) of the landslides, respectively. Proximity to roads played a crucial role in
landslide occurrence, with a notable increase in incidence within 2000 m. Furthermore,
areas at altitudes between 300 and 600 m above mean sea level demonstrated the highest
incidence of landslides, comprising a significant portion of the total landslides (n = 642).
The examination of relief, representing elevation variations between points, identified
the 50–60 m range as having the highest landslide frequency. Regarding drainage and
lineament density, the distribution of landslide data exhibited an uneven pattern. How-
ever, the 1–1.5 km/km2 drainage density range and the above 1.2 km/km2 lineament
density range were associated with the greatest number of landslides, accounting for 54%
(n = 671) of the cases. Landslides with slopes between 20 and 50 degrees, particularly
those with slopes above 35 degrees that are concave in nature, contributed to nearly 64% of
landslides (n = 539). Furthermore, concerning the climatic variables, it was observed that
regions characterized by rainfall exceeding 1800 mm/month exhibited the highest landslide
frequency, accounting for a substantial 81% (n = 1017) of the recorded cases. Similarly,
areas displaying a topographical wetness index (TWI) within the range of 5–10 constituted
53% (n = 659), and solar radiance between 1300 and 1350 KWh m−2 demonstrated elevated
landslide occurrence (Figure 5).

Figure 5. Landslide frequency across various variables: (a) land cover, (b) geology, (c) distance from
road, (d) elevation, (e) relief, (f) drainage density, (g) lineament density, (h) slope, (i) curvature,
(j) rainfall, (k) solar radiation, and (l) topographical wetness index.
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4.2. Influence of Variables on Landslides

We conducted a comprehensive analysis to understand the factors influencing the
occurrence of landslides in the study area. The Poisson regression model that we em-
ployed yielded valuable insights into the relationship between landslide count and several
environmental variables (Table 2).

Table 2. Generalized linear model with the Poisson structure for the probability of landslide occurrence.

Estimate Std. Error z Value Pr (>|z|)

(Intercept) −5.25 3.62 × 10−1 −14.503 <2.00 × 10−16 ***
Curvature −2.07 × 10−2 1.80 × 10−2 −1.155 0.248151

Digital elevation model 1.32 × 10−3 1.91 × 10−4 6.903 5.08 × 10−12 ***
Drainage density −1.37 × 10−5 4.68 × 10−5 −0.292 0.770134

Lineament −5.83 × 10−1 8.50 × 10−2 −6.86 6.91 × 10−12 ***
Rainfall 1.46 × 10−3 2.04 × 10−4 7.168 7.63 × 10−13 ***
Relief 6.42 × 10−3 1.93 × 10−3 3.324 0.000889 ***
slope −1.09 × 10−4 1.90 × 10−5 −5.719 1.07 × 10−8 ***
Solar 2.01 × 10−2 2.80 × 10−3 7.171 7.44 × 10−13 ***

Topographical wetness index 4.31 × 10−4 1.05 × 10−2 0.041 0.96737
Middle Siwalik −5.94 × 10−1 6.84 × 10−2 −8.673 <2.00 × 10−16 ***
Upper Siwalik −1.20 1.25 × 10−1 −9.636 <2.00 × 10−16 ***

Quaternary −1.32 2.66 × 10−1 −4.965 6.87 × 10−7 ***
Area of water bodies 1.24 × 10−6 4.79 × 10−7 −2.587 0.009679 **

Area of forest 2.73 × 10−7 2.72 × 10−8 10.03 <2.00 × 10−16 ***
Area of grassland 2.21 × 10−5 5.07 × 10−6 4.35 1.36 × 10−5 ***

Area of agricultural land 6.63 × 10−7 2.39 × 10−7 2.779 0.005454 **
Area of bare ground 2.08 × 10−6 8.61 × 10−7 2.414 0.015764 *
Area of shrubland 3.84 × 10−7 8.51 × 10−8 4.51 6.49 × 10−6 ***
Distance from road −3.06 × 10−6 1.73 × 10−5 −0.177 0.859502

Null deviance: 3965.54 on 620 degrees of freedom. Residual deviance: 926.22 on 601 degrees of freedom. AIC:
1612.8. Number of Fisher scoring iterations: 6. Significance codes: 0, ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, 0.1, 1.

Starting with the intercept, which represents the expected log of the mean landslide
count when all other variables are zero, we found it to be highly significant (−5.249,
p < 2 × 10−16). Among the continuous variables, we observed significant associations
between landslide count and several factors. Curvature did not significantly affect landslide
count (p = 0.248151). Elevation, as represented via the DEM (digital elevation model), had
a positive coefficient (0.00132, p < 5.08 × 10−12), suggesting that higher elevations are
associated with increased landslide counts. This is understandable since steep slopes at
higher elevations are more prone to slope instability and, thus, landslides.

Similarly, rainfall (0.001463, p < 7.63 × 10−13) was positively correlated with landslide
count, implying that regions with higher rainfall tend to experience more landslides. Lin-
eament was an important variable in our analysis, and it exhibited a significant negative
coefficient (−0.5829, p < 6.91 × 10−12). This suggests that areas with a higher density of lin-
eaments are associated with a lower incidence of landslides. Furthermore, relief (0.006422,
p < 0.000889) positively affected the landslide count. Conversely, slope (−0.0001088,
p < 1.07 × 10−8) had a negative coefficient, indicating that steeper slopes tend to have fewer
landslides. This finding suggests that beyond a certain threshold, highly steep slopes may
not provide the conditions necessary for landslides to occur.

For the categorical variable, namely geology, we included four categories: lower Siwalik,
middle Siwalik, upper Siwalik, and quaternary. Middle Siwalik (−0.5935, p < 2 × 10−16)
and upper Siwalik (−1.201, p < 2 × 10−16) both had negative coefficients, indicating that
these geological formations were associated with lower landslide counts compared to lower
Siwalik ones. Quaternary (−1.322, p < 6.87 × 10−7) also had a negative coefficient, implying a
similar trend.

Additionally, several other variables were significant predictors of landslide count. So-
lar radiation (2.007 × 10−2, p < 7.44 × 10−13) had a positive effect, implying that areas
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with higher solar radiation levels experience more landslides. This could be attributed to
the influence of solar radiation on soil moisture, vegetation growth, and erosion processes,
which, in turn, affect landslide activity. The area under water (1.239 × 10−6, p = 0.009679)
showed a negative coefficient, suggesting that the presence of water bodies might decrease
landslide counts. Several land cover types were also found to be significant predictors of
landslide count. The areas under forest (2.73 × 10−7, p < 2 × 10−16), grassland (2.207 × 10−5,
p < 1.36 × 10−5), agricultural land (6.629 × 10−7, p = 0.005454), bare ground (2.079 × 10−6,
p = 0.015764), and shrubland (3.836 × 10−7, p < 6.49 × 10−6) all had positive coefficients,
suggesting that larger areas covered by forests, grasslands, agricultural land, bare ground,
and shrubland positively influence landslide counts. Lastly, the distance to roads did not
significantly affect the landslide count (p = 0.859502). This indicates that the distance to roads
may not significantly influence landslide activity in the study area.

The model fit was assessed using the deviance statistic. The substantial reduction in
the residual deviance (from 3965.54 to 926.22) indicates that the included variables explain
a considerable portion of the variation in landslide counts. This suggests that the model
effectively captures the relationship between the predictors and landslide occurrence. The
low AIC value (1612.8) further supports the adequacy of the model fit, indicating its ability
to balance goodness-of-fit and model complexity.

4.3. Landslide Susceptible Map

Utilizing the modeling above result, we delineated the landslide susceptibility map of
the region in ArcGIS using the raster calculator toolkit, and this tool was further categorized
into five categories using the built-in Jenks natural breaks classification (Figure 6). It showed
that around 16%, or 414 km2, area of the Chure region of Dang and Surkhet district falls in
the very-high-susceptibility zone; about 69%, or 1793 km2, area lies in the high-susceptibility
zone; 12%, or 313 km2, area lies in the moderate-susceptibility zone; 2%, or 58 km2, area lies
in the low-susceptibility zone, and 0.03%, or 1 km2, area lies in the very-low-susceptibility
zone (Table 3). Overall, the Chure region of Dang is more vulnerable, with about 23% of
the area having very high susceptibility compared to around 5% in the Surkhet district.

 
Figure 6. Landslide susceptibility map.
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Table 3. The areas of Dang and Surkhet are located in different categories of the susceptibility map.

Risk Zone Dang (km2) Surkhet (km2) Total

Very high 360 (23.32%) 54 (5.22%) 414 (16.05%)
High 994 (64.38%) 799 (77.20%) 1793 (69.52%)

Moderate 159 (10.30%) 154 (14.88%) 313 (12.14%)
Low 31 (2.01%) 27 (2.61%) 58 (2.25%)

Very low 0 1 (0.1%) 1 (0.04%)
Total (km2) 1544 1035 2579

4.4. Validation

The validation was carried out for both the landslide points and the produced map.
Due to resource constraints, only around 10% (n = 124) of the randomly selected landslide
points were verified in the field. From the field verification, we found that around 72%
(n = 89) of the landslides represented accurate landslide occurrences, and 28% might have
been falsely identified as landslides. Furthermore, the produced landslide hazard map was
validated through the ROC/AUC curve. The validation was conducted using the ArcSDM
tool kit in ArcGIS, utilizing about 30% of the landslide points. The produced AUC value
for the map was 0.779, which shows that the results are accurate (Figure 7).

Figure 7. ROC-AUC curve for the landslide susceptibility map.

5. Discussion

The main objective of this study was to assess landslide susceptibility in the highly
vulnerable districts of the fragile Chure region using Poisson regression modeling. Previous
studies have highlighted the geological fragility of the Chure region for landslides, and
our findings are consistent with this trend. We observed a higher frequency of landslides
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in the middle Siwalik, which aligns with the study by Bhandari and Dhakal [72] in the
Babai Khola watershed. However, our modeling results suggest that lower Siwaliks are
more susceptible to landslides. This could be due to the presence of a thicker weathered
mudstone layer in the lower Siwalik, making it highly vulnerable to erosion-induced
landslides [73]).

Moreover, improper drainage management and the likelihood of floods in the lower
Siwaliks [74,75] could exacerbate landslides and mass movement in this region. Another
significant variable in our analysis was lineament density. The negative relationship
indicates that higher lineament density reduces landslide susceptibility in this region. This
finding contradicts the results of Lee and Talib [44], who conducted a factor analysis of
landslides in Malaysia. Generally, higher lineament density is associated with more faults
and fractures, weakening geology through weathering and erosion, especially during
rainfall, when fractures induce soil movement [76,77]. However, in the case of our study
area, the negative relationship means that a lower density of lineament is associated with
a higher risk of landslides. According to Saha & Saha [78], areas with lineament density
above 1.5 km/km2 are highly susceptible to landslides, but in our study area, almost 81%
of the total areas were below the 1.5 km/km2 range.

The topographical variables found to be significant were elevation, relief, and slope.
In our study, elevation was found to positively affect landslides. This can be attributed to
various anthropogenic activities, such as development and agriculture, along the fragile
and sloping regions at higher elevations, as Gurung et al. [79] reported in the Indrawati
watershed of Nepal. Similarly, relief and slope were also found to be significant factors
causing landslides, which is in line with the results of Ghimire [80], who reported slope
and relief as proxy indicators for landslide susceptibility mapping in the Siwalik region.
Furthermore, our study suggests that the probability of landslide occurrence in the Chure
region decreases as the slope increases. Similar findings have been reported by Devkota
et al. [41] in the Mugling–Narayanghat road section of Nepal and Regmi and Poudel [42]
in the Patlu Khola watershed in Dang. This characteristic nature of landslides might have
been observed due to fewer anthropogenic activities occurring on higher slopes, which can
cause slope failure [79].

Among the three climatic variables, rainfall and solar radiation were significant in
our modeling results. We observed a positive relationship between rainfall and landslide
occurrence, suggesting that higher amounts of precipitation increase the risk of landslides.
This finding is in congruence with the study by Petley et al. [3], which reported a strong
correlation between the monsoon season and landslides in Nepal. Furthermore, solar
radiation was found to have a positive relationship with and be an important predictor of
regional landslides. Similar positive relationships between solar radiation and landslide
occurrences have been reported by Cheng et al. [81] in their landslide prediction study
conducted in Taiwan. The impact of solar radiation on landslides is similar to that of aspect,
as described by Du et al. [82], where southern aspects receiving higher sunlight are more
vulnerable to landslides [83]. The relationship between landslides and solar radiation
can also be explained by the fact that areas with higher solar exposure tend to have less
moisture and sparse vegetation, making them more susceptible to landslides [82,84].

Despite very low estimates, we found that areas under forest, shrubland, grassland,
agricultural land, and bare ground were significant and positively related to landslides.
Various studies have also reported the outburst of and debris flow from water bodies like
rivers, streams, and waterfalls, which are severe problems for landslides [85,86]. Similarly,
increasing unsustainable agricultural activities and unmanaged development activities
have also been reported by Alimohammadlou et al. [87] as major triggering agents for
landslides. Contrastingly, vegetation areas like forests have been reported as insignificant
variables in various studies worldwide [88,89]. The significant result in our case may be due
to the less productive land of the Chure region, resulting in a struggle for vegetation growth
and low stem volume per ha, along with the middle mountains [7]. Hence, restrictions
have been implemented in green felling to reduce the vulnerability of the Chure region.
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Furthermore, indicative growing stock increments for the Chure region have been limited
to 1% in forest management plans, out of which only 40% is allowed to be harvested in the
community forests of the Chure region of Nepal to minimize ecological degradation [90].
Similar actions and policies enforced in the region further support our results, as even
forests and other vegetative areas are prone to landslides in the Chure region.

We created a susceptibility map from the modeling results with five categories: very
high, high, moderate, low, and very low. Our findings indicate that most of the study area
falls into the very-high- (16%) and high (69%)-susceptibility categories, highlighting the
high vulnerability of the Chure region in the Dang and Surkhet districts. These results align
with the findings of Gyawali and Tamrakar [86], whose landslide susceptibility assessment
of the Chure Khola catchment area reported around 72.46% of their study area to be in the
very-high- and high-susceptibility categories.

To assess the accuracy of our susceptibility map, we employed the area under curve
(AUC) technique and obtained a value of 0.779 (77.9%). This indicates that our final
susceptibility map has accurate results and is consistent with other studies that used
different techniques in Nepal. For example, Dahal et al. [91] utilized a weight of evidence
modeling approach in the Lesser Himalaya range of the Kathmandu Valley and achieved
a prediction rate of 79%. Similarly, Gyawali and Tamrakar [92] reported a 78% accuracy
using their statistical index method. We recommend incorporating land cover changes into
the modeling process to further improve the model and its accuracy. Dynamic land cover
data can provide valuable insights regarding the changes in vegetation, urbanization, and
other land-use practices that may influence landslide occurrences over time. By considering
these temporal changes, the model can be better calibrated and adapted to the evolving
landscape of the Chure region.

Our analysis observed an insignificant relationship between the distance to roads
and landslide counts. This finding is consistent with the study conducted by Thapa and
Bhandari [35], which also reported a weak relationship between road networks and land-
slide susceptibility in the Siwalik region. In contrast, we found that geology, climatic, and
topographical variables had higher influences on landslide susceptibility in our study. The
region’s high percentage of landslide-susceptible areas underscores the need to carefully
consider developmental activities and anthropogenic projects, such as sand mining, in the
Chure region. It is essential for such projects to undergo a comprehensive environmental
impact assessment (EIA) before their commencement.

6. Conclusions

Our comprehensive Poisson regression analysis of landslide occurrences in the sandy
Chure region revealed significant insights regarding the relationships between various
environmental variables and landslide counts. The results highlighted the significance of
geology, lineament density, elevation, relief, slope, solar radiation, and land cover types
as crucial predictors of landslide counts. Higher elevations and increased rainfall were
positively correlated with landslide counts, while lineament density and slope exhibited
negative relationships. Relief and solar radiation had positive effects, indicating that areas
with higher relief and solar exposure experienced more landslides. The categorical variable,
namely geology, highlighted lower landslide counts in middle Siwalik, upper Siwalik, and
Quaternary geological formations compared to lower Siwalik. The distance to the road
did not significantly affect landslide counts. The developed landslide susceptibility map
identified high-susceptibility areas in the Chure hills of the Dang and Surkhet districts,
emphasizing the urgent need for disaster mitigation measures and responsible land-use
planning. Dang, in particular, was identified as more vulnerable, with about 23% of the
area falling into the very-high-susceptibility zone, compared to around 5% in Surkhet. The
robustness of our model, which is supported by a 77.9% accuracy rate in the AUC analysis,
solidifies the reliability of our findings. Overall, this study provides valuable insights
into the factors influencing landslide occurrences in the Chure region, and the developed
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susceptibility map can serve as a valuable tool for decision-makers for prioritizing risk
management efforts and enhancing disaster preparedness in the study area.
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Abstract: Applying an interaction framework, we examined whether climate change and combined
land use and disturbance changes were synergistic, antagonistic, or neutral for forest issues of
wildfires, tree growth, tree species distributions, species invasions and outbreaks, and deer herbivory,
focused on the eastern United States generally since the 1800s and the development of instrumental
records (1895). Climate largely has not warmed during 1981–2020 compared to 1895–1980, but
precipitation has increased. Increased precipitation and land use (encompassing fire exclusion
and forestation, with coarse fuel accumulation due to increased tree densities) have interacted
synergistically to dampen wildfire frequency in the humid eastern U.S. For overall tree growth,
increased precipitation, carbon fertilization, and land use (i.e., young, fast-growing dense stands)
likely have been positive, generating a synergistic interaction. Human activities created conditions
for expanding native tree species distributions, non-native species invasions, and damaging native
species outbreaks. No strong evidence appears to exist for recent climate change or land use influences
on deer populations and associated herbivory levels. In the future, a warmer and effectively drier
climate may reverse synergistic and neutral interactions with land use, although effects of climate
interactions with land use will vary by species. Management can help correct non-climate stressors
due to land use and support resilient structures and species against climate change.

