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Abstract

Rivers worldwide are experiencing accelerating geomorphological change as climate-driven increases in extreme precipi-
tation and discharge intensify erosion, modify channel morphology, and increase landslide risk. This paper synthesizes
more than a decade (2009-2022) of erosion projections used to support probabilistic geotechnical slope-stability assess-
ments along four Swedish rivers with high landslide susceptibility: the Géta River, Nors River, Sive River and the Anger-
man River. The paper provides a synthesis of the applied methodologies and summarises key lessons learned and insights
derived from these large-scale assessments. It further presents a transferable workflow for assessing climate-sensitive river
erosion and associated geotechnical risks relevant to integrated river-basin management and landslide risk assessment
under changing climatic conditions. The work emphasises the need for interdisciplinary collaboration specifically across
geomorphology, hydrology, sediment transport, hydraulics, and geotechnics. Case-specific findings suggest that, in rivers
subjected to short-term flow regulation, the temporal resolution of discharge data can have a substantial influence on simu-
lated erosion patterns. In heavily regulated systems, erosion associated with hydropower operations may, in some cases,
exceed that driven by climate-related changes in discharge, potentially obscuring the effects of climate change. Projecting
future erosion over the extended timescales considered in the present study is associated with substantial uncertainty.
Consequently, recurrent and systematic monitoring, particularly through comprehensive bathymetric surveys, together with
regular updates of the assessment, is essential. This is especially important in the event that a landslide were to occur. The
results suggest that the analysis process needs to be dynamic and the management adaptable. By this paper, we hope to
stimulate further research toward improving the integration of fluvial erosion processes into assessments of slope stability
and future landslide probability, particularly in areas of high social vulnerability.

Keywords Channel morphodynamics - Climate change impacts - Fluvial erosion - Landslide risk assessment - Slope
stability

Introduction

River erosion, deposition and sediment transport are part of
the natural processes shaping the dynamics of river geomor-
phology, eventually leading to bank failure and landslides.
Human settlement, interventions and climate change effects
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may alter these processes, turning natural phenomena into
hazards and disasters. Landslides constitute a major global
geohazard, resulting in significant damage and disruption
annually (World Health Organization [WHO] n.d.). The
influence of climate change on landslide susceptibility and
spatial distribution has garnered increasing attention due to
its implications for human settlements (Alvioli et al. 2018;
Huggel et al. 2012; Jakob and Lambert 2009; Miklin et al.
2022; Peres and Cancelliere 2018; Sobie 2020; Zeng et al.
2022). While rainfall, and subsequent high pore pressures
in the soil, is commonly identified as the primary trigger
in landslide modeling, comparatively fewer studies have
examined climate-induced riverbed and -bank erosion as
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a contributing factor. Notably, recent research has demon-
strated that front-edge erosion, exacerbated by fluctuating
water levels and hydrodynamic forces, can significantly
destabilize slopes and trigger landslides, highlighting
the need for more integrated monitoring and modeling
approaches (Li et al. 2025). Climate-induced changes in
hydrological parameters may disrupt water—sediment bal-
ance, potentially leading to altered hydraulic and morpho-
logical conditions (Haque et al. 2025). Continuous stream
bank erosion may significantly increase landslide risk by
destabilizing slopes, as was found in the 2020 Gjerdrum
quick clay landslide in Norway that caused major loss of
life, property and infrastructure (Tyagi et al. 2025).

Multiple case studies apply modeling, integrated assess-
ments, spatial mapping, and downscaling techniques to
evaluate current and future climate-driven erosion and land-
slide hazards. Case studies from Mediterranean and Alpine
regions indicate increasing risks under intensified precipita-
tion and land cover change. In Calabria, Italy, Gariano et
al. (2017) combined historical landslide—rainfall relation-
ships with high-resolution climate projections, finding land-
slide activity increases of about 46% (RCP4.5) and 21%
(RCP8.5). In mountain valleys of France, Bernardie et al.
(2021) integrate land use change, socioeconomic scenarios,
and hydromechanical modeling, projecting hazard increases
of 1.5-fold by 2050 and fourfould by 2100 under RCP8.5.
Additional methods include downscaled rainfall modeling
(Alvioli et al. 2018), historical geohazard-climate climate
modeling (Jaedicke et al. 2008), and international syntheses
of best practices (Ho et al. 2017).

Thus, geological hazard susceptibility mapping (e.g.,
Liu et al. 2021; 2024; Hu et al. 2025) in the face of climate
change is of growing concern (Mafigiri et al. 2025; Pugliese
etal., 2024). Landslide susceptibility mapping in the context
of climate change is a multifaceted endeavor, requiring the
integration of geotechnical, geomorphological, hydrologi-
cal, and hydraulic factors, along with an understanding of
how these parameters evolve under changing climatic con-
ditions. However, reliable models that integrate geotech-
nical properties across a watercourse with hydrodynamic
processes along it, especially over long time scales, are still
lacking. While some efforts have been made (e.g., Darby
et al. 2007; Midgley et al. 2012; Rinaldi and Darby 2008),
these approaches are limited in scope, often excluding bed
erosion and relying on simplified assumptions. Recent stud-
ies have advanced the field, for example in the area of soil
erosion susceptibility assessment (Wang et al. 2021) and
flow-history-dependent models to capture evolving sedi-
ment transport thresholds in gravel-bed rivers (Masteller et
al. 2025). And not at least in the field of Al, for example
by integrating hydraulic modeling with machine learning to
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better predict bank erosion under flood conditions (Aishi and
Fahim 2024). Systematic reviews also highlight the impor-
tance of selecting appropriate sediment transport models
for catchment-scale applications, emphasizing the limita-
tions and uncertainties of existing approaches (Andualem
et al. 2023). The Swedish Geotechnical Institute (SGI) has
developed a method for calculating an erosion index that
serves as an indicator of fluvial erosion relevant for assess-
ing landslide hazard (Drobic et al. 2025). Tyagi et al. (2025)
demonstrated that accurate results can be achieved through
the use of deep learning models trained on 20 distinct fac-
tors, including the Stream Power Index, to identify erosion
hotspots. Wang et al. (2021) suggest GIS-based multi-cri-
teria approaches combining field data, erosion-related soil
properties, and AHP-derived weighting factors.