Keywords: deer; fire; growth; distribution; herbivory; production; non-native; outbreak; trees

1. Introduction to Climate Change and Land Use

Ecosystem dynamics are governed by a variety of interacting factors that operate over
time and space, including climate change and the combination of land use and disturbance
factors, which, whether natural or human-mediated, produce differential impacts on the
overall composition, structure, and function of ecosystems [1]. During the past 50 years,
habitat loss due to agricultural conversion and intensification, urbanization, and resource
extraction had the greatest direct influence on loss of biodiversity, ecosystem functions, and
ecosystem services from local to regional scales in all biomes [2]. Nonetheless, published
work has documented that recent climate change forced by human use of fossil fuels has
altered a suite of ecosystem processes worldwide [3].

Although climate has been variable during the Holocene (about 12,000 years BP), atmo-
spheric CO2 concentration has increased from 280 ppm prior to the Industrial Revolution
(about year 1750) to 420 ppm present day, chiefly as the result of fossil fuel consumption [3].
The average temperature has increased about 1 ◦C in the northern hemisphere since 1900,
with most of the warming concentrated during the last 40 years [3]. Even though anthropo-
morphically driven, recent temperature increases are within the range of historical variation
during the Holocene, albeit on a trajectory to be exceeded in the foreseeable future [3].

Long-term global warming is accompanied by regional variability in both rate and
magnitude of change. Specifically, the eastern U.S. displays an overall lack of warming

Land 2024, 13, 398. https://doi.org/10.3390/land13030398 https://www.mdpi.com/journal/land164



Land 2024, 13, 398

along with increased precipitation during the last forty years of climate relative to climate
earlier during the 1900s, albeit with complex spatiotemporal dynamics (Figure 1; [4,5]).
Exceptions to neutral temperature change include the Northeast and mid-Atlantic regions
that have experienced mild warming of about 0.25–0.75 ◦C, whereas portions of the Central
Plains and Southeast have cooled 0.25–0.75 ◦C (Figure 1A). Most of the eastern U.S. has
experienced an increase in annual precipitation of 2–25 cm (Figure 1B), which combined
with stable temperatures, results in reduced evapotranspiration (Figure 1C,D). Conversely,
a large extent in the Southeast has received 2–10 cm less precipitation relative to 1895–1980.
Lack of warming in the eastern U.S. extends into the Atlantic Ocean, with additional cooling
in the North Atlantic Ocean, and remains under investigation [5,6]. While the future is
unknown, general circulation models as a group predict continued precipitation gains in
the eastern U.S. with temperatures warming by 3 to 6 ◦C [7].

Figure 1. Changes in the mean annual temperature (A), precipitation (B), temperature-precipitation
change class ratios (C), and Palmer Modified Drought Index (D) between 1895–1980 and 1981–2020
for the United States. The temperature-precipitation change class ratios were calculated by applying
a simple classification to mean temperature and precipitation maps but presented similar changes of
stable or decreased evapotranspiration in the eastern U.S. as the Palmer Modified Drought Index, which
applied tree-ring reconstructions of available water and instrumental data. Data are modified [4,8].

Vegetation dynamics are intricately tied to human history, through the influences
of hunting, agriculture, and land management in the form of fire [9–11]. Humans have
been an agent of change since their permanent establishment across the North American
continent about 15 thousand years ago; for example, numerous megaherbivores became
extinct after human establishment [12]. Human populations and their role as disturbance
agents on vegetation have changed appreciably during the Holocene, particularly since
Euro-American settlement at the expense of Indigenous populations [10,13–15]. A suite of
changes occurred at a rapid rate in the type, extent, and magnitude of land-use practices by
timber harvest and agricultural conversion: abrupt shifts in fire regimes to eventual fire
exclusion; overexploitation of native species; introduction and spread of non-native plants,
animals, and diseases; and climate change due to fossil fuel extraction and use [11,16–19].
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For example, prior to Euro-American settlement, vast areas of the U.S. were savannas and
woodlands, which were dominated by warm-adapted, pyrogenic tree species, such as oak
(Quercus) and pine (Pinus), that provided foodways in the form of plants and wildlife [11,20].
Under fire exclusion, these ecosystems have transitioned to closed forests, which are composed
of diverse fire-sensitive tree species, that supply forest products [20–22].

Land use since Euro-American settlement is long-standing, whereas climate change is
developing in the eastern U.S., with trends of increasing precipitation and overall stable
temperatures during the past 40 years that are not yet outside of the range of historical
variation. Nonetheless, climate change acts as another axis of disturbance on species
and ecosystems that works within an interactive framework with land use and distur-
bance (hereafter, land use). Depending on the scenario, land use and climate change can
(1) amplify or facilitate effects through synergistic interactions, (2) simply add effects with
no (neutral) interactions, or (3) have antagonistic interactions, which can have a cancel-
ing effect (where factor strength is similar) or overriding effect (where factor strength is
imbalanced and one factor diminishes the other). A range of outcomes are possible but
the interactive framework between land use and climate change is not clearly specified
by evidence from realized outcomes of the past, for guiding predictions to the future as
warming increases beyond historical temperatures. Comprehensive studies typically are
not available, research shows variation within regions due to different contexts and species,
and publication bias for significant findings exists. Additionally for published research,
while a driver may be associated with study results, typically both climate and land use are
not examined simultaneously in studies, and climate and land use may be confounded,
that is, the effects of one ascribed to the other [23]. Kane et al. [24] thoroughly examined fire
interactions with drought, bark beetles, and pathogens in the western U.S. Seidl et al. [25]
partitioned direct, indirect, and interaction effects of climate change on fire, drought, wind,
snow and ice, insects, and pathogens in an analysis of reported pathways globally.

As a first step to incorporate land use effects into an interactive framework with
climate change for a subset of forest issues, we explicitly (1) specified primary mechanisms
and realized evidence by which climate and land use may have been influential since
becoming operational (i.e., land use changes resulting from Euro-American settlement
mainly since the late 1800s and climate change of the past 40 years relative to instrumental
record networks since 1895), (2) synthesized interactions between climate and land use
to determine their type and strength of interactions, and (3) suggested how climate, land
use, and interactions may develop as warming progresses in the eastern U.S. (largely
defined as Minnesota, Iowa, Missouri, Arkansas, and Louisiana and all states eastward;
Figure 1A). Future work then could advance and test the conceptual framework through
comprehensive literature reviews, meta-analyses, and framing of hypotheses for empirical
studies with modeling and experimental approaches [25]. Defining land use, we mean
direct changes to ecosystems through land conversion from wildlands to intensively and
extensively human-controlled environments, associated with change from Indigenous to
European management, which leads to compositional and structural changes in ecosystems
and alterations in how disturbance regimes, such as fire and insects, operate. We also
included pollution such as nitrogen deposition, non-native species introductions, and
overexploitation of megaherbivores into the disturbance categories caused directly by
humans. Our questions, including some contrast with the western U.S., encompassed the
following forest topics:

1. What are the dynamics of wildfire in response to climate and land use?
2. What are the dynamics of tree growth and distributions in response to climate and

land use?
3. What are the dynamics of non-native species, damaging native insects and disease,

and white-tailed deer (Odocoileus virginianus, one of the last remaining widespread
large herbivores) in response to climate and land use?

4. How can ecological and adaptive management mitigate negative impacts of climate
change and land use to maintain forest resiliency?
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For this examination, we focused principally on direct effects, rather than slower
acting indirect effects that are less influential [25]. We did not include forest issues that have
not been detected to change in severity over recent time or are predicted to decrease, such
as wind events or snow and ice, or that are restricted in extent, such as sea level rise [26].
As for effects of land use on climate, although tree planting and new forestation have been
advocated to increase carbon storage and reduce climate change, this is an unreliable and
limited approach that may cause damage to intact ecosystems and Indigenous peoples,
while avoiding the solution to climate change, which is to reduce the amount of carbon
emissions [27].

2. Fire

2.1. Climate Change Effects

Drier and warmer climate increases the number of extreme wildfire weather days by
reducing fuel moisture and increasing the likelihood of ignition [24,25]. Greater precipi-
tation typically fosters vegetation production, generating fuel accumulation (see section
on tree growth). Most of the eastern U.S. has experienced climate change of increased
precipitation with stable temperatures, albeit with slight warming along the northern tier
and mid-Atlantic coast, which likely has reduced extreme wildfire weather days and the
chance of severe wildfires, while accumulating coarse woody fuels (i.e., trees; Figure 1).

2.2. Land Use Effects

Land use also influences fires, which in turn interact with weather, primarily by
affecting fuel type of fine herbaceous fuels or coarse woody fuels from trees. Land use
has trajectories to surface fires or severe forest fires, defined by mortality to overstory
trees, depending on the height of dominant vegetation. Historically, frequent surface fires
reduced tree density and promoted herbaceous vegetation. Herbaceous vegetation in turn
promoted surface fires that were limited in flame length by small-statured vegetation but
relatively frequent because fine herbaceous vegetation ignites more readily than coarse
fuels. Without surface fires, tree densities increase and accumulate, reducing probability of
ignition but creating fuels for severe fire behavior, with long flame lengths due to travel
up tree boles into canopies (green ladders) and then spread within continuous canopies.
Currently, due to widespread forestation in wildlands following Euro-American settlement,
land use resulted in less frequent but more severe fires in ecosystems, due to greater
tree densities [28]. Shifts in tree species composition from fire-tolerant to fire-sensitive
species and wetter microclimates also altered the leaf litter and fuel bed properties and
pyrogenicity tendencies of the understory, making most forest less conducive to burning
(i.e., mesophication; [21]). Moreover, fire is limited by fragmentation through land use
conversion. Agricultural areas of crops and grazing remove fuels, whereas suburban and
urban areas have sparse vegetation and abundant firebreaks (i.e., concrete and impervious
surfaces; [15]).

2.3. Interactions and Relative Factor Strength

A wetter climate due to climate change combined with continuous coarse fuels due
to land use change to forests will reduce the frequency of fires. A drier climate allows
coarse fuels to ignite more readily in closed forests, increasing the frequency of severe fires.
Conversely, a wetter climate with seasonal drying increases herbaceous fuel production
in open ecosystems and consequently encourages frequent surface fires. When surface
fires were frequent in grasslands, savannas, and woodlands before Euro-American land
use, drier climate likely suppressed fire frequency by limiting herbaceous growth, which
is the primary surface fire fuel [29]. Fine herbaceous fuel development requires seasonal
precipitation to grow vegetation followed by seasonal drying, which results in tinder
for easy ignition, as opposed to coarse fuels, which generally resist ignition without
extended drying.
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In terms of relative factor strength, land use of fire exclusion and subsequent coarse
fuel accumulation in high density forests has led to divergent wildfire pathways based
on humid or dry climates, with wildfire frequency dampened in the humid eastern U.S.
and wildfire frequency increasing in the dry western U.S. (Figure 2). While forestation and
fuel accumulation have occurred throughout the U.S., trends of area burned by wildfire,
excluding prescribed burns, over time are different when comparing the humid eastern U.S.
to the dry western U.S. Predominantly coniferous tree species common in the western U.S
may be more flammable relative to the greater proportion of mixed and broadleaf forests in
the eastern U.S. Nonetheless, based on historical records, the eastern U.S. demonstrates
that wildfires are rare after land use change resulting in forestation in a humid temperate
region with moderate, and indeed increasing, precipitation.

Figure 2. Area (hectares) burned and trendlines by region based on fire records provided by the USDA
Forest Service, Washington Office, and Short [30]. The eastern region is composed of Minnesota,
Iowa, Missouri, Arkansas, and Louisiana and all states eastward. The western region is composed of
all states west of the eastern region states. In 1930, ten-fold more hectares burned in the east than
the west based on long-term USDA Forest Service fire records (19 million vs. 1.9 million hectares,
respectively; Figure 2). Some of this difference might be due to underreporting in the west associated
with lower human population densities, hence fewer fire detections due to remoteness. At any rate,
annual hectares burned held steady in the west until a noticeable drop occurred around 1950. In
contrast, annual hectares burned by wildfire dropped sharply in the east until the mid-1950s, with
slow decreases thereafter. The east and the west had similar total area burned by wildfire during
the 1960s to the early 1980s, after which trendlines crossed, with the west surpassing the east in the
extent of burning by wildfires. This upward trend separates two regions into the future, as the west
is currently burning by wildfires at a similar rate as during the 1930s.

2.4. Summary and Future Prediction

Increased precipitation in the humid eastern U.S. probably has interacted synergisti-
cally with land use to reduce the frequency of severe fires. Overall, land use resulting in
tree densification and forestation reduces frequency of fires but switches to severe forest
fires compared to land use leading to frequent surface fires in ecosystems with herbaceous
vegetation. When land use promotes forests, with a switch to severe forest fires, then a
wet climate decreases (severe) fire frequency relative to dry climate. In contrast, a drier
climate allows accumulated coarse fuels to ignite more readily, increasing the frequency of
severe fires and overcoming land use conversion to infrequent severe fires in ecosystems
with high tree density. Therefore, future warming in the eastern U.S., without concurrent
offsetting increased precipitation, may flip the direction of the interaction, with the climate
eventually canceling or reversing the dampening effects on (severe) fire frequency by
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land use in an increasingly antagonistic interaction, such that warming increases severe
wildfire frequency.

3. Tree Growth

3.1. Climate Change Effects

Climate change encompasses elevated temperature and carbon dioxide concentration
and shifts in precipitation patterns, which can affect tree reproduction (through both fe-
cundity and seedling establishment), growth, survival, and mortality, and overall forest
productivity. Direct effects of climate change on tree growth and mortality may be more
related to temperature in cold-limited forests and moisture in water-limited forests [31].
Boisvenue and Running [32] concluded that climate change has generally increased forest
productivity where water was not limiting, describing the ‘greening of the biosphere’. Way
and Oren (2010) reviewed the generally positive temperature effects on tree physiology
and growth, with greater growth by deciduous species than evergreen species and in
cold-limited temperate and boreal regions rather than tropical regions, where warming
may induce growth declines. The growing season has been extended by 10–20 days in
temperate regions [3,33]. Despite the lengthening growing season, temperature increases
become detrimental to tree regeneration, growth, and survival when compounded by
worsening drought conditions, particularly for vulnerable seedlings before root establish-
ment [34,35]. While temperature increases may appear beneficial for cold-limited forests,
maximum temperatures and exceeding an optimal temperature range can be particularly
impactful on tree regeneration, growth, and survival, especially for boreal species that are
sensitive to high temperatures [35]. Additionally, increased temperatures allow entry of
tree species from warmer regions, that is, expected poleward shifts in distributions that
disrupt existing ecosystems.

The effects of enriched atmospheric CO2 on tree growth have been investigated during
the last 50 years [36,37]. Elevated CO2 has positive effects, within limits, on tree growth
because CO2 uptake and fixation are the primary functions of photosynthesis [38,39].
Elevated CO2 and photosynthetic enhancement improve water-use efficiency in trees, as
stomata do not need to stay open as long to replenish CO2 inside the leaf, thus reducing
leaf transpiration [40,41]. Nevertheless, at some point photosynthesis will become CO2-
saturated, after which increased atmospheric CO2 will not augment photosynthesis and
growth [42,43].

Greater water availability, mild warming to date in cold-limited northern forests, and
carbon fertilization on photosynthesis overall may have accelerated tree growth in the
eastern U.S. [31,44–47]. Many portions of the eastern U.S. are now receiving more precipita-
tion (see Figure 1), hence falling into the “greening biosphere” category. Voelker et al. [44]
reported CO2 growth enhancement in oak and pine in the central U.S., but growth declined
with tree age. Data from 120 journal articles describing physiology and production in
the 12 large-scale free air CO2 enrichment experiments (FACE; 475–600 ppm) confirmed
increased light-saturated carbon uptake and assimilation, growth, and aboveground pro-
duction, whereas specific leaf area and stomatal conductance diminished under elevated
CO2 treatments [37]. In recent decades, net ecosystem productivity in hemlock-dominated
forests increased 93%, which was attributed in part to an increase in mean annual tempera-
ture and growing season length [48].

Some studies show either neutral or negative effects of climate change on tree growth,
with negative effects due to components of climate [49]. Canham and Murphy [50] reported
little or no statistical relationship between growth and precipitation for 40 of the 50 most
common tree species in the eastern U.S., but that tree species of colder environs experienced
reduced survival in warmer climates. In the Adirondack Mountains of New York, most
sugar maple (Acer saccharum) trees exhibited negative basal area growth trends in the
last several decades [51], which was inconsistent with increased moisture availability and
precipitation pH (less acidity) in the region [52]. Recent studies have shown that both
timing and intensity of drought, especially during early season, can affect growth [53,54].
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Increased forest mortality has occurred in some locations in the eastern U.S. related to
drought and high temperatures, reducing any gains in productivity [55,56].

3.2. Land Use Effects

Regarding land use, young and fully stocked stands composed of fast-growing tree
species overall have greatest annual growth and production, resulting in the basis of
production forestry [47,49,57]. Widespread forest cutting has replaced old-growth forests
with younger, faster-growing forests [57,58]. Tree growth rates slow with age [57]. Indeed,
tree species that exhibit rapid early growth particularly may slow in growth after a few
decades, as they divert resources to reproduction, allowing some slow-growing long-lived
species to eventually surpass the overall growth of tree species with fast life strategies; that
is, the greatest annual rate of production may not yield the greatest long-term production,
or carbon storage, for a stand [57,59,60]. Overstory tree removal remains frequent at
25 to 80 years in the eastern U.S. [61]. Fire exclusion had increased tree densities (see fire
section above). Additionally, composition generally has shifted from a few relatively slow-
growing, long-lived tree species that are stress-tolerant to numerous early-seral species that
grow quickly in response to severe disturbance, reproduce young, and die within 100 years
in the eastern U.S. [62]. Perhaps in consequence, mortality is seven-fold greater in diverse
stands than monospecific stands [63]. Moreover, nitrogen deposition may enhance the
growth of some tree species [35,64].

3.3. Interactions and Relative Factor Strength

Both climate change and land use have mechanisms and evidence for increasing
annual growth in the eastern U.S. Land use trades maximizing total production in old-
growth stands for maximizing annual growth rates in young stands. Climate change of
increased precipitation, with warming in northern forests and carbon fertilization, has
encouraged overall growth. In terms of the relative factor strengths of climate change
and land use change, a study of forest responses to climate change for 38 eastern tree
species over a recent 6-to-18-year period concluded that the effect of competition on growth
and mortality risk exceeded the effects of climate variation in space or time for almost
all species [65]. Moreover, forest recovery from past human disturbance is predicted to
supersede climate change effects well into the future [66]. For trees located in Kentucky,
New York, Ohio, and Pennsylvania, tree mortality between 1959 and 1985 was more affected
by competition than climate factors [67]. Lines et al. [68] reported that tree diameter had
the greatest relationship with mortality rate across the eastern U.S., due to lower mortality
rates for trees of intermediate size than smaller or larger trees. Furthermore, Dietze and
Moorcroft [35] reported that atmospheric pollutants, specifically acid deposition and ozone,
and stand-level biotic dynamics, of moderate diameters, were the main drivers of tree
mortality in the eastern U.S.

3.4. Summary and Future Prediction

We have presented mechanisms and evidence by which climate change and land use
change may affect tree growth. In the eastern U.S., the overall direct effects of climate
change on tree growth have likely been at least slightly positive due to elevated CO2
and the predominance of available water, with warming in cold-limited northern forests,
while land use has likely increased growth rates through a change to productive young
forests composed of fast-growing tree species at high densities. Although climate and land
use interactions related to tree growth probably cover the full spectrum of synergistic to
antagonistic, both of these drivers are likely to have overall positive effects on tree growth
rates in the eastern U.S, with synergy in that climate conditions support the growth rate of
fast-growing trees in fully stocked stands. In terms of carbon, fast carbon sequestration in
young, small diameter trees that have short lifespans is not to be confused with long-term
carbon storage potential of old, large diameter trees [69]. In the future, it is possible that
the lack of stress tolerance in the fast-growing tree species of dense forests will result in
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increased die-offs due to flash droughts, heat waves, and insect outbreaks, as diverse stands
already exhibit greater mortality rates than less diverse stands in temperate regions [63].
These mortality events may eliminate any gains in productivity due to warm and wet
conditions and result in uncontrolled boom and bust cycles of growth and mortality.
Eventually, warming temperatures may exceed tolerances for tree species adapted to
current temperatures, producing disordered growth, survival, and reproduction, but with
replacement by southern tree species that may be more productive, due to allocation of
resources for growth rather than frost tolerance.

4. Tree Species Distributions

4.1. Climate Change Effects

Climate provides an outline of potential distributions. However, most species have
not achieved their full potential distributions based on climate, even across contiguous
space within the potential distribution [70]. Species are restricted in distributions due
to different barriers to migration, from physical (e.g., mountains, deserts) to biological
(e.g., interactions and metapopulation dynamics) to disturbance regimes (e.g., frequent fire).
Indeed, due to land use through fire exclusion that changed competition for growing space
in the eastern U.S., some historically dominant fire-tolerant tree species have contracted in
range (e.g., longleaf pine, Pinus palustris; shortleaf pine, Pinus echinata) while fire-sensitive
species have expanded, demonstrating examples of both reduced and increased filling
of climate space [15]. Moreover, species have naturalized outside of their native ranges,
leading to increases in the known suitable climate space [70].

Expectations are that most species will move poleward to higher, cooler latitudes
to maintain their ideal climate envelope in response to warming climate [71]. Many tree
species have expanded distributions in the U.S. (e.g., 15 studies located by Taheri et al. [72]).
Nonetheless, causation and whether species may be moving in multiple directions is not
determined in most studies [72]. Instead, expected patterns are interpreted as evidence
for species migration in response to climate change, despite an overall lack of warming
in the eastern U.S. The most definitive examples to date of climate change effects on
tree distributions are observed outside the eastern U.S., specifically at high latitudes and
altitudes [73] with tree line advancement [74], although land (pasture) abandonment may
also influence the latter [75]. Recent upward shifts in forest ecotones in mountainous
regions have been attributed to climate change in eastern forests [76]. Equally, phenological
changes have been equivocal in this region, given relatively stable temperatures, with
anomalous delayed start of season dates [77,78], but phenological changes may display the
first climate signal before tree species distribution shifts.

4.2. Land Use Effects

Attribution of climate change to movement of tree species is challenging, given that
tree distribution and density changes followed Euro-American settlement, regardless
of climate variation [20]. Historical accounts since the 1600s from across the U.S. have
consistently documented rapid tree growth and expansion following the wave of Euro-
American land use change [15,79,80]. Trees invaded the westernmost grasslands in the
eastern U.S. by 1800 and migrated since 1850 from eastern forests into the central Great
Plains grasslands. Fire-sensitive tree species expanded from fire-protected wetlands, rocky
outcrops and barren land cover, or high elevations. Inconsistent changes in moisture
availability, which are within the range of natural variation, have not provided correlations
with comprehensive tree expansion, but land use change has corresponded with tree
changes based on timing, magnitude and direction of change, and mechanism [15,22].
Native tree species have increased within U.S. forests and grasslands, arguably with much
greater effects, by replacing historical ecosystems, than non-native invasive species [62].
Shifts in tree species composition occurred due to land use change, from a regime of
frequent surface fires combined with infrequent overstory disturbance to a regime of fire
exclusion combined with chronic overstory disturbance.
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4.3. Interactions and Relative Factor Strength

Currently, limited evidence supports shifts to higher latitudes or elevations in tree
species distributions under increased precipitation with only slight warming in northern
forests, but strong evidence supports that tree species have expanded due to land use.
Expansion has been multi-directional, with prominent westward expansion into central
Great Plains grasslands. Therefore, no interaction currently occurs.

4.4. Summary and Future Prediction

In summary, no strong evidence appears to exist for recent climate driving changes in
species distributions because species began to shift following the front of Euro-American
settlement, generally with the timing of agricultural development. However, climate
does delineate overall potential distributions, with land use allowing trees to fill any
treeless growing space in wildlands within suitable climate space. In the future, warmer
temperature will facilitate poleward shifts in species distributions, producing compositional
changes from boreal to temperate species, temperate to subtropical species, and subtropical
to tropical species. Due to the strong yet varied influence by land use disturbance, this may
result in a range of interactions and divergent outcomes, including rapid movement, lags,
and direction reversals, varying by species. Land use pathways may guide species into
warmer or drier locations, such as North American grasslands, regardless of the expectation
that species will follow climate change.

5. Invasions and Outbreaks: Non-Native Plants and Non-Native and Native Insects
and Diseases

5.1. Non-Native Species

Species typically are most successful at survival, growth, and reproduction within
an ecological context or niche, including broad climate envelopes of temperature and
precipitation. Nevertheless, species are not distributed throughout their global climate
envelopes, due to dispersion barriers, competition, consumers (i.e., predators, herbivores,
humans), disease, disturbance regimes, and other abiotic and biotic factors. Equally,
because of constraining factors, species may have a broader climate tolerance than realized
by current occurrences, because the physiological range is unknown.

Non-native plant species richness is greatest in the northeastern U.S. and along west-
ern coastal states, whereas the southeastern and interior U.S. have fewer non-native plant
species [81]. Therefore, effects of non-native plants on forests may vary regionally and
proportionally to the number of invasive species. Norway maple (Acer platanoides), tree
of heaven (Ailanthus altissima), and Chinese tallow tree (Triadica sebifera) are examples
of invasive non-native tree species. Garlic mustard (Alliaria petiolata), Japanese barberry
(Berberis thunbergia), honeysuckles (Lonicera maackii and L. japonica), Japanese stilt grass
(Microstegium vimineum), multiflora rose (Rosa multiflora), cogongrass (Imperata cylindrica),
Chinese privet (Ligustrum sinense), and kudzu (Pueraria montana var. lobata) are some inva-
sive non-native upland plant species. Direct changes in temperature and water availability
do not appear overall to benefit invasive plant species [82].

Invasive forest insects in the eastern U.S. include the spongy moth (Lymantria dispar
dispar), hemlock woolly adelgid (Adelges tsugae), Asian longhorned beetle (Anoplophora
glabripennis), and emerald ash borer (Agrilus planipennis). Increased temperatures may
be most beneficial for non-native insects as a group because warming increases mobility,
growth, reproduction, and overwinter survival, albeit mortal thermal thresholds may oc-
cur [83–85]. Species such as the hemlock woolly adelgid and emerald ash borer are currently
limited by cold winter temperatures but predicted future warming likely will allow expan-
sion throughout the range of the host species in North America [86,87]. Frost-sensitive and
non-diapausing species experience increased survival during warm winters [83,85]. How-
ever, warming reduces the amount and duration of insulating snow cover, perhaps resulting
in greater over-winter mortality [85]. The decoupling of temperature and photoperiod cues
may be disruptive for both insects and host plants [85] and increased temperatures could
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disconnect synchrony with native host plants [83], which are tracking climate change less
closely than invasive plants [88,89]. Changes in plant defense chemistry due to climate
may produce variable effects in plant susceptibility to infection, depending on interacting
species and chemicals, while plant palatability and predators of insects also may be affected
by climate change [86,90].

Invasive diseases of trees include chestnut blight (Cryphonectria parasitica), beech bark
disease (Neonectria) that enters through wounds created by Cryptococcus fagisuga, Dutch elm
disease (Ascomycota), white pine blister rust (Cronartium ribicola), and oak wilt (Bretziella
fagacearum). Pathogens may be most sensitive to timing and quantity of precipitation,
relative humidity, and factors that influence moisture [86,91]. Fungi in particular are very
sensitive to factors that influence leaf-surface or soil moisture, and benefit from increased
precipitation [91]. Pathogens may become more or less virulent under changed precipitation
patterns, and disease epizootics generally will be unexpected, in part due to hybridization
and other genetic changes [86,92].

Non-native species introductions into new distributions arose through human agency,
not climate, by and large during the past centuries. Since Euro-American settlement,
humans have moved thousands of species beyond their native ranges and dispersion
barriers, including 2600 plants, 600 insects, and 100 diseases commonly observed in the
U.S. [93]. Most non-native plants have been introduced deliberately for ornamental or
agricultural purposes but imported nursery stock is a common pathway for non-native
disease and insect introductions [94].

Regarding interactions between non-native species introductions, climate, and the
future, plants introduced for ornamental or agricultural purposes are generally easy to
propagate, show rapid growth, and tolerate wide climatic conditions [82]. Colonizing
traits of rapid growth, less pressure from biotic constraints (e.g., release from parasites and
consumers), and pre-selection to wide climate conditions position non-native species at a
competitive advantage to increase and expand compared to native species, under many
climates. Non-native species overall may be limited to climate envelopes of their native
ranges, but as many as 15% of all non-native species are adapting to climate conditions
outside of native climate envelopes [95]. For changing climate, non-native species overall
appear to be tracking climate change phenologically more closely than native species [88,89].
Nevertheless, few non-native species are considered invasive, as measured by effects on
native species, communities, and ecosystems. Unlike introduced species, native popula-
tions contain the full array of genetic variation and phenotypic plasticity that will aid in
adaptation to changing climate conditions. Furthermore, given that climate change and
associated extreme weather events are stressors to survival and growth, it may be that
stress-tolerant traits, such as slower aboveground growth, may be more beneficial than
rapid growth, a trait of invasive species, under climate change [96].

5.2. Outbreaks of Native Insects and Fungi

Outbreaks of several species of native insects (e.g., southern pine beetle, Dendroctonus
frontalis; red oak borer, Enaphalodes rufulus) and fungi (e.g., fusiform rust, Cronartium
quercumm f.sp. fusiforme; oak wilt; Ceratocystis fagacearum) that attack trees consistently
occur in current forests with high densities and basal area [97], which typically are greater
than in historical forests that had low tree densities due to frequent fire. While increased
tree densities occur regardless of climate variation, greater water availability ameliorates
stress on trees, particularly in high density stands. Many predisposing long-term factors
influence insect and disease outbreaks and tree susceptibility, which are related to land
use and disturbance, such as previous disturbance, fire exclusion, stand structure, tree
age, and site location. Inciting factors are short-term conditions such as drought, related
to climate, that weakens trees, especially in high density stands. Outbreaks outside of
historical variation have occurred in the western U.S., due to a combination of land use
change, resulting in trees with reduced vigor in dense forests, and climate change of warm
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summers that accelerate insect growth and development and warm winters that allow
insect larvae to survive, along with, in some locations, drought-stressed trees [98].

5.3. Summary and Future Prediction

In summary, invasions by non-native species were facilitated mainly by human vectors
and native insect outbreaks likely are due to land use resulting in forests of greater basal
area. However, future climate change may interact with land use change to amplify
outbreaks outside the range of historical variation through drought-stressed trees, warm
summers that accelerate insect growth and development, warm winters that allow insect
larvae to survive, coupled with land use change that creates dense forest stands with
reduced tree vigor. Non-native species responses to future climate change may be quite
variable, counter to expectations, and complicated by land use disturbance, producing
no general trends by taxa [99]. Land use may cancel expected climate change effects
given that some species are able to be successful outside of climate envelopes. Therefore,
climate interactions with land use span the range from synergistic effects on invasions and
outbreaks to canceling climate change effects on invasions and outbreaks.

6. Deer, a Remaining Large Herbivore

6.1. Deer Herbivory as a Forest Health Issue

A diverse array of megaherbivores once roamed the North American continent, sur-
viving through all Pleistocene ice age cycles until the last one. Quite tellingly, their demise
occurred about 13,000 to 11,000 years ago, after human establishment [12]. Most of the
approximately 30 megaherbivores in the eastern U.S. truly were mega-sized, with 10 species
exceeding 1000 kg. In contrast, the only remaining widespread large herbivore in the east-
ern U.S. is the white-tailed deer at 45 kg, not qualifying as mega-sized by some thresholds.
The population of white-tailed deer is unknown during megaherbivore extinction, but
likely deer numbers increased after loss of competitors. Consequently, megaherbivore
extinction probably reduced overall herbivory on vegetation while benefiting extant her-
bivore species. The disturbance regime switch from megaherbivores to surface fire was
continuous in North America, with the importance of fire (as measured in charcoal) increas-
ing proportionally with megafauna decrease (measured in dung fungal spores; [100,101]).
Indeed, the changeover to fire as a disturbance likely lessened ecological changes expected
from loss of megaherbivores as a disturbance.