River erosion is a geomorphological process controlled
by flow hydraulics, sediment characteristics, and channel
geometry, which governs sediment entrainment, transport,
and deposition. These interactions shape channel morphol-
ogy and slope stability, while climatic and anthropogenic
influences can alter erosion rates and patterns over time.
However, there are differing views on which flow condi-
tions are most influential in driving channel erosion and
long-term river evolution. Some studies identify bankfull
discharge, or flows near bankfull conditions, as the primary
driver of channel-bed erosion (Wolman and Miller 1960;
Whiting et al. 1999; Karmaker and Dutta 2011). Others
emphasise relatively frequent peak flows (Andrés Vargas-
Luna et al., 2019) or sustained moderately high flows rather
than rare extreme events (Naito and Parker 2020). Like-
wise, Powell et al. (2001) argued that bankfull discharge is
not uniquely important for bedload transport, while Pickup
and Warner (1976) suggested that frequent low-magnitude
flows transport most bedload, whereas larger floods primar-
ily shape channel capacity and morphology.

Despite these developments, comprehensive quantitative
frameworks that capture the interaction between fluvial ero-
sion and mass failure in a changing climate remain undevel-
oped. The aim of this paper is to provide a concise overview of
the methodologies and analytical frameworks used to assess
and project long-term climate-driven fluvial erosion, with par-
ticular emphasis on its potential to act as a trigger for landslides
under changing climatic conditions. Drawing on five Swed-
ish case studies conducted between 2009 and 2022 within the
Swedish Geotechnical Institute’s (SGI) programme for assess-
ing and mapping future landslide hazards along watercourses,
the paper illustrates the application of these methodologies in
practice. It synthesises key lessons learned from these analy-
ses and discusses their implications for the further develop-
ment of approaches to assessing climate-related landslide risk
and supporting climate adaptation planning.
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Case study areas

The landforms and sedimentary deposits of Sweden have
been shaped by the geological evolution of the bedrock,
including fracture systems that guided the flow of glacial
meltwater and later surface runoff, as well as by glacial
and post-glacial processes such as glaciation, deglaciation,
isostatic rebound, and fluctuations in regional water levels.
Isostatic uplift remains active, exhibiting rates of approxi-
mately 10 mm/yr in the northern regions and declining to
nearly zero toward the south. The sediments infilling river
valleys are primarily composed of glacial and post-glacial
deposits that have been extensively reworked and redis-
tributed by fluctuating water discharge and variations in
sea water levels. Sections of the coastal river valleys have
consequently shifted between marine and terrestrial envi-
ronments over time.

Climate projections for Sweden include a rise in mean
annual temperature, reduced snow cover in mountainous
regions, increased precipitation across most of the coun-
try except for southeastern Sweden, which is projected to
become drier, along with rising sea levels and more fre-
quent extreme weather events (Swedish Meteorological and
Hydrological Institute [SMHI] n.d).

In Sweden, several regions are particularly susceptible to
landslides, especially those located along watercourses that
traverse fine-grained sediments. These areas are expected
to become increasingly vulnerable under changing climatic
conditions (SGI and MSB 2021). Projected increases in pre-
cipitation are likely to elevate groundwater levels and pore
water pressures, while intensified streamflow may acceler-
ate fluvial erosion. These processes collectively undermine
the mechanical stability of soil strata, thereby increasing the
likelihood of slope failure.

The selection and prioritization of rivers in Sweden for
landslide risk mapping have been guided by the prevail-
ing conditions for landslides, their societal impacts, and
the influence of climate change on landslide susceptibil-
ity (Bergdahl et al. 2013; SGI 2019). To date, four rivers
(including two separate assessments of the Gota River) have
been mapped, with a fifth currently in progress. As part of
the landslide risk mapping, erosion projections are used to
inform adjustments to the underwater geometry of geotech-
nical cross-sections, accounting for flow-induced erosion
projected through the year 2100.

The principal characteristics of the studied rivers are
summarised in Table 1, and their geographical locations are
illustrated in Fig. 1. As is common globally, many Swedish
rivers are influenced by hydropower infrastructure. Conse-
quently, a significant number of rivers exhibit regulated flow
patterns aligned with energy production demands, although
some remain unaffected.

Table 1 River characteristics and aims of the long-term erosion pro-
jections. Width, depth, and length refer to the part of the river that has
been included in the analysis and does not represent the entire river.
(Adapted from Goransson and Odén 2023; 2024).

River name Fluvial morphological setting Challenges
(years of Geology Total catchment area
investigation®) (A), average discharge
(Q) and analyzed river
length (L)
Gota River Glacial and  A: 50,000 km? Hydro-
(Phase I) post glacial ~ Q: 565 m’/s power
including sediments ~ L: 100 km plants
Nordre River Mainly Hydro-
(2009-2012) cohesive power
Gota River sediments dams
(Phase 1I) Occurrence Locks
including of quick Regulated
Nordre River clay discharges
(2018-2022) with short-
term flow
regula-
tion (on
a 15 min
basis)
Ship traffic
Nors River Glacial and  A: 4,200 km? Hydro-
(2013-2015) post glacial  Q: 51 m®/s power
deposits L: 30 km stations
Mainly silt Run-off
and clay governs
Occurrence discharges
of quick (no short-
clay term flow
regulation)
Save River Glacial and  A: 1,500 km? Small and
(2013-2017) post glacial  Q: 25 m/s narrow
deposits L: 30 km Small
Mainly silt hydro-
and clay power
Parts with stations
coarser Only small
glaciofluvial hydro-
sediments power
Occurrences dams, and
of quick the flow is
clay governed
by run-off
and the
outflow
from the
lakes to
the river
Angerman River Glacial and ~ A: 32,000 km? Hydro-
(2015-2022) post glacial ~ Q: 500 m%/s power
deposits L: 35 km stations
Mainly sand Short- and
and silt long-
Character- term flow
ized of high regulation
and steep Land
silty slopes uplift

* The years indicated correspond to the landslide risk analyses,
which encompassed several sub-studies, and the erosion projections
represent a distinct component of the overall assessment
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Fig. 1 Map of Sweden that shows the four watercourses for which a future forecast of river erosion has been carried out so far. Note that the scales
differ between the figures. (Modified image, Lantméteriet Open Source) (after Géransson and Odén 2023; 2024)

Methodology

Erosion projection methodologies applied in the
investigated river valleys

The methodology for projecting future river erosion in
Sweden was developed iteratively through five case stud-
ies: (1) the Gota River, phase 1 (2009-2011), (2) the Nors
River (2013-2015), (3) the Séve River (2013-2017), (4) the
Angerman River (2015-2022), and (5) an updated assess-
ment of the Gota River (2018-2022). The overall objective
was to evaluate the potential impacts of climate change on
erosion processes, channel bathymetry, and consequently
slope stability up to the year 2100, thereby providing input
to landslide hazard and risk assessments. The methodology
and associated procedures are presented here in general
terms and summarised in Table 2. More detailed descrip-
tions can be found in the supplementary material and, in
particular, in the references cited.