Although deer are considered an overabundant, invasive forest health problem, best
available evidence suggests that deer currently are within historical population limits
after recovering from overexploitation during Euro-American settlement [102,103]. The
influence of deer on trees is relatively minor compared to when megaherbivores were a
major disturbance agent; for example, deer herbivory at current populations have not been
able to shift ecosystem states from closed, dense forests back to open forests of savannas and
woodlands [104]. Deer remain a natural disturbance on young trees, albeit minor except
in localized areas, as demonstrated by problem areas of high densities even when deer
populations were recovering after overharvesting during Euro-American settlement [105].
Tree species (e.g., Thuja occidentalis) browsed heavily by deer at local scales have increased
at regional scales since Euro-American settlement, whereas historically dominant tree
species have decreased due to land use changes of frequent overstory disturbance and
limited understory disturbance [106].

6.2. Climate Change Effects

No distinct effect from climate is apparent on deer distributions, and deer populations
generally remain with historical levels, with fluctuations. Deer have a wide range and an
even larger climate envelope that remains unfilled for now. Climate change effects on deer
distributions appear minimal, both in the recent past and for the future, based on modeling
(Figure 3).
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Figure 3. Modeled species distributions of white-tailed deer that show observed range (outlined)
from occurrence records, the climate envelope (temperature and precipitation of occurrences) during
1981–2010 (green), and the likely future climate envelopes during 2071–2100, under three general
circulation models and high emissions (non-green colors; modeling followed [107]).

6.3. Land Use Effects

No distinct effect from land use is apparent on deer populations. After population
reduction due to historical overexploitation, subsequent deer populations have recovered
to within historical levels, with some fluctuation. Deer prefer forests to various land uses
and while forests have increased in tree density over time, in spite of deer herbivory, deer
are coping with current land use by browsing trees and using clearcuts and other forest
openings [108].

6.4. Interactions, Relative Factor Strength, and Summary

Despite dynamics, we found no permanent effects on deer populations, and herbivory
by extension, due to recent land use and climate change and, consequently, no interactions,
but future effects and interactions may develop.

7. Ecological Forestry to Mitigate Climate Change

General recommendations for ecological forestry to lessen impacts of climate change
include retaining genetic diversity and phenotypic plasticity and promoting warm-adapted
species with wide amplitudes of climate tolerance and good dispersal ability. Nonetheless,
differentiating the ability of species to survive, grow, disperse, and reproduce under
climate change compared to whether a species is competitive under climate change is
critical. That is, northern tree species may be able to complete their life cycles under
warmer temperatures but may not be able to compete against faster-growing southern
species, as no species can have the most competitive traits under all conditions [109]. Even
so, spruce, aspen, pine, and other boreal tree species may be desirable and possible to
maintain with active silviculture. Reducing additional stressors, such as risk of insect
outbreaks, and competition for limited resources will help trees survive and thrive under
climate change. This may be accomplished in part by restricting tree densities [96,97].

Assisted migration through management is an option to help tree species migrate,
given that species will not be able to migrate at the same rate as projected warming and
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also that land use and other factors may drive tree species to warmer or drier locations, a
conflicting or confounding outcome. Assisted migration and plantings may be desirable
for species of conservation concern with limited ranges and dispersal abilities. Assisted
migration is controversial, but species may be selected for tolerance of stresses, such as
fire, drought, and insects, and be compatible with restoration objectives. For example,
historically dominant oak species and longleaf and shortleaf pines are fire-tolerant, drought-
tolerant, and windfirm, complementing the structural characteristics of open forests [110].
Fire-tolerant species such as oaks and pines that commit to early root development are likely
to survive extreme weather events in early growth stages better than species committed to
rapid early growth (e.g., longleaf pine height eventually may exceed loblolly pine [Pinus
taeda] height, but after 25 to 30 years; [59]). Likewise, tolerant large diameter oaks and pines
within open forests are more probable to survive droughts, fires, hurricanes, and insect
outbreaks compared to fast-growing species in dense forests. Although oaks and pines are
wide-ranging, they are not good dispersers compared to fast-growing species that produce
abundant lightweight seeds. Therefore, oak and pine species are suitable candidates for
assisted migration and plantings.

Conversely, assisted migration and plantings may be undesirable for native invasive
species, such as red maple (Acer rubrum), that have been released by land use disturbance.
Currently, many native tree species are expanding, sometimes with assistance through
plantings such as for reforestation and tree initiatives. Indiscriminate planting of fast-
growing and stress-intolerant species, with traits of fast growth and little reserves for fire
and drought tolerance, at high densities, may foster forest vulnerability to climate change in
terms of greater tree die-offs during extreme weather events. Also, caution may be needed
in replanting after die-offs to not simply replace the same species with characteristics and
structures that are not resistant to fire, drought, insects, and wind damage.

The historical open forest structure of understocked savannas and woodlands is ideally
suited for tolerating climate change while restoring effects of Euro-American land use.
The lower density structure means that trees require fewer resources, including less water
requirement, resulting in greater ecosystem-level drought tolerance. Lower densities and
understocking below maximum potential forest growth reduce competition for moisture
and other resources, creating a “resource availability buffer” as a strategy for extreme
climatic conditions and outbreaks of insects and disease [96]. Larger diameter trees are
more fire-resistant and the lack of midstory and understory trees helps prevent fires from
ascending to severe flame lengths, while discontinuous canopies also prevent canopy
spread. The open structure is a firebreak and fuel treatment, which may prevent and reduce
high severity fire, unlike the successional forest structure, with ladder fuels and dense
canopies. The open structure is more windfirm to hurricanes and other severe wind events
than high contrast edges of successional forests [111]. Open forests also support native
species diversity, while providing a range of conditions that may supply refugia [112].
Additionally, for some damaging native species and a fire-sensitive subset of non-native
species, open forests to reduce basal area and fire treatments may prevent outbreaks [113].

Open forest management is an alternative to conventional silvicultural systems, which
concentrate on managing growth to optimize periodic yield and new overstory recruit-
ment [112]. Instead, open forest management focuses on prevention of regeneration with
rare recruitment of desired canopy dominants, maintenance of an understocked overstory,
and treatments to encourage a more extensive groundlayer dominated by herbs. Open
forest management involves multiple tools such as prescribed fire, herbicide use, and
periodic harvests or deadenings to control stocking, permit recruitment of new canopy
dominants, and financially support understory maintenance treatments [112]. Even with
silvicultural targets that emulate the historic disturbance regime, achieving historical forest
conditions is a challenge. Increased herbivory may be a necessary and missing compo-
nent for restoration, particularly as propagule pressure from fire-sensitive tree species
has increased. Thinning and burning treatments may be needed to reduce stand den-
sities and fuel loads to help avert large-scale catastrophic canopy fires. In the eastern

176



Land 2024, 13, 398

U.S., warming temperatures that effectively result in a drying climate may facilitate the
success of prescribed burning to restore fire-tolerant communities by countering the influx
of fire-sensitive, fire-dampening competitors.

8. Summary of Interactions

Climate change interacts with land use and disturbance, influencing ecosystem dynam-
ics across time. Climate change and human practices have directly or indirectly impacted
nearly every ecosystem in the eastern United States since continental deglaciation began
approximately 15,000 years before present. When climate was cooler, boreal tree species
extended into the southeastern U.S., and tree species have shifted northward over time as
temperatures have warmed. The first humans to live on the continent affected ecosystems,
including maintenance of fire-adapted tree genera such as oak, pine, and hickory in open
forests that supply food resources. Due to European colonial expansion starting in the 16th
century, land use practices changed, and open forests transitioned to closed forests, which
are now used primarily for forest products. Despite these influences, some species such as
deer have recovered from past overexploitation in the eastern U.S.

This synthesis of climate interactions with human activities, encompassing land use
and anthropogenic disturbances, reveals a greater factor strength of land use than climate
change on ecosystems during the past century or two in the eastern U.S. (Table 1). These
findings concur with other studies that have determined land use disturbance plays a
major role in ecosystems over time, at times overriding climate, especially during the latter
portion of the Holocene, when human activities intensified [2,114–116]. Indeed, besides
influencing terrestrial ecosystems, humans directly affect climate because current climate
change is also an outcome of human activities. Specifying an interactive framework results
in a more thorough understanding of forest ecosystem responses to a changing environment
and ecosystem management for the future as warming increases beyond past temperatures.
Incorporating the framework into explicit testable hypotheses could guide future research
directions and inform management strategies aimed at mitigating the adverse effects of
climate change and land use on forest ecosystems.

Land use that causes an immediate reaction in terms of tree mortality or species mi-
gration has been a stronger and more immediate force than climate change to date. Climate
change is a relatively slow, subtle process, with lag effects in combination with phenotypic
plasticity in tree species and genetic traits due to past adaptation to similar temperature
regimes [71]. The unusual aspect of climate change, due to human activities, has been
overall lack of warming in the eastern U.S. combined with increased precipitation, albeit
warming likely will occur in the future due to forcing by increased greenhouse gas levels [3].
Climate change since 1980 has been subtle, including warming in the Northeast and along
the mid-Atlantic coast and a large dome of stable temperature over most of the remaining
region with an overall increase in precipitation, except for decreased precipitation in the
Southeast. Therefore, studies that attribute changes to warming temperatures in the eastern
U.S. may be located in an area of exception or may have a suspect attribution to climate
change.

Fire exclusion, resulting from changed land use and leading to continuous coarse fuel
accumulation due to high density forests, has divergent ecological pathways, with wildfire
dampened in the humid eastern U.S., along with increased precipitation. Fire has occurred
in the eastern U.S. throughout a range of precipitation, but wildfire has been rare since
land conversion to ecosystems with greater tree density, as fire regimes shifted in type from
frequent surface fires in ecosystems with a dominant herbaceous layer to infrequent severe
fires in closed forests. Conversely, climate change exerts a strong influence to enhance the
frequency of severe fires in the dry western U.S., where tree densities also have increased;
the western U.S. is currently burning with wildfire areas equivalent to those during the
1930s. If future warming generates effectively drier conditions in the eastern U.S., outside
of historical ranges, then it is likely that severe fire frequency will increase in an antagonistic
interaction between climate change and land use.
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Table 1. Mechanisms by which climate and land use may affect different forest issues, with the
realized outcome and current interaction in the eastern United States, and prediction of the future
interaction under warming climate.

Forest Issue Climate Land Use
Realized Outcome in

the Eastern U.S.

Current
Interaction under

Increased
Precipitation

Future Interaction
under Warming

without Offsetting
Precipitation

Fire
Fuel moisture, ignition

probability, fuel
quantity

Switches fire severity
and frequency

through fuel type
(fine herbaceous or

coarse fuels with
mesophication of

conditions)

Increased precipitation
decreases fire frequency

because land use
(surface fire exclusion)

produces forests

Synergistic to
reduce fires Antagonistic

Tree growth

Growth, reproduction,
and mortality, and

overall forest
productivity

Species, age,
densities

Increased precipitation
and carbon fertilization

promote tree growth;
land use produces

young, dense stands of
fast-growing tree

species

Synergistic to
maximize annual

tree growth
Antagonistic

Tree distribution Shifts to stay within
climate envelope

Expansion to fire-free
areas

Expansion to fire-free
areas None Varies by species

Non-native plants,
insects, fungi

Survival, growth,
reproduction, mortality,

distribution shifts;
water availability for

trees; fire

Introduction, spread;
tree densities, basal

area, age; fire

Non-native species
introduction and

spread due to human
activities

None overall Varies by species

Native insects and
fungi

Survival, growth,
reproduction, mortality,

distribution shifts;
water availability for

trees; fire

Tree densities, basal
area, age; fire

Outbreaks in dense
forests from land use None overall Varies by species

Deer
Survival, growth,

reproduction, mortality,
distribution shifts

Overexploitation,
forest cover

Recovery after
overexploitation None None to slight

Climate and land use currently have a synergistic interaction for increasing tree
growth rates in eastern forests. Climate change through increased available water, carbon
fertilization, and slight warming in cold-limited northern forests generally is stimulatory
to growth in forests. Land use probably has increased growth rates through a change
to productive, fully stocked young forests composed of fast-growing tree species. In the
future, it is possible that the lack of stress tolerance in the fast-growing tree species of
fully stocked forests will result in increased die-offs due to flash droughts, heat waves,
insect outbreaks, or simply even-aged stands of short-lived tree species reaching the typical
mortality age.

Attribution of climate change effects on tree species distributions is difficult in the
U.S. Rapid tree growth and expansion in multiple directions, but principally westwards
to the grasslands of central North America, followed the wave of Euro-American land
use change, regardless of climate variation. Inconsistent changes in moisture availability,
which are within the range of natural variation, have not provided correlations with
comprehensive tree increases, based on timing, magnitude and direction of change, and
mechanism. Nonetheless, warming likely will direct species northwards, which for some
species will be in the same direction as land use, but climate change and land use may be
antagonistic interactions for other species.

Conditions that produced non-native species invasions and damaging native species
outbreaks were created by human activities. No strong evidence appears to exist for
climate change causing changes in non-native species distributions, because species were
introduced through human vectors, with relative recency of information about non-native
species distributions. After climate warms, combined with the strong but varied influence
of land use disturbance, rapid movement and also lags and direction reversals by species
may ensue. Species responses to climate change may be quite variable; therefore, climate
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interactions with land use disturbance span the range from synergistic to antagonistic
effects on invasions and outbreaks.

Climate change is expected to become more influential in the future with warming
and perhaps effectively a drier climate due to evapotranspiration. Depending on the
characteristics of climate change and land use disturbance, synergistic interactions between
climate change and land use disturbance may accelerate appropriate, expected responses by
tree species to climate change, but these changes may not be desired, such as replacement
of boreal tree species by temperate tree species. Antagonistic interactions between land use
disturbance and climate change will generate surprising outcomes, which in some cases
may be damaging, by overriding the appropriate, optimal response, in terms of survival,
growth, reproduction, or productivity, to climate change. However, management may
reduce land use and climate stressors on ecosystems. A resilient range of forest structures,
with an abundant and diverse herbaceous component, and stress-tolerant tree species may
be more stable under climate change than fast-growing tree species with short lifespans
in high density forests. Future research and adaptive management can test the stipulated
conceptual framework as climate warming unfolds in the eastern United States.
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Abstract: Urban flooding is a frequent disaster in cities. With the increasing imperviousness caused
by rapid urbanization and the rising frequency and severity of extreme events caused by climate
change, the hydrological status of the urban area has changed, resulting in urban floods. This study
aims to identify trends and gaps and highlight potential research prospects in the field of urban
flooding in South Asia. Based on an extensive literature review, this paper reviewed urban flood
hazard assessment methods using hydraulic/hydrological models and urban flood management
practices in South Asia. With the advancement of technology and high-resolution topographic data,
hydrologic/hydraulic models such as HEC-RAS/HMS, MIKE, SWMM, etc., are increasingly used
for urban flood hazard assessment. Urban flood management practices vary among countries based
on existing technologies and infrastructures. In order to control urban flooding, both conventional
physical structures, including drainage and embankments, as well as new innovative techniques,
such as low-impact development, are implemented. Non-structural flood mitigation measures, such
as improved flood warning systems, have been developed and implemented in a few cities. The
major challenge in using process-based hydraulic models was the lack of high-resolution DEM and
short-duration rainfall data in the region, significantly affecting the model’s simulation results and the
implementation of flood management measures. Risk-informed management must be implemented
immediately to reduce the adverse effects of climate change and unplanned urbanization on urban
flooding. Therefore, it is crucial to encourage emergency managers and local planning authorities
to consider a nature-based solution in an integrated urban planning approach to enhances urban
flood resilience.

Keywords: climate change; early warning system; flood; hydrological model; land use land cover
change; urbanization

1. Introduction

Among all environmental hazards, flooding is one of the most common and destruc-
tive, independent of the impacted nation’s geography, climate, or level of development.
Floods accounted for 44% of all disasters, affecting 1.6 billion people worldwide from
2000 to 2019 [1]. In the past, flooding was primarily limited to the river basin and only
occurred during rainy seasons. Nowadays, urban flooding has become one of the most
common and widely-distributed disasters in urban areas around the world because of the
rise in impermeable areas due to haphazard urbanization and the increasing frequency
and intensity of extreme events due to a changing climate [2,3]. Urban flooding may result
from riverine floods, coastal flooding, pluvial flooding, groundwater, and the failure of
artificial drainage systems.
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Flooding in cities began to receive more attention due to increasing flood events
and devastation, resulting in massive loss of life and damage to property worldwide. A
study in more than 616 cities reported that floods endanger more urban areas than any
other natural hazard, posing a threat to over 379 million residents [4]. As imperviousness
has increased on the surface, drainage construction and renovation have lagged behind
the rate of urbanization, adding stress on cities attempting to deal with extreme events.
At the same time, urbanization increases rainfall intensity due to the perturbation of
urban heat islands [5]. Due to the abundance of economic prospects, there is a significant
migration to urban areas; this increases the risk receptors’ exposure through the occupation
of floodplains.

Over the past few decades, urbanization rates have risen sharply in various parts
of the world. More people now reside in cities than in rural areas worldwide. By 2050,
it is predicted that 68% of the world’s population will live in urban agglomerations, up
from the current 55% in 2018 [6,7]. Most of the world’s largest cities and over 75 percent
of its urban population live in low- and middle-income nations. New towns and urban
areas are growing, and existing ones are expanding without carefully considering urban
planning. Uncontrolled and rapid urbanization in developing countries, particularly since
2000, has increased the vulnerability of the urban environment [8,9]. Floods in urban
areas are often devastating because high densities of people and assets are concentrated in
certain areas, resulting in economic loss and human casualties [10,11]. Urban infrastructure,
industry, trade, commerce, and utility services are crucial urban sectors severely impacted
by floods. As such, regular productivity is hindered during and after significant floods,
which increases the vulnerability of city residents [12].

1.1. Urban Flood in South Asia

As shown in Figure 1, Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pak-
istan, and Sri Lanka are the eight nations that comprise South Asia. With about 5032 million
sq. km., South Asia is a very densely populated area, home to around 24 percent of the
world’s population [13]. This vast area has a wide range of climates, from temperate in the
north to tropical monsoons in the south. The vast expanses of South Asia are particularly
susceptible to frequent disasters due to the increasing rate of urbanization and heavily
populated areas.

Flooding significantly impacts Asia, accounting for 41% of global flooding incidents,
affecting 1.5 billion people (93% of all flood victims globally). Extreme riverine flooding
is becoming more common in countries such as India, Bangladesh, Pakistan, Sri Lanka,
and Nepal; this has caught the attention of the international media. The June 2013 floods
in India (6054 fatalities) and the July 2010 floods in Pakistan (1985 deaths) were the two
deadliest flooding incidents between 2000 and 2019 [1], followed by the mid-June to Aug
2022 Pakistan flood (nearly 1500 deaths) [14]. The global urban exposure to flooding
(UEF) increased more than four-fold from 1985 to 2018 with accelerated temporal trends.
Asia experienced the most significant increase in UEF (74.1%) [15]. Urban flooding has
become an alarming issue in urban areas since the Mumbai flood in 2005, a mega-disaster.
Over the past two decades, several megacities–Dhaka in Bangladesh; Mumbai, Kolkata,
Chennai, and New Delhi in India; Karachi, Rawalpindi, and Lahore in Pakistan–have
suffered numerous flooding incidents. Most of these megacities are situated along the
banks of major rivers and coastal areas, which exposes an increasing number of people and
assets to floods.
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Figure 1. Map of South Asia (data source: https://www.diva-gis.org/gdata (accessed on 12 July
2021) and Survey Department, Nepal).

1.2. Causes of Urban Flooding

Evidence indicates that urban floods are increasing due to climate change [16,17].
According to the IPCC report, there is a high likelihood that the risk of pluvial flooding
will increase in urban areas where excessive precipitation is expected to persist due to high
levels of global warming [18]. In South Asia, climate change severely affects monsoons
and tropical cyclones, two significant causes of flooding in the region [19]. There is strong
evidence of an increasing trend in extreme rainfall in South Asia [14,20,21]. From 1951 to
2022, extreme rainfall events that produced more than 150 mm of rain in a single day nearly
doubled in frequency [22], as shown in Figure 2. Due to climate change, extreme events
are becoming more unpredictable, and weather forecasting models cannot predict this
increase in chaos. Meanwhile, over central India, the frequency of extreme rainfall events
(day rainfall 150 mm) has increased by nearly 75% throughout the period (significant at
a 95% confidence level). This indicates that the frequency of extreme incidents is rising
by roughly 13 per decade (more than one per year). However, the extremes are becoming
more intense over time, as shown by a rise in the 99.5th percentile values [23]. The increase
in summer precipitation and river water due to glacier melt in summer may cause extreme
summer flash floods over this region in the future [24]. In most of the country’s river basins,
extreme precipitation and flood events have increased over the past 20 years. It has been
estimated that, under a high-emission scenario, the frequency of multi-day flooding will
surge significantly towards the end of the century [25]. Additionally, it is anticipated that,
when temperatures rise, snow and glacier ice will melt more quickly, increasing the flows
of the Himalayan rivers. Erratic monsoon patterns have seen a geographical shift and a
change in the timing of onset and withdrawal, resulting in flooding [26,27].
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Figure 2. Frequency of extreme rain events exceeding 150 mm day−1 yr−1 over central India for
the summer monsoon (June–September) during 1950–2015. The trend lines are significant at a 95%
confidence level [28].

Parallel to this, flooding has emerged as a significant issue in different South Asian
cities due to haphazard urbanization over the last two decades [29,30]. It is a fundamental
environmental challenge affecting the lives and livelihoods of millions of urban dwellers
whenever urban areas receive intense rainfall [31]. Urbanization-related land-use changes
increase the paved area, influencing the local hydrometeorological processes that change
the urban microclimate. Urban watersheds dominated by built-up areas inhibit rainwater
infiltration, cause extreme runoff [32], and sometimes affect precipitation because of the
UHI effect [33]. Urban areas, on average, lose 90% of storm rainfall to runoff [34] because
of increased impervious surface area; this is more than a five-fold increase in runoff when
compared to agricultural areas or the same size with the same intensity of rainfall [35,36].
Unprecedented rural-to-urban migration has led to reckless urban expansion. This has
increased human settlements, industrial growth, and infrastructure expansion over some
floodways, where floods may eventually occur, reducing the space into which floods can
naturally overflow. An IPCC report also emphasizes that urbanization would worsen
climate consequences, including floods, and cause significant economic losses throughout
the region [18]. The prospects are worse in fast-growing cities, especially in densely
populated urban areas [37]. However, due to global climate change, inadequate drainage
systems, and rising urbanization [38], flooding is occurring more frequently, more intensely,
and to a greater extent [39]. Increasing urban populations have raised the likelihood and
severity of climate-related calamities [40], dramatically increasing the vulnerabilities and
risks of urban inhabitants in already exposed areas [41]. With high population densities
and concentrations of diverse socioeconomic activities, cities in South Asian countries face
the tremendous impact of, and challenges in dealing with, flood-related problems [42], as
shown in Table 1.

Table 1. Major Urban Flood events in South Asian Cities.

Date Location Meteorological Driver Reported Impacts Ref.

23 July 2001 Islamabad and
Rawalpindi, Pakistan 620 mm rainfall in just 10 hrs. 74 people lost their lives, and

affected 400,000 people [43]

September 2004 Dhaka, Bangladesh 341 mm rainfall in a day and
>600 mm in 5 days

730 people lost their lives, and
30 million people were made
homeless

[44]
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Table 1. Cont.

Date Location Meteorological Driver Reported Impacts Ref.

26 July 2005 Mumbai, India 944 mm of rainfall in 24 hrs. At least 400 people and 20,000
cattle lost their lives. [45]

September 2014 Srinagar, Jammu and
Kashmir, India

Discharge of ~1, 15,218
upstream at Sangam and
~72,585 cusecs downstream

282 people lost their lives, and
253,000 houses were damaged [46]

November–
December 2015 Chennai, India >400 mm of rainfall

400 people lost their lives and
caused enormous economic
damages

[47]

December 2015 Chennai, Tamil Nadu 494 mm of rain over a 24-h Deaths of around 250 people [48]

28 August 2016 Lahore, Pakistan 12 h and 30 min of intense
rainfall of 59 mm

Lahore district was inundated by
urban flooding [49]

23 September 2016 Hyderabad, Telangana,
India 165 mm rainfall Economic losses of 137,839 USD [50]

15 May 2016 Colombo, Sri Lanka 256 mm rainfall Death of 3 lives and 185,000
people were directly affected [51]

29 August 2017 Mumbai, India 468 mm of rainfall in 12 h Confirmed death of 14 people [52]

11–12 July 2018 Kathmandu, Nepal 129.6 mm of rain in 10 h
Damaged 522 houses, 15 sheds, 28
industries, and factories, including
petrol pumps

[53]

14–15 August 2018 Kerala, India Rainfall range of 270–300 mm.

483 people lost their lives, and
5000 thousand people were
affected, with a 200 billion
USD loss

[54]

27 June 2019 Mumbai, India Five days received 137.8 mm
of rainfall

32 people lost their lives, and the
transportation was disrupted [55]

4–8 August 2019
Malappuram and
Wayanad districts of
Kerala, India

400% over the normal average
rainfall

81 people lost their lives, >39
houses and a walkover bridge
washed away

[56]

1 March 2019 Kandahar city,
Afghanistan Rainfall of 97 mm in 30 h 20 people lost their lives, and

many houses collapsed [57]

11–12 July 2019 Kathmandu, Nepal Around 150 mm of rainfall in
12 h

100 families were affected, and
Balkhu and Kuleshwor witnessed
levels of flooding never
seen before

[58]

25–27 August 2020 2020 Karachi, Pakistan 345 mm rainfall for a
single day More than 40 people lost their lives [59]

19 July 2020 Delhi, India Recorded nearly 100 mm of
rainfall Four people lost their lives [60]

Urban flooding is an increasingly significant issue in India due to the growth of ur-
ban areas [61,62]. From 1985 to 2018, India’s UEF expanded from 171 km2 to 3745 km2,
contributing 4.7% to worldwide growth [15]. Cities like Chennai (2015), Bengaluru (2016),
Gujarat (2017), Kerala (2018), Maharashtra (2019), Assam (2020), Bihar (2020), Hyderabad
(2020), and Delhi (2020) have been affected by urban floods of a greater magnitude [63],
causing significant loss of life and devastation to infrastructure and agriculture [64]. Urban
flooding from intense rainfall is a recurring phenomenon in Dhaka, Chittagong, Khulna,
and Sylhet. Dhaka experienced significant floods in 1988, 1998, 2004, 2007, 2015, 2016,
and 2017, caused by the overflowing of the surrounding rivers, affecting communications,
livelihoods, and service facilities for many days. Waterlogging occurs in densely populated
places where excessive rainfall-induced water is trapped due to poor drainage [65,66].
Pakistan also experienced frequent flooding in 2010, 2011, 2012, 2014, 2015, and 2017 [67].
During the monsoon season, urban flooding is anticipated in Pakistan’s major cities, includ-
ing Islamabad, Rawalpindi, Peshawar, Lahore, Karachi, Faisalabad, Hyderabad, etc. [68].
Over the past few decades, flooding in Colombo, Sri Lanka, and the nearby suburbs has
increased exponentially [69]. In Kathmandu, local climate change and growing surface
imperviousness increases the likelihood of regular pluvial floods [70]. Due to high rainfall
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and poor drainage, urban flooding during the monsoon season has become a major concern
on the northern side of Kabul city [71]. It is becoming a challenging daily issue for urban
dwellers, authorities, and governments in the region [72]. As most studies focus on riverine
floods in the region, there are few urban flood studies examining Afghanistan, Bangladesh,
Bhutan, India, Nepal, Pakistan, and Sri Lanka. This study aims to identify trends and gaps
and highlight potential research prospects in the field of urban flooding in South Asia.
Thus, this paper reviewed the state-of-the-art methodology used for urban flood hazard as-
sessment using the hydraulic/hydrological models and urban flood management practices
in south Asian countries based on an extensive literature review of studies conducted in
the last two decades (2001–2021).

2. Materials and Methods

This review paper adopted a keyword-based search approach through the Web of
Science, Google Scholar, Science Direct, and ResearchGate databases. The keywords
‘urban flood’, ‘urban flood hazard assessment’, and ‘urban flood management’ in major
cities of South Asian countries were used. Initially, irrelevant and duplicate publications
were excluded based on their titles. Further, the abstracts of the remaining articles were
reviewed and prioritized based on the study’s objective. Considering these screening
criteria, 105 publications were selected for analysis. Figure 3 shows the framework adopted
for this paper, that primarily includes four parts: the first part discusses the current situation
and causes of urban floods in South Asian cities. The second part discusses the application
of hydrologic/hydraulic models for flood hazard assessment in urban areas of India,
Bangladesh, Pakistan, Sri Lanka, Nepal, Bhutan, and Afghanistan. The third part analyzes
the structural and non-structural measures applied for flood management in urban areas of
South Asian cities. The fourth section examines the gap in urban flood hazard assessment
and management practices between South Asian and developed countries.

Figure 3. A research framework for assessing and analyzing urban flood hazard assessment and
management practices in South Asian cities.
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3. Methodology Used for Urban Flood Hazard Assessment in South Asian Cities

Urban flood hazard assessment is the initial step of urban flood management, during
which the occurrence probability and the magnitude metrics of the potential flooding over a
specific time in a given location are identified [73]. The parameters that commonly indicate
the flood hazard are the extent of the flood, the flow rate, the depth, the duration, and the
rise in the water level [74]. The assessment of urban flood hazards requires many data.
In-depth terrain features are needed, including relief, land use, land cover, soil, channel
flow pattern, meteorological parameters, etc. [75–77]. Several numerically-based models,
physically-based models, and techniques, such as RS and GIS, multi-criteria analysis,
and a social survey, have been used to create flood hazard maps in urban areas [78]. In
recent years, urban flood susceptibility mapping has successfully utilized a variety of
statistical techniques, including advanced soft computing technologies such as machine
learning (ML) and artificial intelligence (AI) [79]. This section of the study reviewed the
application of hydraulic/hydrological models for flood hazard assessment in the urban
areas of South Asia.

3.1. Application of Hydraulic/Hydrological Models

Among the various methods available to undertake urban flood hazard assessment,
the most used method is the application of the hydraulic/hydrological modeling approach.
These models often work together, as the runoff results from the hydrologic model are
used as input for the hydraulic model [80]. With the progress in computational resources
and high-resolution topographical data, DEM, the hydrologic and hydraulic modeling
approach, is increasingly used for flood hazard assessment in urban catchments [81]. Nu-
merous one-dimensional (1D), two-dimensional (2D), 1D/2D linked, and three-dimensional
(3D) numerical models have been developed to simulate the flow dynamics and scope of
probable flooding events. These models are available in both open-access and paid ones
with different capacities [82,83]. An important concern about hydrodynamic modeling
is selecting an appropriate modeling approach. This primarily depends on the purpose
of the study, flow conditions, and available data. Geospatial data and techniques have
outperformed conventional comprehensive monitoring and assessment approaches, partic-
ularly in dynamic and complex urban environments [84]. Despite their benefits, the chaotic
and complex nature of floods makes it challenging to develop a credible flood inundation
model [85]. Some of the widely applied models in South Asian cities are HEC-RAS and
HEC-HMS (US Army), SWMM and PCSWMM (CHI), and MIKE (DHI), among others.

3.1.1. HEC-RAS and HEC-HMS Model

The Hydrologic Engineering Center (HEC) offers a collection of hydrologic and hy-
draulic modeling software. HEC-RAS (hydraulic) and HEC-HMS (hydrologic) are the
most used software packages. HEC-HMS is used to determine rainfall-runoff relationships,
and HEC-RAS is used for the hydraulic modeling of rivers and pipes based on watershed
characteristics. This open-source software is widely used for flood hazard assessment in
South Asian cities, as described below and Table S1.

Many studies have been conducted in the Oshiwara, Mithi, and Poisar river catch-
ments in Mumbai to investigate the impact of LULC and urbanization on floods using the
integrated approach of hydrologic (HEC-HMS) and hydraulic models (HEC-RAS) with GIS
and RS [86–89]. In Mumbai, India, the settlement of the world’s largest urban population
has caused rapid Land Use Land Cover (LULC) changes on both temporal and spatial
scales. Daily time series data of precipitation and temperature, land use, soil, and DEM
were used to run the model. Soil Conservation Service—Curve Number (SCS-CN) was used
to derive flood hydrographs for different land-use conditions. In turn, flood extent and
depth generated by models were used for developing flood hazard maps for the city [87].
Similarly, the 1D HEC-RAS model was employed to determine the water surface profile in
the Thirusoolam sub-watershed of Chennai, India. The weighted curve number (CN) was
derived based on the land use and hydrologic soil groups. A study shows the flooded area
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increased from 31.70 sq. km. in 1976 to 36.61 sq. km. in 2005, and the flood depth increased
from 3.71 m in 1976 to 4.55 m in 2005; this signifies that the extent and depth of flooding
have increased due to urbanization [90]. In 2015, Chennai suffered a devastating flood;
simulating such a destructive flood event in a metropolis with expanding urban sprawl
and a changing environment is crucial for improving flood preparedness. Therefore, Devi
et al. used HEC-HMS and 2D HEC-RAS to model the runoff response of the event for flood
inundation extent and depths corresponding to the baseline flood scenario (in 2015) and the
future flood scenario (in 2030). A study shows that, considering the worst possible urban
sprawl and extreme rainfall, 1.7 times more buildings will be exposed to flood hazards, on
average. The average increase in inundation extent will be between 20% and 33% [91].