The methodological framework evolved throughout the
successive investigations but consistently comprised the
following components:

@ Springer

1. Compilation and review of previous studies, measure-
ments, and relevant experience.

Hydroacoustic surveys and sediment investigations.
Hydrodynamic modelling and determination of erosion-
related parameters.

Selection of future flow scenarios.

Erosion modelling.

Validation and uncertainty assessment.

Integration of erosion forecasts into geotechnical stabil-
ity analyses.

w

NSk

Each study commenced with a review and compilation of
available geological, geotechnical, geomorphological, and
hydrological information. This was followed by hydroacous-
tic investigations including multibeam echosounder sur-
veys for bathymetric mapping, side-scan sonar surveys for
characterisation of bedforms and geomorphological fea-
tures, backscatter analyses for sediment classification, and
sediment sampling for determination of sediment type and
erosional properties. In several case studies, these investi-
gations were supplemented by water sampling to estimate
sediment transport rates (Goransson et al. 2011) and by
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Table 2 Summary of investigated rivers and methodological approaches used to project river erosion until year 2100 (adapted from Goéransson
& Odén, 2023). Abbreviations: BSTEM = Bank Stability Toe Erosion Model; DHI = a Danish water environment consultancy, originally Dan-
ish Hydraulic Institute; FM = Flow model; GIS = Geographic Information System; LiDAR = Light Detection and Ranging — a remote sensing
technology; MIKE 21 = a hydraulic model developed by DHI; NAM = Nederlands Akvo Model - a hydrological model; RCP = Representative
Concentration Pathways; Telemac = a software for numerical modelling. Erosive flows are estimated as flows that cause bottom shear stress above
the level of estimated critical shear stress for particle mobilization

Component

1: Gota River, Phase I
(2009-2011)

2: Nors River
(2013-2015)

3: Séve River
(2013-2017)

4: Angerman River
(2015-2022)

5: Gota River, Phase
11 (2018-2022)

Primary objective

River
characteristics

Hydroacoustic
surveys

Hydrodynamic
model

Flow selection
principle

Discharges
analysed

Critical
erosive flow
determination

Climate scenarios

Erosion model

Treatment of
deposition

Parameterisation

Treatment of
shallow areas

Model validation

Forecast future erosion
due to increased Lake
Vinern discharge and
provide input to land-
slide risk assessment.

Large, highly regulated
river dominated by

cohesive clay sediments
and extensive landslide-

prone slopes.

Multibeam, side-scan
sonar, sediment sam-
pling and backscatter
classification.

Delft3D (2D).

Representative

operational and extreme

discharges selected a
priori.

170, 550, 780, 1030,
1250 and 1500 m? s,

Medium highwater flow

(780 m* s!) identified

as representative erosive

discharge.
Frequency analysis and

scenario-based increases

in discharge towards
2100.

GIS-based Parthenia-
des—Krones approach.

Neglected to maintain
conservative erosion
estimates.

Critical shear stress cali-

brated using sediment
classes and SETEG
measurements.

Major uncertainty; mul-

tibeam could not map
depths <2 m.
Comparison with
observed bathymetric
changes (2003-2009).

Forecast erosion and
develop cost-efficient
methods for climate-
related landslide
assessments.

Medium-sized regu-
lated river dominated
by clay, silt and
ravine landscapes.

Multibeam, backscat-
ter, sediment and
water sampling.

Delft3D (2D).

Wide discharge range
simulated to identify
critical erosive
thresholds.

20-500 m? s! range.

Threshold identified
from hydraulic simu-
lations and observed
channel changes.
RCP 8.5, regional
climate assessment

GIS+BSTEM.

Neglected to maintain
conservative erosion
estimates.

Critical shear stress
and erodibility cali-
brated using sediment
analyses and observed
erosion.

Interpolation between
bathymetric and topo-
graphic data.
Comparison with
historical shoreline
migration and channel
change.

Assess future bank
and bed erosion and
identify sections where
erosion may reduce
slope stability.

Small-to-medium river
with cohesive sedi-
ments, narrow channel
geometry and limited
regulation.
Multibeam, side-scan
sonar, sediment pro-
filer, RTK position-
ing and sediment
sampling.
TELEMAC-2D.

Bankfull discharge
concept used to iden-
tify channel-forming
flows.

Flows centred around
bankfull conditions
(~50-70 m?s™).

Based on bankfull/
channel-forming dis-
charge concept.

RCP4.5 and RCP8.5,
regional climate

assessment combined
with HBV modelling.

GIS+BSTEM +Ero-
sion Index (EI).

Neglected to maintain
conservative erosion
estimates.
Sediment-class-
specific shear stress
values.

Interpolation supported
by historical shoreline
analyses.

Comparison with
shoreline migration
and geomorphological
evidence.

Separate effects of
climate change and
hydropower regula-
tion on future channel
evolution.

Large hydropower-reg-
ulated river dominated
by sand and silt with
actively evolving
geomorphology.
Multibeam, side-scan
sonar, sub-bottom
profiling, sediment sam-
pling and underwater
photography.

MIKE 11 and MIKE
21C.

Complete natural and
regulated discharge
series simulated.

Continuous flow series
generated from NAM
model.

Derived from simulated
flow series and morpho-
dynamic response.

Present and RCP 8.5,
regional climate assess-
ment, with and without
discharge regulation.