Similarly, Hyderabad also regularly suffers urban flooding; in 2001, 2003, 2008, 2016,
and 2017, many low-lying areas were inundated. In 2019, Rangari et al. developed a
regional framework for flood modeling by fusing GIS with HEC-RAS and HEC-HMS for
the city. As a starting point, base maps were created using the Shuttle Radar Topography
Mission (SRTM) DEM 30 m and LULC map; hourly rainfall and evaporation data, the
current drainage network, and future planned new drainage line were also used. Three
significant flood events—July 1989, August 2000, and August 2008—were chosen as case
studies to analyze the modeling framework, and flood inundation maps were prepared to
show the area at risk. According to the model’s findings, 17% of the land is vulnerable to
flooding [92]. Also, Rangari et al. developed a 1D–2D urban flood model by integrating GIS
with HEC-RAS and HEC-HMS. The model is run under various climate change scenarios
(RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) to determine the most vulnerable locations and
investigate potential increases in flood risk and hazards due to climate change. According
to the model, the likelihood of flooding increases as the RCP scenario’s severity and return
interval increase. The study prepared a hazard map of the city based on inundation depth
and floodwater velocity [93]. An urban flood event was modeled using HEC-RAS 1D–2D,
comparing the 13 October 2020, flood event with the 24 August 2000. According to the
study, urban hydrology has been significantly impacted by rapid, unchecked urbanization
(16.5% rise) over the past two decades, leading to increased flood volumes after relatively
moderate rainfall events [94]. Similarly, Surwase and Manjusree assessed urban flooding
using HEC-RAS 2D, PCSWMM, and HAND to identify the vulnerable low-lying areas in
the city. The study used 10-m CARTO DEM, hourly rainfall, and stream discharge data. The
study shows that, if 144 mm of rainfall occurs uniformly over the catchment within 10–12 h,
the catchment will experience flooding [95]. Navasari, a city in Gujarat, India, experienced
a devastating flood on 4 August 2004. For urban flood modeling in the city, [96] used the
2D HEC-RAS model for unsteady flow simulation, and [97] used 1D HEC-RAS for steady
flow analysis and validated this analysis using the 2004 flood event. The flood depth maps
indicate that the city’s low-lying areas are susceptible to flooding when the river discharge
exceeds 8836 m3/s and that it will take 11 to 13 h to inundate the town.

Similarly, in Pakistan, the extent of floods in the Malir Basin of Karachi City was
investigated using HEC-HMS to simulate runoff and HEC–RAS for flood modeling. For this
purpose, historical rainfall data from 1985 to 2014 were used, and drainage networks and
streambeds were extracted from SRTM DEM and topographic maps. For the rainfall events
in 2013 and 2009, the maximum simulated flows recorded at the river outlet were around
1800 m3/s and 2832 m3/s, with rainfall periods of an hour and four hours, respectively;
these events generated massive runoffs that flowed into the stream and hit Karachi’s urban
area [98]. In Bangladesh, Masood and Takeuchi used a 1D hydrodynamic simulation based
on SRTM DEM and hydrologic field-observed data for 32 years (1972–2004) to assess flood
hazards for mid-eastern Dhaka (37.16 km2). The HEC-RAS inundation simulation for a
flood with a 100-year return period indicates that the maximum flood depth is 7.55 m in
the southeast, and more than 50% of the region is affected. A flood hazard map was created
and validated by comparing the degree of flooding with the destructive cyclone Sidr, that
hit Bangladesh on 16 November 2007 [99].
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HEC-RAS and HEC-HMS have been widely used in flood hazard assessment in ur-
ban areas of Nepal. Pandey and Dugar studied urban flood hazards and inundations at
Hanumante Basin, near Bhaktapur, using GIS and HEC-RAS 5.0.7 hydraulic modeling.
DEM was generated using the survey data and applied for the extraction of the geometry
of the river. As the river was not gauged, the extreme river flows were predicted using
the Catchment Area Ratio method. The HEC-RAS model prepared floodplain maps that
showed that the built-up areas were more vulnerable to flooding from 2005 to 2018 [100].
Talchabhadel et al. conducted citizen science-based urban flood monitoring of the Hanu-
mante River, Bhaktapur, during the 2019 monsoon season. A network of six hydrologic
and sixteen precipitation stations were established in the Hanumante River basin, where
citizen scientists continuously recorded daily water level and precipitation measurements.
A two-dimensional shallow water equation unsteady flow model was then used to simulate
the inundation process. The hydrologic model was validated against the observed citizen-
based water level measurements [101]. Similar flood mapping was conductede in Tulsipur,
Nepal, along the Patu River using HEC-RAS modeling for 25, 50, and 100-year return
periods. The Catchment Area Ratio method was used to calculate the peak flood, with
estimates of 109.9 m3/s and 158.1 m3/s for the 25- and 100-year return periods. The study
shows that only 0.009 km2 of the settlement area was inundated in 2004; this increased
to 0.043 km2 and 0.096 km2 in 2010 and 2019, respectively. Rising urbanization near the
river has exacerbated the town’s flood risk [102]. A study by Dongol and Bormudoi in the
Bishnumati catchment, Kathmandu, analyzed flood hazards and vulnerability using 1D
HEC-RAS with the HEC-GeoRAS interface and ArcGIS, which demonstrated that the flood
area grew more prominent with increasing flood severity. The outcome reflects the flooding
of significant urban areas, indicating that future flood disasters will pose a greater risk to
human life [103]. In Bhutan, a study by Tenzin and Bhaskar modeled the flash flood due to
heavy rainfall at Sarpang to determine the suitability of integrating HEC-RAS and ArcGIS
methods in mountainous terrain. The average discharge of the river outflow was calculated
using meteorological data, and SRTM DEM and Landsat 8 OLI satellite images were used
as base maps. According to flood simulations, floodwater can reach depths of up to 3 m
downstream and stretch up to 200 m to 300 m on either side of the stream’s centerline.
The flood extended, and the inundation depth was approximate with the July 2016 flash
flood area, validating the model [104]. In Kabul, Afghanistan, a 1D HEC-HMS hydrological
model was applied to simulate the effects of pre-and post-development land-use changes
on flooding. Climate Hazard Group InfraRed Precipitation with Station (CHIRPS) rainfall
data from 2008 to 2018 generated discharge for each urban flooding event. According to
the study, between 1960 and 2009, imperviousness increased dramatically, from 7.1% to
59%, while pervious surface decreased from 21% to 6%. A hydrological model simulation
revealed that runoff volumes caused by floods might be related to significant LULC changes
in the city [71].

3.1.2. Application of SWMM and PCSWMM

The Storm Water Management Model (SWMM) is a dynamic rainfall-runoff model
used to simulate the quality and quantity issues related to watershed runoff in urban
settings. SWMM primarily calculates the two-dimensional overland surface and one-
dimensional flow through drainage pipes. It has been regularly updated to accommodate
the dynamic urban setting [84]. PCSWMM is the GIS-based model capable of modeling
urban drainage networks using SWMM. Some research that applied SWMM and PCSWMM
in the region are described below and Table S2.

In Hyderabad city, India, Rangari et al. developed flood inundation and flood risk
maps using a coupled 1D-2D flood modeling approach when extreme rainfall occurred.
An SWMM was coupled with a 2D PCSWMM model to simulate extreme flood events to
determine the low-lying areas and overflowing drainage nodes that require emergency
attention [105]. Similarly, Vemula et al. evaluated the effects of extreme rainfall on the
drainage capacity, flood risk, and inundation extent. The runoff simulations were carried
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out for historical and future extreme rainfall events. The findings indicate that the current
network could handle RCP 6.0 with an 82% runoff. However, it was insufficient to transport
runoff from RCPs 2.6, 4.5, and 8.5, which shows that Hyderabad could see future intense
rains that will increase runoff volumes and result in flooding [50]. At the National Institute
of Technology in Telangana, India, Rangari and Prashanth used the SWMM model to
analyze the campus’s drainage systems. The model used the LULC maps, the Cartosat
30 m DEM, and other drainage information from the municipal corporation. The model
simulated recent storm events with a design storm intensity with a 2-year return period; the
study result showed that some parts of the campus are frequently affected by floods [106].
A study by Andimuthu et al. in Chennai evaluated the existing state of stormwater drains
under current and future climate scenarios. IPCC CMIP5 models of RCP 4.5 were used
to develop possible future climate change scenarios and generated IDF curves for 2, 5, 10,
50, and 100-year return periods. The Differential Geographic Positioning System (DGPS)
surveyed the storm drainage network. The HEC-HMS model for watershed runoff and
SWMM for storm drainage network was used to estimate the discharge and flooded areas
and to suggest mitigation measures [77].

In Bangalore, India, Avinash et al. applied an SWMM hydrological model using a
high-resolution LULC map, a 2 m resolution DEM, real-time hydrometeorological data,
and stormwater drainage data to construct the flood extent map. A study ran numerous
simulations for various rainfall intensities to obtain the runoff details. Then, using the
Inp.PINS tool, predicted rainfall and flood extent maps were produced from the SWMM
model [107]. In Vijayawada, India, SWMM was used to evaluate the overflow volume. The
model’s set-up used the city map, daily rainfall data, and stormwater network drainage.
The model simulations assisted in visualizing the runoff from extreme precipitation events,
analyzing the correctness of the stormwater network system, and understanding the flood
area [108,109]. Similarly, SWMM was employed in Bhubaneswar, India, to understand the
urban flood risk based on the degree of urbanization. To set up the model, information on
land use and micro-watersheds were gathered using LiDAR data (1 m) and thirty years of
hourly rainfall data. The Gumbel Distribution determined the frequencies and probabilities
of maximum rainfall for various return periods. This distribution demonstrated the region’s
high prevalence of rainfall events, which contribute to the severity of urban flooding in the
city [84]. At IIT Kharagpur, India, Bisht et al. tried to solve the stormwater management
problem. SWMM and MIKE URBAN models were used to develop a reliable drainage
system to simulate flood extent and inundation. Model simulation showed that extreme
rainfall events that happen quickly would cause flooding from any drainage system,
regardless of the drainage system’s design [79]. Similarly, in Pune, India, used the SWMM
5.1 model to create and simulate urban floods utilizing rainfall events in the past. The
model set-up included hourly rainfall data, SRTM 30 m DEM, drainage information, and
catchment data. The model simulation considered the two most significant past rainfall
events, in August 2007 and July 2016. It proved that the drainage system is insufficient to
withstand intense rainfall and is overwhelmed by rainfall [110].

In Bangladesh, urban flooding and waterlogging during the monsoon season become
unavoidable due to changes in land use and irregular rainfall. In cities, the current drainage
systems frequently need to remove stagnant water. In the Begunbari canal catchment,
Eastern Dhaka, Ahammad et al. modeled stormwater management using GeoSWMM,
where 10 m DEM, land use, canal cross-sections, water level, discharge, and rainfall data
were used as input data. The model simulation results showed that maximum flood depths
and inundated areas can be reduced by pumping. To maintain the desired water level,
55 cumecs capacity pumps with a 1.5 sq. km. retention area are needed [111]. Similarly,
Akter et al. used 2D PCSWMM to determine the flood depth in Chittagong. Analyses of
rainfall trends and frequency were performed, and a model was run for various return
periods. The flood hazard map was created using ArcGIS and PCSWMM with simulated
flood depths [112]. In Chittagong, urban flooding typically happens during the rainy
season. Akter et al. coupled the HEC-RAS inundation model with SWMM to observe the
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detailed and spatial extent of the flood. The HEC-RAS and remote sensing data-based
flood simulations exhibited a good match compared to SWMM-simulated floods, with
correlation coefficients of 0.98 and 0.70, respectively [113].

Urban centers in Nepal, such as Kathmandu Valley, Birjung, Banepa, and other emerg-
ing cities, pose a severe threat of urban flood risk due to the combined effects of unplanned
urbanization and climate change. The study by Salike and Pokharel investigated the
connection between increasing urban flooding due to extreme rainfall events brought by
climate change and increased imperviousness in Kathmandu. The study used RClimdex, a
statistical downscaling model, PCSWMM, and a survey approach for urban flood modeling.
A study shows that future climate change will increase pluvial floods in the city at the
present state of urbanization [114]. Similarly, KC et al. used the PCSWMM model to assess
how urbanization and climate change affect flooding in Kathmandu Metropolitan City. For
a 2-year and a 20-year return period, the RCP 4.5 scenario indicates the most significant
rise in flood volume (60–90%) for present (75%) and extreme (90%) imperviousness, with
the extent of the flood area growing more than the depth. The findings demonstrate that
climate change is expected to have a more significant overall impact on pluvial floods than
urbanization [70].

3.1.3. Application of MIKE

MIKE Powered by DHI is a range of software products that accurately analyze, model,
and simulate any challenge in water environments. Some research conducted with the
MIKE application in the region are described below and Table S3. In a study in two south
Asian cities, Bharatpur in Nepal and Sylhet in Bangladesh, urban drainage models were
created using MIKE11 hydraulic models. The study collected water discharge, drainage
networks, cross sections, historical water level, and rainfall data to simulate and calibrate
the models. Study results show that under the current scenario, 12.7% of the land in
Bharatpur and 22.3% of the land in Sylhet are at risk of flooding. Enhancing the drainage
system can decrease the risk area to 5.5% in Bharatpur and 3.6% in Sylhet. However, if
solid waste is not managed correctly, the site at risk of urban flooding could rise to 7.6% in
Bharatpur and 18.5% in Sylhet in five years [115].

In Dhaka, water logging is a severe problem. This metropolis has two drainage
systems: a protected western side with predominantly piped drainage and an unprotected
eastern side with primarily open canals. A study by Khan et al. used MIKE Flood to
model the one-dimensional drainage and 2D surface flow. An urban rainfall-run-off model
was used to estimate the runoff from the rainfall based on the time-area method. The
study’s findings indicated that the damage will increase dramatically if the 2004 flood
event is repeated in 2050 [116]. In Central Dhaka, Mark et al. developed a flood model
using MIKE URBAN, where a time area model simulates the rainfall-runoff process. The
urban drainage network was computed using MIKE FLOOD, while the surface flow was
calculated using a 2D model with a 10 m grid size. The model was calibrated for water
levels in the urban rivers for the flood extent of the 2004 flood and compared with the
prepared flood map, showing a good agreement between the detected and simulated flood
zones [117]. Dasgupta et al. predicted urban flooding in Western and Central Dhaka
using the MIKE Urban coupled 1D-2D model using the 25 m2 grid DEM topography data,
historical daily and three-hourly rainfall, drainage network, sedimentation depth, and
pump discharge to produce time-series inundation data. Using simulated data, inundation
depth, a duration table, and location-specific flood maps were generated [66]. Chen et al.
used the MIKE Urban model to simulate urban flooding in Eastern and Central Dhaka.
The MOUSE and MIKE FLOOD models simulated storm sewer and river channel flows.
The rainfall and water levels in the rivers for flood modeling were calculated based on a
statistical analysis of 50 years of historical data from Dhaka’s catchments [118].

Similarly, in the Kolonnawa basin of Colombo, Sri Lanka, the MIKE FLOOD model
was used to represent flow and storage on land. The study used the Unit Hydrograph
approach to schematize the rainfall-runoff processes and the SCS-CN method to calculate
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the surface runoff. The 2D overland flow was simulated by MIKE 21 using a standard grid
with a resolution of 25 m. The collective model performance was validated, and showed
reasonable results for the May 2016 flood event. Due to the disparity between observation
and simulation at the Wellawatta outfall location, it underestimated the peak flood level in
the canal system by about 0.2 m [119]. Additionally, the complete canal system in the Metro
Colombo region of Sri Lanka was modeled using the MIKE11, MIKE21, and MIKE FLOOD
models to determine the capacity of the canals to control floods. Lidar created a DEM with
1.0 m horizontal and 0.15 m to 0.20 m vertical accuracy. MIKE FLOOD modeled the canal
system with rainfall return periods of 10, 25, and 50 years to produce the corresponding
floods. MIKE21 and MIKE11 models were coupled with MIKE FLOOD by specifying the
connections between canals and floodplains. The study result showed that, under the
current conditions, the canal system can only withstand a 10-year rainfall flood event, and
the safe flood level in the basin is 2.0 m [120].