Morphodynamic model-
ling with MIKE 21 C.

Explicitly included
through morphodynamic
simulation.

Sediment transport and
erosion parameters cali-
brated within morphody-
namic framework.

Integration of bathym-
etry, topography and
underwater imagery.
Hindcasting and mor-
phodynamic verification.

Evaluate effects of
alternative Lake
Vinern regulation
strategies on future
erosion and slope
stability.

Same river system as
1 but analysed under
proposed future oper-
ation strategies.

Repeated bathymet-
ric surveys, sediment
sampling and
LiDAR-supported
mapping.

MIKE 21 FM.

Alternative (nature-
adapted) regulation
hydrographs anal-
ysed using multiple
temporal resolutions.
Regulation scenarios
evaluated using
14-day, hourly and
15-minute discharge
data.

Dependent on opera-
tional hydrograph
and temporal flow
variability.

Climate effects
assessed together
with alternative
discharge regulation
strategies.

MIKE 21 FM with
customized erosion
routines.

Partially represented
through dynamic ero-
sion modelling.
Calibration based on
repeated bathymetry
and hindcasting.

Combination of
bathymetry, LIDAR
and repeated surveys.
Hindcasting and sen-
sitivity analyses.

@ Springer
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Table 2 (continued)

1: Gota River, Phase 1
(2009-2011)

2: Nors River
(2013-2015)

Component

3: Sdve River
(2013-2017)

5: Gota River, Phase
11 (2018-2022)

4: Angerman River
(2015-2022)

Principal lesson  Future erosion can be Combining hydrau-

learned estimated, but uncer- lic modelling and
tainty is high due to lim- BSTEM improves
ited sediment-process prediction of bank
data. erosion and future

geometry.

References Rydell et al. 2011 Bergdahl et al. 2015;
Goransson et al. 2011
SGI 2012 2016
Andersson-Skold et al.  Eklund et al. 2014

2014

Bankfull flows may

provide a better basis
for erosion forecasting morphic influence than
than extreme floods.

SGI2017
Goransson et al. 2015; Odén et al. 2017

Hydropower regulation
may exert greater geo-

Temporal flow
resolution and opera-
tional regulation
strategy are critical
controls on predicted
erosion.

DHI, 2022a, b

climate change.

SGI2022a, b
Kling et al. 2018
Nordblom et al. 2019

analyses of historical shoreline migration derived from
aerial photographs and orthophotos (Goransson et al. 2015;
SGI 2017, 2022a; b).

Hydrodynamic models were applied to simulate water
levels, flow velocities, and bed shear stresses under a range
of hydrological conditions. Different modelling platforms
were used across the projects, including Delft3D (Astrom et
al. 2011), TELEMAC-2D (SGI 2017), MIKE 21 C (Nordb-
lom et al. 2019), and MIKE 21 FM (DHI, 2022a; b). Two-
dimensional models were consistently selected because they
provided an appropriate balance between computational
demand, data requirements, and model accuracy. Although
three-dimensional modelling may represent certain flow pro-
cesses in greater detail, it was not considered justified given
the available datasets and the remaining uncertainties associ-
ated with long-term erosion forecasting (Astrém et al. 2011).

Erosion estimates were primarily based on the rela-
tionship between hydrodynamically calculated bed shear
stresses, critical shear stress thresholds, and sediment erod-
ibility coefficients. For cohesive sediments, erosion rates
were calculated using the Partheniades—Krones formulation
(Partheniades 2009) implemented within a GIS framework
to identify areas susceptible to bed erosion (Rydell et al.
2011; Goransson et al. 2015; SGI 2017). In the Nors River
and Sdve River studies, the GIS-based analyses were sup-
plemented with the Bank Stability and Toe Erosion Model
(BSTEM) (Langendoen and Ursic 2016) to simulate ero-
sion of submerged banks and slope toes (Goransson et al.
2015; Bergdahl et al. 2015; SGI 2017). The assumption is
here based on the premise that, in watercourses dominated
by cohesive sediments (i.e. clay), particle sizes — and con-
sequently settling velocities — are sufficiently small to pre-
clude significant deposition under flowing-water conditions.
Instead, these particles remain in suspension and are only
deposited upon reaching more quiescent environments,
such as lakes or deeper marine waters. In this analysis, no
explicit consideration was thus given to sediment transport
processes in the GIS-based analyses; rather, the focus was
exclusively on erosion.

@ Springer

In contrast, the Angerman River study adopted a more
advanced morphodynamic modelling approach in which
sediment transport and channel evolution were represented
explicitly (S4, Kling et al. 2018; Nordblom et al. 2019). This
was necessary as the river valley is dominated by frictional
sediments (e.g., silt, sand, gravel).

Future erosion was projected by simulating hydrological
scenarios derived from regional Representative Concentra-
tion Pathway (RCP) climate projections (downscaled data
available through the Swedish Meteorological and Hydro-
logical Institute, SMHI) as well as alternative flow-regu-
lation strategies in hydropower-regulated rivers (Rydell et
al. 2011; Goransson et al. 2015; SGI 2017; Nordblom et al.
2019; DHI 2022b) (see Fig. 2 for an example). The analyses
for the rivers Gota, Nors and Sdve focused on flows con-
sidered most relevant for erosion, such as bankfull flows or
flows identified through calibration against observed ero-
sion patterns. For regulated rivers, the influence of reservoir
operation strategies and hydropeaking was also evaluated.

For the Angerman River (Nordblom et al. 2019), climate
projections were downscaled by forcing a calibrated NAM
hydrological model with SMHI RCP 8.5 climate data to
generate local flow series for 2015-2100, including exist-
ing river regulation. Climate change was represented pri-
marily through changes in mean hydrological conditions
(reduced spring flood, increased winter flows and slightly
lower annual discharge), whereas extreme-flow effects
were embedded within the synthetic flow series; however,
river regulation was found to exert a substantially greater
influence on sediment dynamics and erosion than climate
change itself. Sediment transport and morphological evo-
lution were simulated using the MIKE 21 C multi-fraction
model, coupled with hydrodynamic modelling and a layered
bed-sediment representation. Calibration was undertaken
against observed flows, water levels, bathymetry and avail-
able sediment data, and validation relied on comparisons
with historical observations, geomorphological evidence
and shoreline changes. Uncertainties were assessed quali-
tatively and stemmed mainly from limited sediment data,
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uncertain bathymetry, unknown upstream sediment supply
and model assumptions. Consequently, quantitative erosion
estimates were regarded as uncertain and generally conser-
vative, whereas the principal findings regarding erosion pat-
terns, sediment deficit development and the dominance of
flow regulation over climate change were considered robust.
Erosion projections were translated into future chan-
nel cross-sectional geometries that served as input for geo-
technical slope stability analyses. In the initial G6ta River
investigation, generalised representative cross-sections were
employed (Rydell et al. 2012), whereas subsequent stud-
ies adopted site-specific geometries for individual calcula-
tion sections (Goransson et al. 2015; Bergdahl et al. 2015;
SGI 2017). The outputs were delivered both as GIS layers
depicting predicted erosion and as guidelines describing how
underwater slope geometries should be modified in stability
analyses to represent projected conditions in the year 2100.

May Jun Jul Aug Sep Oct Nov Dec

Model performance and the plausibility of erosion forecasts
were evaluated through comparisons with historical bathy-
metric changes, shoreline migration records, and hindcast-
ing of past conditions. Sensitivity analyses were conducted
to identify the parameters exerting the greatest influence on
model outcomes, particularly critical shear stress, erodibility
coefficients, and flow duration. All studies highlighted sub-
stantial uncertainties associated with limited sediment trans-
port data, difficulties in surveying shallow-water areas (<2 m
depth) using hydroacoustic methods, the scarcity of repeated
bathymetric surveys, and the challenges of numerically repre-
senting long-term fluvial geomorphological processes.

The reliability of the projected bed and bank erosion tra-
jectories to the year 2100 can be evaluated only in general
terms, owing to both the extended forecasting horizon and
the inherently dynamic behaviour of fluvial systems. Conse-
quently, the analysis necessarily incorporates uncertainties
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but should be considered in relation to the objectives and
spatial scale of the study. The landslide hazard assessment
was undertaken as a strategic, screening-level analysis rather
than a site-specific engineering investigation. Its principal
aim was to provide a scientifically robust framework for
identifying and prioritising locations where more detailed
geotechnical and geomorphological assessments are justi-
fied. Within this context, the level of predictive accuracy
achieved was considered appropriate for the intended appli-
cation, offering a sound basis for informed decision-making
and the efficient targeting of resources towards subsequent
high-resolution investigations.

Slope stability analysis

Slope stability was evaluated using two-dimensional limit
equilibrium analyses in representative cross-sections along
the studied river systems (Bergdahl et al. 2015; SGI 2017,
2022c). The analyses were based on geotechnical and
hydrogeological models developed from field investiga-
tions, laboratory testing, and previous geotechnical studies.
Soil stratigraphy, shear strength parameters, unit weights,
pore-water pressures, groundwater conditions, topography,
and erosion processes were incorporated into the analyses
(Bergdahl et al. 2015; SGI 2022c¢). For cohesive soils, both
undrained and combined drained—undrained material mod-
els were applied, whereas parameters for frictional soils
were derived from in situ sounding data and laboratory
investigations (Bergdahl et al. 2015).

The stability calculations were performed in accordance
with Swedish geotechnical practice, including the recom-
mendations of the Swedish Commission on Landslides and
the guidelines of the Swedish Geotechnical Institute, using a
total safety approach (Bergdahl et al. 2015; SGI 2017, 2022¢).
Analyses were primarily conducted using Slope/W (GeoStu-
dio), considering both circular and non-circular failure surfaces
to identify the critical failure mechanism and the minimum fac-
tor of safety (Bergdahl et al. 2015; SGI 2017, 2022c).

To assess the potential impacts of climate change, addi-
tional analyses were carried out for projected conditions
around the year 2100 (Bergdahl et al. 2015; SGI 2017,
2022c). These analyses accounted for changes in groundwa-
ter and pore-water pressure conditions, as well as erosion-
induced modifications of riverbeds, submerged slopes, and
slope toes (SGI 2017, 2022c). The effects of erosion were
incorporated through adjustments of slope geometry based
on the erosion projection. Erosion effects were analysed in
selected representative sections and subsequently extrapo-
lated to areas with similar geological and geotechnical con-
ditions (Bergdahl et al. 2015).

The stability analysis formed the basis for the assessment
of both present and future landslide susceptibility.
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Probability analysis

To account for uncertainty in slope stability assessments,
probabilistic analyses of failure probability were performed
in addition to deterministic stability calculations. Uncer-
tainties in key geotechnical parameters, including shear
strength, unit weight, pore-water pressure conditions and
slope geometry, were characterised using statistical dis-
tributions derived from site investigation data and estab-
lished geotechnical experience values (Andersson-Skold
et al. 2014; Bergdahl et al. 2015; SGI 2017). The analyses
were based on the methodology developed within the initial
(Phase I) Gota River investigation and subsequently applied
in regional landslide risk mapping studies in Sweden (Berg-
dahl et al. 2015; SGI 2012, 2017; SGI, 2022d).

Failure probabilities were estimated using the Point Esti-
mate Method (PEM), in which selected combinations of
minimum and maximum parameter values were evaluated
to quantify the variability of the factor of safety and derive
the probability of failure (Bergdahl et al. 2015; SGI 2017).
The method provides an efficient alternative to computa-
tionally intensive Monte Carlo simulations while account-
ing for uncertainty in multiple input parameters (Bergdahl
etal. 2015).

The resulting failure probabilities were classified into
five probability classes, ranging from negligible to signifi-
cant likelihood of landslide occurrence (SGI 2012, 2017,
Bergdahl et al. 2015; SGI, 2022d). Analyses were carried
out for both present-day and future climate conditions,
incorporating the effects of projected erosion, groundwater
changes and pore-pressure variations to assess the potential
influence of climate change on slope stability and landslide
susceptibility.

Landslide risk

Landslide risk was finally assessed by integrating classified
landslide probability and consequence classes within a GIS-
based risk matrix (SGI 2012, 2022a; Odén et al. 2017). Cli-
mate change impacts were evaluated by analysing projected
changes in slope stability associated with future variations
in pore-water pressures, groundwater conditions, and ero-
sion processes.