3.2. Application of Remote Sensing and GIS in Urban Flood Studies

Geospatial technology, coupled with remote sensing (RS) and Geographic Information
Systems (GIS), has become a powerful tool for urban flood management and thus gained
significant attention [86,88,90,93,121–126]. The ability of the satellite to map floods has
been known for more than 40 years. However, over the last decade, with a proliferation of
open-access Earth Observation (EO) data, there has been significant progress in developing
EO products and services tailored to various end-user needs, as well as its integration
with flood modeling and prediction efforts [127]. Optical to microwave remote sensing
has provided the data for flood mapping analysis in all weather conditions. GIS help
map flood hazard, potential areas, and vulnerable regions. As such, the use of both
technologies has become imperative. Urban flood simulation software frequently inputs
DEM and LULC data [128]. New remote sensing technology, such as multisensory systems,
radar, and LIDAR, offers vast area coverage and time revisits to measure episodic severe
precipitation and the resulting urban floods [129]. Synthetic aperture radar (SAR) is a
form of satellite imagery unaffected by weather conditions, such as cloud coverage during
flooded periods, making it suitable for detecting floods [130]. Aerial drones have expanded
the remote sensing toolkit for disaster management activities [131]. Real-time information
acquisition has its benefits, but it also has disadvantages, including the need for verification.
The application of open-source data as geospatial tools in urban flood studies, such as
OpenStreetMap (OSM), Java OpenStreetMap (JOSM), QGIS, GPS Essentials, and Open
Map Kit (OMK), is also increasing [132].

Roy et al. modelled and identified the waterlogging hazard in Siliguri, India, with the
help of an integrated analytical hierarchy process (AHP) and GIS techniques. A primary
field investigation was conducted to prepare a waterlogging inventory map along with
ten parameters related to urban waterlogging conditioning. GIS and remote sensing-
based data Landsat 8 OLI/TIRS, ASTER GDEM, and Vector layers were used for spatial
analysis, including change detection. NDVI, NDMI, and NDWI were used interactively
during analysis. The results suggest that about 46% of the city is located in high to very
high waterlogging hazard zones [122]. Wijeratne and Li studied the effects of unplanned
urban growth on the rise in hydrological extremes in Sri Lanka’s lower Kelani River
basin. The study analyzed various remote sensing data, including night-time light images
(NOAA/AVHRR) and Landsat (TM/ETM+/OLI) data of different wavelengths. The
study’s findings indicate that there has been a rapid urban spread over the last 23 years
and that the overall urban land area has expanded by 130%. Due to urban growth, the
flood frequency has also increased significantly over the past 20 years [123]. Singh and
Sharma applied geospatial technologies, including IRS-1D LISS IV with PAN satellite data
at 5.8 m resolution, Survey of India topo-sheets at 1:50,000 scales, and high-resolution
Google-earth data at the sub-meter scale, to prepare urban flood hazard maps in Tapi
catchment, India. Time series data on stage and discharge, stored as *.ASCII format files,
have been linked with GIS software-based analysis tools, thereby interlinking spatial and
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temporal data using GIS software and customized DBMS tools [125]. A study by Sadiq et al.
used Sentinel-1 imagery to detect flood water in Bhubaneswar and Cuttack, India. The
study experimented with two deep learning methods that were trained and tested on an
open-source labeled satellite imagery dataset called Sen1Floods11. They then compared the
performance of these two deep learning models with a conventional thresholding-based
flood segmentation model, Otsu. The flood extent from the model that performed the
best was then displayed on a map [130]. A study by Sowmya et al. assessed the flood
zoning of Cochin City by applying a multi-criteria evaluation approach in a geographical
information system environment with inputs from remotely sensed images acquired by the
LISS-III sensor of IRS-P6 satellite with a spatial resolution of 23.5 m and SRTM DEM. The
standard software package ArcGIS 9.3 was used for all GIS operations, including database
generation and spatial analysis; ERDAS Imagine was used for all image processing [133].
A study by Tomar et al. proposes an integrated remote sensing, geographic information
system (GIS), and field survey-based approach for identifying and predicting urban flood-
prone areas [126]. A study by Dammalage and Jayasinghe in Colombo analyzes the impact
of land-use change on the 2016 flood compared to the land use during the 1989 flood.
NDVI, NDBI, and NDWI indices were used to determine land use from Landsat. SVM
classification was selected, and change detection was performed with remote sensing and a
GIS environment. The comparison of land-use changes between 1989 and 2016 shows that
the area of the Kelani river watershed changed into an urban area, significantly impacting
flood inundation [134]. Zope et al. assessed the impact of land use–land cover (LULC)
change and urbanization on floods for an expanding urban catchment of the Oshiwara
River in Mumbai, India. The land use change was mapped for 1966, 2001, and 2009 using
the topographic map and satellite images. Advanced spaceborne Thermal and Reflection
Radiometer (ASTER), the Global Digital Elevation Model (GDEM) of Terra satellite, and
the Shuttle Radar Topography Mission (SRTM) DEM were used for the delineation of the
watershed boundary of the study area. The actual surveyed data were used to generate a
better geometric profile along the river cross sections. Catchment and drainage networks
were generated using the Arc GIS extension of HEC-GeoHMS software [88]. Remote sensing
and GIS technologies support disaster management, especially for rapid and sudden urban
flood hazards. Combining a remotely sensed hydrography dataset with a hydraulic model
enables the accurate modeling of flooding, even in areas with little available data [135].
Rijal et al. monitored underlying land-cover dynamics and flood hazards in Birendranagar,
a rapidly urbanizing city in Nepal. A study assessed spatiotemporal urban dynamics and
associated LULC changes in the city using Landsat imagery classifications; the results
show several settlements and cultivated lands along river banks are at high risk of flood
hazards [121].

4. Urban Flood Management Practices in South Asian Cities

Urban floods have become a severe problem in South Asian cities. The management of
these floods is vital to ensure people’s safety and maintain socioeconomic conditions [136].
Management practices vary among nations and depend on current infrastructure, tech-
nologies, and the level of urban planning [137]. The flood risk is increasing due to poor
management and inadequate mitigation measures worldwide, especially in developing
countries [138]. Therefore, protecting the wellbeing of people and communities depends
on sensible management programs and risk mitigation techniques. Currently, there is
increasing attention towards a new paradigm of flood management based on effective risk
mitigation (structural flood measures, such as embankments, dikes, and drainage, or low
impact development, LID) and adaptation strategies (non-structural soft measures, such as
early warning systems, flood awareness, and policy initiatives) [139].

4.1. Structural Measures

Urban flooding is often regarded as an infrastructure issue that can be resolved with
engineering technologies since they considerably lower the risk and harm from flooding.
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In South Asian nations, most government initiatives aim to enhance structural elements
such as embankments, retaining walls, levees, culverts, detention ponds, drainage channel
upgrades, and removing floodplain barriers. In Surat city, India embankment and the
retaining wall on the River Tapi are the city’s most critical flood protection measures.
Novel stormwater management strategies and Low Impact Development (LID) have been
employed in some cities, including rain gardens (RGs), green roofs, infiltration trenches,
rainwater harvesting, and porous pavements to address urban flooding [50], as shown in
Table 2. In Hyderabad, India, RGs built with depths ranging from 400 to 500 mm have
performed well during the monsoon season. For two years and five years of design with
precipitation of 1 h, urban green and open spaces retained 44–50% of the rain [140]. In
contrast, bioretention basins were unsuitable for high-intensity rainfall [62]. In Guwahati,
India, the flooding in nearby canals has been lessened, but not entirely eradicated, by
widening some channels and building detention ponds. A study shows that a detention
pond lowered the city’s inundation by 43% and the maximum flood depth by 46% [141].
Similarly, Sarmah and Das designed seven distinct trapezoidal drainage sections to create
an integrated drainage network that can, to some extent, “self-heal” urban flood mitiga-
tion [142]. The Poisar River basin in Mumbai shows a decrease in peak discharge from
10.7% for the 2-year return period to 34.5% for the 200-year return period when looking
at the impact of detention ponds on surface runoff and floodplain extent. Additionally,
for LULC in the year 2009, there was a decrease in flood extent from 4.5% for the 25-year
return period to 7.7% for the 100-year return period and a decrease in the total flood hazard
area of 14.9% [89] due to the use of a detention pond.

In Bangladesh, dikes, embankments, polders, levees, bunds, or floodwalls along the
main rivers and estuaries, and retention ponds, pumping stations, and the diversion of
flood flows through distributaries are some of the structural flood control techniques
commonly employed in urban areas. After the flood hazard in 1988, the western side of
Dhaka was surrounded by embankments, floodwalls, and raised roads to protect against
riverine floods. A further 2460 km of surface drains that transport stormwater to the
significant sewer lines have been built and maintained by the Dhaka City Corporation.
Pumps are used at the outputs to remove the stormwater. Due to substantial investments
in drainage networks, urban flooding conditions have improved in several areas of Central
Dhaka since 2004. The Dhaka Water and Sewerage Authority (DWASA) has enhanced
conveyance in pipes and open drains through desilting, installing new drainage pipes,
and reclaiming encroached open drains [66]. Similarly, Sirajganj is protected by large
detention ponds than can hold water during storm events and flood embankments along
the right bank of the Jamuna River [143]. As rainwater harvesting is crucial in reducing
water logging in metropolitan areas caused by storm runoff, the government has made it
mandatory to install the RWH system in all proposed new buildings [144]. In an urbanized
area of Chittagong where urban flooding is frequent, Akter et al. investigated the viability
of a distributed rain barrel RWH system as a flood mitigation strategy. As an application of
LID, RWH shows that a reduction of 28.66% could be achieved in reducing flood extent.
Moreover, the study showed that 10–60% imperviousness of the sub-catchment area could
yield a monthly RWH potential of 0.04–0.45 m3 from a square meter of rooftop area [113].

In Pakistan, flood protection involves structural solutions, including flood protective
embankments, flood dikes, guided head spurs, flood diversion channels, channel enlarge-
ments, and channel straightening [40]. However, such structural mitigation measures are
expensive and beyond the financial capability of developing nations like Pakistan [145].
In Sri Lanka, urban flood management uses diversion canals, tunnels to discharge water,
a new pumping station, and widening locks as structural adaptation measures; however,
stopping wetland encroachment has a much more significant impact [119]. Additionally,
rainwater harvesting has been used for many years to prevent urban flooding. RWH has
become a mandatory requirement of modern buildings due to the growing trend in urban
green buildings and changes in current laws, which will soon increase the total number
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of RWH systems in use [146]. In Nepal, embankment and drainage construction are the
primary structural measures implemented for urban flood management.

A functional drainage system is essential to reduce water logging issues and guarantee
adequate sanitation facilities for the urban population. However, due to their limited
space, it is challenging to construct structural flood control measures in urban areas [147].
In many urban areas, installed drains are either undersized or nonexistent, primarily
because stormwater drainage funding needs to be prioritized [62]. Additionally, these
are expensive, particularly for developing nations [148]. In the past, storm sewers were
constructed to handle 12 to 20 mm of rain per hour [149]. This makes sewers in many cities
small, resulting in significant urban flooding during increasingly extreme events. Similarly,
where structures are not routinely examined, they could degrade, collapse during a flood
event, and negatively affect people’s lives, livelihoods, and the biophysical environment,
creating more problems than they solve. There is a necessity for regular cleaning and
maintenance of the drainage system by removing garbage, increasing water infiltration
capacity, and decreasing surface runoff. Urban areas urgently need sustainable drainage
management schemes [136].

Table 2. Application of structural measures in urban flood management in South Asian cities.

Location BGI Considered Results Ref.

Hyderabad, India Rain gardens
RGs with a depth varying from 400 to
500 mm have shown excellent performance
during the monsoon season

[62]

Mumbai, India Bioretention basins Found unsuitable for heavy rainfall intensity [62]

Hyderabad, India Green spaces 44–50% of the precipitation is retained by the
urban green and open spaces [140]

Hyderabad, India Porous pavements and
vegetated roofs Reduced surface runoff [50]

Guwahati city, India Detention pond, widening of the
channels

Maximum flood depth and inundated area
reduced flooding adjacent to the channels. [141]

Guwahati city, India
De-siltation and cleaning of drains;
rainwater harvesting; establishing
new pumping stations

Integrated drainage network act as
‘self-healing’ to flood certain extent [142]

Mumbai, India Detention ponds Decrease in peak discharge and total flood
hazard area [89]

Sirajganj town,
Bangladesh Detention ponds Store water during storm events [143]

Bangladesh RWH system in all the proposed
new buildings Controlling water logging in urban areas [144].

Metro Colombo basin,
Sri Lanka Diversion The flood water level at different locations

was reduced [120]

Sri Lanka Mandatory requirement of RWH
in modern buildings Reduce water logging in urban areas [146]

4.2. Non-Structural Measures

Structural mitigation measures may be challenging to implement in highly urbanized
locations due to resource and space limitations and the fact that high-density structures have
already taken up much of the land surface. Non-structural flood mitigation measures, such
as urban floodproofing management, cleaning drainage networks, flood defense systems,
evacuation plans, and flood forecasting and early warning systems, are more practical in
reducing flood damage. Some examples of non-structural measures being implemented
in the region are: a disaster risk awareness-raising program through radio drama in
Afghanistan; emergency planning and management, including local flood warning systems,
in the Lai Nullah Basin; designing the evacuation plan for Rawalpindi, Pakistan; flood
hazard maps called “Flood Atlas” produced by the Central Water Commission (CWC)
in India; inundation maps of the entire country up to district level, and of Dhaka city in
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Bangladesh [150]; and automatic weather stations to disseminate real-time rainfall and
flood alerts in Mumbai [151], among others.

Early Warning System

The early warning system (EWS) is considered an essential component of disaster risk
reduction by the Hyogo Framework for Disaster Reduction (2005–2015) and the Sendai
Framework for Disaster Risk Reduction (2015–2030). Some EWS initiatives have been
implemented at the regional and national levels in the region (Table 3). In Chennai, India,
an “integrated expert urban flood forecasting system for Chennai” was created and used;
it consists of six key, interconnected components. All links are automated to convey
information about floods through real-time prediction monitoring and data sharing [152].
Similarly, in Mumbai, automatic weather stations have been installed to track rainfall
and send real-time rain and flood notifications via websites and mobile devices [153]. In
Guwahati, a fully automated web-based flood warning system was launched in August
2020 to alert local authorities about flash floods, heavy rainfall, and waterlogging with 72 h
lead time; this is helpful for taking precautions to avoid unfavorable situations and prepare
for flood conditions [154]. In Bangalore, high-intensity rainfall alerts, flood forecast alerts,
and early warnings are sent via email, social media, and SMS to zonal heads, ward-level
officers, and all concerned line departments in the city. A website and mobile app are
developed to notify the public about urban flooding in the town. “VARUNA MITRA,” a
24/7 interactive help desk, offers the general public weather-related data, forecasts, and
guidance [107]. For planning and implementing effective control measures in cities, rainfall
data with a 5-min resolution is optimum [62]. Accurate forecasting requires real-time data
acquisition from telemetry stations. The delays in establishing new telemetry stations
and the failure of already established stations explain India’s poor condition for flood
forecasting [155]. In the 2015 Chennai floods, social media networks such as Facebook
and WhatsApp became early warning systems and disaster management tools for social
activism. These networks gathered people worldwide to contribute toward rescue and relief
for flood victims [156]. In Kerela, India, schoolchildren log daily rainfall and river-flow
measurements in their rain book and send the data by WhatsApp to a group that oversees
the operation. Two hundred twenty river gauges and 13 rain gauges are spread across the
1272-square-kilometre watershed. With deep knowledge of the surrounding topography,
and aided by the data, students can predict when areas downhill will flood [22].

In Bangladesh, flood forecasting technology protects people’s lives and property [150].
The Flood Forecasting and Warning Center (FFWC) is responsible for forecasting and is
based on simulation results of MIKE 11 models. Deterministic forecasts are disseminated
from central to district levels through email, website, and cell phone services [157]. How-
ever, early warnings only sometimes reach local stakeholders; information needs to be more
frequently understood, and insufficient follow-up on activities hinders operations [158].
With financial support worth USD 113 million in 2017, the government enhanced weather
forecasting, EWS, and dissemination of information [159]. The current hydrometeorological
information services are being upgraded.

Since 1975, Pakistan’s flood preparedness and response system have benefited from
the flood forecasting and warning system. The national-level Flood Forecasting Division
(FFD), located in Lahore, is responsible for flood forecasting and disseminating information
to the warning centers. The 2010 Pakistan flood led the government to establish a flood
forecasting and early warning system for the Lai basin, that flows through Islamabad and
Rawalpindi. However, the FEW only covers some of the river basins [160]. Some cities
have developed flood mitigation strategies, but municipal authorities still need to take
more action [40,161].

The 2004 tsunami highlighted Sri Lanka’s urgent need for an efficient National Early
Warning System. As the focal point of coordination for the early warning system and its
transmission, the Disaster Management Center (DMC) was established. Premasiri and
Chandranath worked to create a warning system to lessen the risks of urban flooding in
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the Panadura urban council region. To monitor and warn of real-time flood events and
display a flooding area in the online system, they used GPS, RS, GIS, PIC control circuit,
Google API, Arc Server, PHP, JavaScript, and Google My Maps [162].