Lessons learned from the erosion projection
approaches

For the present study, reflexivity was applied to both meth-
odological considerations, examining how methodological
choices are made and their implications, and contextual
dimensions, which address how contextual factors influ-
ence the research process and the individuals involved
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(Olmos-Vega et al. 2023). The analysis was conducted
from the perspectives of both researchers and practitio-
ners, aiming to bridge qualitative insights with quantitative
research and development. This integrative approach seeks
to contribute to the advancement of knowledge for future
applications. The qualitative data underpinning this analy-
sis comprises meeting records, project documentation, and
reflective dialogues accumulated over several years.

Results

Long-term erosion projections and landslide
susceptibility

Figures 3—4 and Supplementary Figure S1 illustrate exam-
ples of calculated bed erosion in GIS and calculated toe
erosion using BSTEM. Figure 5 and Supplementary Fig-
ure S4.2 illustrate the application of future morphologic

a

a) Bathymetry

m

(g
¢

c) Average bed shear stresses for high flow rates

Fig.3 The figure aims only to illustrate an example of how geodata can
be used for the GIS analysis of erosion. Here, geodata layers include
(a) bathymetry (hillshade), (b) interpreted surface geology (grey =silty
clay, yellow=sandy silt, orange=silty sand, red=stone, gravel), (c)
average bed shear stresses (here, the yellower and more orange the
colour, the higher the bed shear stress) and (d) calculated erosion (here,

changes for slope stability calculations. In contrast, Fig. 6
and Supplementary Figures S4.1 and S5.1 show examples
of morphodynamic simulation, taking into account shallow
areas (Supplementary Figure S4.1)

For each watercourse, the erosion projections resulted in
a mapping of current and future erosion, along with an esti-
mation of the extent of future erosion considering climate
change up to the year 2100. All assessments were carried out
regarding both present-day conditions and projected condi-
tions for the year 2100. Anticipated climatic changes over
this period, such as increased river erosion and groundwater
levels (not presented in this paper), were incorporated into
the final long-term landslide risk analyses. The probabilistic
calculations resulted in the classification of landslide prob-
ability into distinct probability classes and its sensitivity to
climate influence (Fig. 7).

The impact of erosion on the probability of landslide
depends both on the degree of erosion and the landslide sus-
ceptibility under current climate conditions. This implies that

d) Calculated bed erosion for high flow rates

the more orange the colour, the greater the erosion). (The dark blue
area in 3c is a result of not buffering along the shoreline but follows the
terrain and should be disregarded; the ‘bulge’ down to the left therefore
does not exist in reality.) The thick red lines on either side of the river
are markers for erosion protection. (© SGI, Lantmaéteriet, Geodata-
samverkan). (Bergdahl et al. 2015)
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Fig.4 An example of simulated

bank erosion up to year 2100
using BSTEM. Elevation in refer-
ence system RH2000 (SGI 2017)
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in areas already highly susceptible to landslides, even minor
erosion can significantly increase the likelihood of a cata-
strophic event. Conversely, in regions with very low land-
slide susceptibility, a substantial degree of erosion is required
before the probability of such an event begins to rise.

Cross-case synthesis

The synthesis of the five river investigations revealed several
recurring patterns related to data availability, methodologi-
cal development, erosion processes, model performance,
and sources of uncertainty. Despite differences in river
characteristics and modelling approaches, a number of com-
mon findings emerged that informed both the assessment of
future erosion and its application to landslide susceptibility
analyses. The principal results are summarised in Table 3.
Overall, despite substantial uncertainties, the applied meth-
odologies provided a robust operational framework for
identifying erosion-prone areas and supporting long-term
assessments of erosion-induced landslide risk under chang-
ing climatic conditions (Fig. 8).

The principal sources of uncertainty are the scarcity of
sediment transport measurements and the limited availabil-
ity of observed bed-level changes for model calibration and
validation. These limitations affect the reliability of quan-
titative erosion estimates; however, the simulations remain
valuable for assessing the spatial distribution of erosion and
the relative influence of future climatic changes on erosion
potential. The outcomes should principally be interpreted as
semi-quantitative predictions and therefore require verifi-
cation through repeated field measurements and long-term
monitoring programmes. Also, updated or new calculations
and simulations will, of course, need to be carried out if a
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landslide does in fact occur, as this would have a significant
impact on morphology.

In heavily regulated rivers, it was found that future river ero-
sion cannot be estimated by climate projections alone. Examples
of differences in flow dynamics in such a river are illustrated in
Supplementary Figure S4.3. Thus, future discharge operational
strategies may exert a larger influence on erosion, sediment
transport, and channel morphology than climate change itself,
and should therefore be evaluated as separate scenarios in ero-
sion forecasting studies, as explained in Table 4.

The results further demonstrated that temporal discharge
variability is a key control on erosion processes, which
means that the choice of time resolution for the flow data
affects the result. For example, it was revealed that 14-day
discharge averages suggested reduced erosion relative to
current conditions, whereas simulations based on high-
resolution discharge data indicated increased erosion (see
Figure S5.2 for example on data resolution). This difference
was attributed to short-duration flow peaks that contribute
substantially to bed shear stress but are masked when dis-
charge data are averaged over longer periods.

Hence, short-term flow regulation and the frequency of
high flows — which are influenced by such regulation — are
important for sediment transport projections, as they may
have a greater impact on erosion trends than climate-induced
changes in precipitation and, consequently, runoff for the
foreseeable future (e.g., Figures S4.3, S4.4 and S5.2). For
future work, simulations should be conducted with and with-
out flow regulation, and with and without climate change
scenarios in order to assess the impact of flow regulation and
climate change induced runoffs on sediment transport.

Taken together, the studies indicate that river erosion
constitutes the dominant climate-related driver of slope
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Fig.5 Example of geometry 53—
adjustment used for slope stabil-
ity calculation and based on the
results of simulated bed erosion
and toe erosion. The results are
illustrated by a cross-section
showing an undrained stability
analysis for existing conditions
(top) and following predicted
erosion up to the year 2100
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instability in clay-dominated river valleys (e.g., the Gota,
Nors, and Séve rivers). In contrast, river valleys character-
ized by frictional sediments, such as interbedded silt, sand,
and gravel deposits (e.g., the Angerman River), climate-
induced variations in groundwater and pore-water pressure
conditions, although not addressed in detail in this paper, are
likely to be the more important drivers of slope instability.