Since 2010, Nepal’s Early Warning Systems for water-related disasters have used
automatic sensing and mobile communication technology to collect and disseminate real-
time climate and hydrological data. National early warnings are issued by the Department
of Hydrology and Meteorology’s (DHM) Flood Forecasting Section. It is publicly available
at http://www.hydrology.gov.np. It provides flood forecasts and real-time river and rainfall
gauge data, displaying which rivers are rising or declining and their current warning level.
Additionally, it sends mobile SMS to residents in the risk zone. Human casualties have
been reduced significantly due to the development of EWS technology. The installation of
real-time stations by DHM to monitor the river’s hourly water level and rainfall stations
inside the Kathmandu basin has assisted in determining the river’s danger level [163].
However, the flood that occurred due to extreme rainfall in August 2017 in Terai and
Kathmandu attests to the urgent need for more preparation and people-centered EWSs that
reach all communities [164].

In Bhutan, EWSs were initially introduced by the Department of Hydro-Met Services
(DHMS) in 1988 [165]. In 2009, the impact of Cyclone Aila boosted the urgency of and com-
mitment to the development of Bhutan’s early warning system. The hydro-met monitoring
network has been upgraded with technology to relay real-time data. Currently, 15 stations
transmit real-time data every 15 min to the DHMS servers at the National Weather and
Flood Forecasting and Warning Centre (NWFFWC) [166]. In Afghanistan, there needs
to be an organized network of EWS. The Afghanistan Meteorological Department issues
province-scale flood warnings, which are ineffective for risk reduction. Even though alerts
are shared via their websites and social media, there needs to be more comprehensive
information at the local or watershed level [167]. In addition, even when the public is
informed of early warnings, they may still choose not to leave owing to suspicion of EWS,
travel time to shelters, or fear that they cannot return after the flood [168].

Table 3. Some of the early warning systems in operation.

Location Early Warning System Designed by Ref.

Chennai Integrated expert urban flood forecasting system with
a real-time forecast, monitoring, and data sharing

Chennai Flood Warning
System (C-FLOWS) designed
by NCCR

[152]

Mumbai
Automatic weather stations were installed for rainfall
monitoring and dissemination of real-time rainfall,
flood alerts on the webpage as well as on smartphones

Municipal Corporation of
Greater Mumbai (MCGM)
area

[153]

Guwahati Fully automated web-based flood warning system

Energy and Resources
Institute (TERI) in New Delhi
and National Disaster
Management Authority
(NDMA)

[154]

Bangalore city India High-intensity rainfall alerts and rainfall Forecasts
Alerts, Flood forecasts, Early warnings

Karnataka State Natural
Disaster Monitoring Center
(KSNDMC)

[107]

Bangladesh
Produce up to 48- to 72-h—forecasts, disseminating
forecasts from national to district levels through email,
website, and cell phone services.

Flood Forecasting and
Warning Center of the
Bangladesh Water
Development Board

[169]

Bangladesh Flood EWS at the community level, using existing
48-hrs. forecasts

The Center for Environmental
and Geographical Information
Service

[157]

Panadura urban council
area Sri Lanka

GPS, RS, GIS techniques, PIC Control circuit, Google
API, Arc Server, PHP, JavaScript, and Google My maps
to monitor and warn real-time flood event displays
flooding area in the web system

[162]
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Table 3. Cont.

Location Early Warning System Designed by Ref.

Nepal

Early Warning Systems for water-related hazards
utilize automatic sensing and mobile communication
technology for real-time climate and hydrological data
acquisition and warning dissemination and send
mobile SMS to residents of the risk zone.

Flood Forecasting Section of
the DHM, Nepal [163]

Bhutan The hydrometeorological observation network
transmits real-time data at a pre-set interval of 15 min.

Department of Hydro-Met
Services (DHMS) [166]

Afghanistan
Flood warnings are disseminated to the public
through websites and social media accounts at the
scale of a province

AMD and NWARA [167]

5. Existing Gap in Urban Flood Hazard Assessment and Management Practices
between SA Countries and the Developed World

A vast gap exists between South Asian and developed countries in urban flood
hazard assessment and management practices. In South Asian cities, high-resolution
DEM data and short-duration rainfall are still lacking. In contrast, urban flood hazard
assessment in developed countries is moving towards refinement and efficiency (as shown
below in Table 4). The application of high-resolution DEMs is rising for realistic terrain
representation, which is essential for simulating surface runoff [170]. The cellular automata
(CA) approach, that requires very fine-resolution data, processing time, and computing
resources, is increasing. In Manhattan, New York City, 140 sub-basins were created from
a 0.30 m Lidar DEM and multiple flood maps for each sub-basin were created [171]. The
risk of a pluvial flood in Olfen, Germany, was assessed using a 2D hydrodynamic model,
and ANUGA Software, using 1 m DEM acquired from the laser scan, and plausibility was
checked based on the flow paths and sink analysis [172]. In Bacau, Romania, a 2D HEC-
RAS model predicted urban flooding with 0.5 m resolution DEMs obtained from airborne
LiDAR technology and built-up data digitalized from 0.5 m resolution orthophotos digital
image [173]. An investigation in Fengxi New Town, China, used a novel high-accuracy and
long lead time urban flood forecasting model by coupling atmospheric and hydrodynamic
models. As an atmospheric model, the GRAPE MESO model is used to forecast rainstorms.
The reconstructed predicted rainstorm is then used as input data for the hydrodynamic
flood model. Moreover, the urban flood inundation was predicted using 2 m DEM and
Digital Orthophoto Map (DOM) [174]. In Nanjing, China, a new technique that included
data from social media, land use, and other sources was used to analyze the spatiotemporal
patterns of public responses to urban flooding during 1–21 July 2016 [175]. In Alcester,
UK, numerical experiments have been carried out integrating a 2D shallow-water model
using a 10 cm DEM. Studies show that localized, decimetric-scale modifications in the
elevation of roads can lead to significant differences in flood inundation [176]. Based on
big data, machine learning techniques are utilized in the USA to examine the effects of
various flood types [177]. In a study conducted in Fredericton, Canada, the HAND model
created a preliminary flood map. After that, pseudo-training samples for a Random Forest
model were created utilizing the conditions of height, slope, aspect, distance from the
river, and LULC maps. The findings demonstrate that the suggested approach can enhance
flood extent prediction without using real-world training data [178]. Using the GIS-based
SCS-CN approach, Sabita et al. examined the effects of urbanization-related land use
change on surface runoff in Xiamen, China, between 1980 and 2015, a period of intense
urban growth. The impact of urbanization shows that the amount of runoff contributed
by built-up land use increased from 14.2% to 27.9% with the rise of urban expansion from
1980 to 2015 [179].

Skilodimou et al. applied the analytical hierarchy process (AHP) method and a
geographical information system (GIS) to create the flood hazard assessment map in Nea
Makri, Greece [180]. A study by Joo et al. in 2019 assessed flood risk for the Midwest region
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of the Republic of Korea using factor analysis and principal component analysis (PCA). This
assessment involved choosing the leading indicators that have the greatest impact on flood
damage and weighting them using the analytic hierarchy process (AHP), constant sum
scale (CSS), and entropy [181]. A flood risk assessment of urban areas in Kaohsiung along
the Dianbao River was carried out by Liu et al. in 2021, based on flood hazards and societal
vulnerability. A rainfall-runoff model (HEC-HMS) was selected to simulate discharge for
hazard assessment, and the simulated discharges were used as inputs for the inundation
model (FLO-2D). Using the flooding depths and extents that would occur in the areas under
various rainfall return periods, the validated HEC-HMS and FLO-2D models were used
to create hazard maps [182]. Vojtek and Vojtekova defined the flood susceptibility zones
for the territory of Slovakia using a multi-criteria approach, particularly the analytical
hierarchy process (AHP) technique and geographic information systems (GIS). Seven
flood conditioning factors were chosen: hydrography (distance from rivers), river network
density; hydrology (flow accumulation); morphometry (elevation, slope); and permeability
(curve numbers, lithology). The relative importance of the selected factors prioritized slope
degree as the most important factor, followed by river network density, distance from rivers,
flow accumulation, elevation, curve number, and lithology. The flood susceptibility map
was validated using earlier floods, showing that 70.9% were coincident, thus confirming
the effectiveness of the methodology [183]. Khoirunisa assessed precipitation, near-surface
air temperature, and maximum wind speed to examine the future climate of and identify
potential hazards in Prague using the Regional Model RCA4’s Recipient Concentration
Paths (RCP) 4.5 and 8.5 scenarios. Based on the model scenario RCP 8.5, it was determined
that Prague will experience increased urban flooding over several years up until 2060. The
results could serve as the foundation for an urban early-warning system [184].

Regarding urban flood management in South Asia, cities still focus on enhancing
gray infrastructure over building sustainable solutions to strengthen the urban drainage
system. Cities in developed countries focus on using green infrastructure (or gray + green)
to alleviate urban flooding because gray infrastructure alone cannot control stormwater.
It is insufficient to handle current and anticipated future extreme weather occurrences by
relying on expensive, inflexible gray infrastructure. The use of climate-proofing strategies
in urban planning today could significantly lower expenses in the future. For example,
Low Impact Developments (LID) in the USA, Sustainable Urban Drainage Systems (SuDs)
in the UK, Water Sensitive Urban Design (WSUD) in Australia, Low Impact Developments
Urban Design (LIDUD) in New Zealand, and Sponge City in China were introduced to
address challenges linked to urban water management and surface-water flooding that
occur yearly [185]. However, green infrastructure and nature-based solutions are more
efficient in urban development when used in the planning stages. Their implementation in
built-up areas is challenging due to various considerations, such as few green spaces, the
uncertainty of land ownership, etc.

According to a study conducted in Beijing, the baseline volume capture ratio could
be raised from 59.9% to 82.2% by installing green roofs on 30% of roof surfaces, rain
gardens in 10% of the green areas, and permeable pavement in 35% of the paved areas.
This signifies that Sponge City’s goals can be achieved at realistic levels through LID
implementation [186]. In Zhuhai, China, LID effectively reduces runoff from small and
moderate rainfall amounts by capturing 52.9% of yearly rainfall volume for long-term
operation and 28% of annual runoff [187]. In the Nakagyo area of Kyoto, as part of
LID practices, rain gardens effectively manage rainfall over a five-year return period
and increase resistance to short-term rainstorms [188]. In Eindhoven, the Netherlands,
several nature-based solutions, including green roofs, vegetated grid pavement to ordinary
parking lots, and inserting swales or bio-swales for stormwater storage in traffic islands,
were evaluated for urban flood control depending on the location and available space. The
Infoworks I.C.M. numerical model was used to simulate the effects of NBS scenarios for
floods with different return periods. Overall, the simulated NBS reduced flood risk by
reducing the flood area and depth. Studies show that green infrastructure alternatives to
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gray infrastructure for managing urban flooding are more affordable and provide more
co-benefits [189]. In the developed world, water-wise urban development is becoming
more popular. Cities use a hybrid approach of integrated green and gray infrastructure
solutions at the municipal, neighborhood, and city levels to increase flood resilience [190].
Technical solutions are essential for reducing the risk of flooding. A study by Goniewicz
and Burkle in 2019 in Poland showed how to consolidate information regarding hazardous
events and gather them in a professional Information Technology (IT) system, using an
integrated database and a modern module for disseminating information to end users.
An IT system for the Country’s Protection against Extreme Hazards is being developed,
that emphasizes reducing the risks of natural disasters and minimizing crisis management
problems. One such initiative is creating an early warning system for inhabitants to help
guard against the extraordinary threat associated with natural disasters, especially floods.
The creation of such a system is aimed at increasing public safety and limiting losses caused
by the occurrence of natural, technological, and synergistic hazards [191] The eastern
region of Belgium observed a devastating flood in July 2021, where rainfall equivalent to
three months fell in two days. Castro et al. assessed hazards and vulnerability in those
municipalities mostly affected along the Vesdre River. It shows that, even though the
country and the region have flood early warning systems, 99% of the population received
no formal warning, and less than 50% implemented mitigation measures [192].

Table 4. Models, data used, and adaptation methods used in developed countries.

Country City Model Topographic and Rainfall Data Adaptation Method Ref.

Denmark Aarhus
1D–2D coupled
urban inundation
model

DEM derived from LIDAR data of
grid resolution 2 m, Chicago
Design Storms (CDSs)

Pipe enlargement, LID, Open
Urban Drainage Systems
(OUDs)/recreational basins

[193]

Denmark Roskilde and
Aalborg Mike Urban

Topography data were obtained
using laser scanning from
aircraft, CDSs

Sewer enlargement, open
basin strategy, dikes. [194]

Denmark Odense Mike Urban and
Mike Flood

DEM of 1.6 m * 1.6 m resolution,
rainfall scenarios A2 based on
RCM HIRHAM4, CDSs

Sewer enlargement and
infiltration [195]

USA
South Weymouth
Naval Air
Station

SG WATER Daily precipitation data, six
precipitation scenarios

Conventional practices and
LID practices [196]

USA
Bronx river
watershed, New
York

SWMM
Daily precipitation is
disaggregated to hourly
precipitation using the CFA

Rainwater harvesting,
bioretention, and permeable
pavements

[197]

Korea Incheon XP-SWMM Daily rainfall data produced from
the HadGEM3-RA climate model Sewer enlargement [198]

Canada
Greater Montreal
region,
Quebec

Improved
Rational
Hydrograph
method and
SWMM

Sewer network, rainfall data
Detention ponds; infiltration
trenches; green roofs; and rain
gardens

[199]

Sweden Arvika MOUSE and TSR

Land-use map, high-resolution
DEM, a network map of the main
sewer pipes, time series of 30-min
precipitation intensities from a
matrix of 3×3 RCA3 grid boxes

Sewer enlargement and
detention ponds [200]

Austria Tyrol
municipality SWMM

Sewer system network, land use
map, precipitation data temporal
resolution of 1 min

Sewer rehabilitation [201]

UK London Infoworks ICM
(1D-2D)

The current drainage system,
precipitation data

Green roofs, porous
pavements, lake deepening,
sewer enlargement, and
combinations

[202]
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6. Conclusions

Floods that devastate urban areas are becoming more common and affecting more
people in South Asian cities. The primary causes of increased flood risk in the region
are climate change and uncontrolled urbanization. Flood impact can be reduced by us-
ing hazard mapping to predict potential flood areas accurately. However, selecting the
appropriate model for a particular purpose is crucial. Hydraulic/hydrological models,
HEC-RAS/HMS, SWMM/PCSWMM, and MIKE are primarily used to assess urban flood
hazards in South Asian cities. The region’s primary challenge in hazard assessment is the
need for high-resolution DEM and short-duration rainfall data, that significantly affect the
model’s simulation results and negatively affect the implementation of flood management
measures. South Asian cities still rely on structural flood protection measures, i.e., mainly
optimizing urban drainage systems and embankments. At the same time, only a few
places have introduced LID, rain gardens, and detention basins. Depending on the capacity
of the countries, improved flood EWSs have been developed and implemented in some
cities. However, EWS frequently fails to reach local stakeholders. In developed countries,
urban flood hazard assessment is moving towards refinement and efficiency by applying a
high-resolution DEM representing realistic terrain and rainfall of short duration, which
plays a fundamental role in modeling surface processes. Cities use a water-prudent hybrid
strategy of integrated nature-based solutions, green and gray infrastructure solutions, at
the street, neighborhood, and city levels to increase flood resilience.

Despite advancements in scientific technologies and numerous international and
national initiatives to reduce disaster risk, the social and economic effects of disasters on
developing nations are growing. In South Asian cities, it is urgent to begin risk-based
management to lessen the detrimental effects of urban flooding. Establishing a robust
disaster information system should be a top priority of the local government to enable
risk-based, comprehensive, and contextualized urban development and hazard mapping.
Urban development in the region needs to be reevaluated, and local planning authorities
must be encouraged to consider the role of nature-based solutions, which can lead to a
stronger relationship between the built and natural environments, improving the quality of
life of urban residents.

Limitations of Study

In South Asian countries, urban flood study is still at the early stage, as more focus
is given to riverine floods. A major limitation of this study is that the study considers
the application of only three hydrodynamic models, HEC-RAS/HMS, PC/SWMM, and
MIKE, for urban flood hazard assessment in the region. The literature review on urban
risk management practices might not have been fully captured as documentation of good
practices at the local level in the South Asian region is still in its infancy.
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www.mdpi.com/article/10.3390/land12030627/s1, Table S1: Application of HEC-RAS/HMS in flood
hazard assessment in the urban area of South Asian cities; Table S2: Application of SWMM/PCSWMM
in flood hazard assessment in the urban area of South Asian cities; Table S3: Application of MIKE in
flood hazard assessment in the urban area of South Asian cities.
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