Discussion

This study synthesises experiences from five Swedish river
investigations to evaluate methodological approaches for
assessing future river erosion and its implications for land-
slide susceptibility under changing climatic conditions.

Distance (m)

Across the case studies, the central challenge was not only
the identification of contemporary erosion processes, but
rather the prediction of their long-term evolution in river sys-
tems characterised by complex interactions among hydro-
dynamic, geomorphological, and geotechnical processes.
The findings suggest that meaningful assessments of
future erosion susceptibility can be achieved despite substan-
tial data limitations and process uncertainty. From a compu-
tational perspective, the uncertainties are primarily related
to the accuracy and reliability of the input data. However,
the greatest source of uncertainty arises from the inherent
natural variability operating over such long temporal scales,
which is difficult to capture adequately through hindcast
analysis alone. The objective of the case studies has there-
fore not been to achieve precise quantitative predictions, but
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Fig. 6 The figure illustrates the output from morphodynamic mod-
elling of riverbed changes (the x- and y-axes represent coordinates,
SWEREF99TM). Estimated bathymetry for 2015 (top) and 2100
(middle), and the change in riverbed level between 2015 and 2100
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635000 m

(bottom), in meters. The colours in the top two images represent bed
elevation in metres. The colours in the bottom image represent changes
in bed elevation in metres. (Nordblom et al., 2019)
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Fig. 7 An example of a resulting landslide probability map and its sensitivity to climate change impacts

rather to identify particularly sensitive areas and to provide
an indication of where erosion is most likely to occur and the
magnitude it may potentially reach. This approach is con-
sidered sufficient for assessing the potential implications of
erosion for slope stability, as erosion constitutes an important
controlling factor influencing both landslide susceptibility
and the likelihood of future landslide events.

The iterative development from the initial G6ta River
investigation to the later studies illustrates how improve-
ments in data acquisition, modelling techniques, and pro-
cess understanding can progressively strengthen predictive
capability. A recurring finding across all case studies was
the importance of erosion as a preconditioning factor for
landslide occurrence. However, erosion should not be
viewed in isolation. Landslide initiation results from the
combined influence of multiple factors, including river-
bank retreat, pore-water pressure variations, geological
conditions, and anthropogenic modifications to the land-
scape. Nevertheless, the relative importance of these drivers
appears to vary according to sediment composition. In the
fine-grained and cohesive river systems investigated, such
as the Gota, Nors, and Save rivers, fluvial erosion exerted

a dominant influence on slope stability. In contrast, obser-
vations from the Angerman River suggest that pore-water
pressure dynamics and hydrological variability may play a
proportionally greater role where coarse-grained sediments
dominate. These observations support calls for stronger
integration of hydrodynamic and geotechnical modelling
approaches in riverbank stability assessments. Such integra-
tion remains a recognised challenge within fluvial geomor-
phology and river-engineering research (Habersack et al.
2007; Klavon et al. 2017; Sharma et al. 2024).

One of the most significant methodological lessons con-
cerns the critical role of data quality and temporal coverage.
The absence of long-term records of sediment transport was
evident in all investigated rivers and limited the ability to
calibrate and validate erosion models. Similar shortcomings
have been identified elsewhere (e.g., Slabon and Hoffmann
2024; Siedersleben et al. 2021), where uncertainties in
sediment supply and transport processes remain among the
principal sources of error in morphodynamic simulations.
Furthermore, the repeated occurrence of positional inaccu-
racies in bathymetric datasets, particularly on steep under-
water slopes, highlights the need for systematic quality
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Table 3 Cross-case synthesis of
key findings from the five Swed-
ish river investigations. The table
summarises common patterns in
data acquisition, model applica-
tion, erosion dynamics, uncer-
tainty assessment, and practical
implications for long-term ero-
sion and landslide susceptibility
analyses

Aspects

Main findings

Data availability

Methodological
development and
model selection

Survey applica-
bility and field
investigations

Controls on erosion
processes

Influence of flow
regulation and
climate change

Model limitations
and uncertainty

Model evaluation
and validation

Practical implica-
tions and monitor-
ing ne. eds

A lack of historical sediment transport data was a common limitation across all case
studies. Historical bathymetric information was often absent, particularly in shal-
low areas. Survey quality was affected by vegetation, hydraulic conditions, GPS
disturbances, gas-rich sediments, side echoes, and rapid water-level fluctuations.
Data quality, especially bathymetric accuracy and discharge resolution, strongly
influenced model reliability.

Methodologies evolved from simple GIS-based erosion assessments to integrated
approaches incorporating BSTEM, hydrodynamic modelling, and sediment dynam-
ics simulations. Method selection depended on sediment characteristics: BSTEM
was most suitable for cohesive rivers (Gota, Nors, Séve), whereas morphology-
based modelling was more appropriate for the friction-dominated Angerman River.
Two-dimensional hydraulic models generally provided adequate performance and
were preferred over one-dimensional approaches.

Hydroacoustic surveys were less effective in small, narrow, deep rivers, with a prac-
tical applicability threshold identified at approximately 25 m?® s™' mean discharge.
Challenges in obtaining representative sediment samples and surveying shallow or
steep underwater slopes were recurring issues. Field observations and geomorpho-
logical interpretation were essential for accurate assessment of river dynamics.

Simulated erosion was governed by the magnitude and duration of bed shear
stresses exceeding critical thresholds. Simulations enabled identification of critical
flow conditions associated with erosion. Reliable assessments required integration
of hydrological, geological, bathymetric, and sedimentological information.

In heavily regulated rivers, flow regulation exerted a greater influence on erosion
dynamics than projected climate-driven changes in discharge. Short-term hydro-
power regulation caused rapid fluctuations that complicated both measurements and
simulations. In the Angerman River, regulation effects exceeded climate change
impacts, while sea-level rise was projected to reduce erosion in some reaches of the
Gota River.

Current modelling approaches could not fully represent feedbacks among hydrody-
namics, sediment transport, channel evolution, and bank failure processes. Major
uncertainties were associated with sediment properties, critical shear stress values,
sediment transport rates, bathymetric positioning, and erosion protection measures.
Consequently, results should be interpreted as indicative rather than predictive.
Hindcasting, sensitivity analyses, historical shoreline changes, and cross-sectional
comparisons were valuable for evaluating model performance and identifying influ-
ential parameters. However, the inherent uncertainties associated with long-term
projections cannot be eliminated, necessitating continuous monitoring and periodic
reassessment, particularly if a landslide does in fact occur.

The workflow helps identifying areas of current and potential future erosion rel-
evant to landslide susceptibility assessment and spatial planning. However, repeated
bathymetric surveys, sediment transport monitoring, uncertainty analyses, and long-
term validation programmes are identified as essential for improving confidence in
future projections.

assurance procedures and repeated surveys. The availability
of multiple bathymetric datasets is arguably more valuable
than a single high-resolution survey, as repeated measure-
ments facilitate uncertainty assessment and reduce the risk
of interpreting survey artefacts as genuine geomorphologi-
cal change.

The results further underscore the importance of select-
ing modelling approaches that reflect the dominant erosion
mechanisms operating within a river system. In rivers char-
acterised by cohesive materials, the application of BSTEM
provided a useful means of incorporating geotechnical
bank stability processes into erosion assessments. Notably,
BSTEM was selected because it explicitly couples hydrau-
lic toe erosion with geotechnical bank-failure mechanisms,
thereby addressing two of the principal controls on bank
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retreat. However, the limitations of such approaches should
also be recognised. Previous evaluations have highlighted
uncertainties related to spatial variability in bank mate-
rial properties, vegetation effects, and temporal changes in
erosion resistance (e.g., Rousset et al. 2025), all of which
remain difficult to represent adequately in current models.
For the friction-dominated Angerman River, a sediment
dynamic and morphodynamic modelling framework was
more appropriate, reflecting the need to align model struc-
ture with process dominance.

Another important finding concerns the influence of river
regulation. In highly regulated systems, anthropogenic alter-
ations of flow regimes appeared to affect erosion processes
more strongly than projected climate-induced changes in
discharge. The Angerman River provides a particularly clear
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Scope & objectives

Time horizon(s) & climate

scenario(s)
Data collection & field
measurements
Parameter setting &

hydodymanic modelling

Monitoring and re-
assessment

Geometric input to slope
stability calculations &
landslide susceptibility

assessment

Plausability & sensitivity
analysis

Erosion simulations under
various climate scenarios

Fig. 8 The resulting workflow for projecting climate-induced river
erosion for assessing future landslide susceptibility

Table 4 Comparison of the effects of climate change-induced hydro-
logical alterations and hydropower-related flow regulation on fluvial
morphology from a Swedish perspective

Climate change Flow regulation

Changes runoff generation Changes water release

patterns
Acts through precipitation and Acts through operational
snowmelt decisions

Primarily alters magnitude and sea-
sonality of flows

Alters magnitude, frequency,
duration and timing of flows
Effects can occur
immediately

Effects develop gradually over
decades

Typically modifies existing erosive
processes

Often secondary in heavily regulated
rivers

Can create entirely new
erosive processes

Frequently dominant in
heavily regulated rivers

example, where short-term hydropower regulation gener-
ated rapid fluctuations in water level and flow velocity that
exceeded the magnitude of projected climate-driven hydro-
logical changes. Similar observations have been reported in
regulated boreal rivers, where operational flow management
may substantially modify hydraulic conditions and, in some
circumstances, either amplify or mitigate climate-related
impacts on erosion and flooding. Kasvi et al. (2019), for
example, demonstrated that adaptive regulation strategies
can reduce erosional forces despite increases in high-flow
discharge under future climate conditions. These findings
suggest that future assessments of climate-related erosion
should account for alternative flow-management scenarios
rather than considering climate change in isolation (Kasvi
et al. 2019).

The investigations also highlighted several limitations of
current morphodynamic modelling practice. Most applica-
tions relied on simplified representations of channel evo-
lution and were unable to simulate continuous feedback
among hydrodynamics, sediment transport, bank erosion,

and channel morphology. Following an erosion event or
bank failure, channel geometry changes immediately, alter-
ing local hydraulic conditions and consequently influencing
future erosion potential. This feedback loop remains diffi-
cult to represent computationally, particularly over long pre-
diction horizons. The challenge has been recognised more
broadly in river science, where calls have been made for
more fully coupled simulations that integrate hydraulic, sed-
imentological, and geotechnical processes (e.g., Andriani et
al. 2026; Alsultani et al. 2025).

More broadly, the study contributes to a growing body
of literature that emphasises the need to better integrate flu-
vial processes into climate-related landslide assessments.
Research on climate change and landslides has traditionally
focused on precipitation-induced slope failures, whereas
the role of river erosion as a dynamic forcing mechanism
remains comparatively underexplored. Recent studies show
that interactions among hydrological change, river morpho-
dynamics, and slope stability require greater attention and
more integrated modelling frameworks (e.g., Andriani et al.
2026). In this context, the approaches briefly described here
represent a step towards bridging the disciplinary divide
between geomorphology, hydraulics, and geotechnical
engineering.

Although this study is based on Swedish case studies,
the proposed overarching workflow offers a framework
that may be applicable in contexts beyond Sweden, as it is
grounded in fundamental principles governing hydrology,
hydraulics, sediment transport, and erosion. Application in
regions with different climatic settings primarily requires
adjustment of the hydrological forcing. While the Swedish
examples focus on the consequences of increased precipi-
tation and altered discharge regimes, the same framework
can be used to assess erosion associated with monsoon
climates, tropical cyclones, prolonged droughts, or rapid
glacier retreat. The critical step is the translation of climate
projections into flow-regime changes that serve as inputs to
subsequent erosion assessments.

Geological conditions represent another important factor
influencing applicability. The Swedish sites include mainly
erosion-sensitive fine-grained sediments and landslide-
prone slopes; however, environments characterized e.g.,
by coarse-grained deposits, bedrock-confined channels, lat-
erite or organic soils may exhibit markedly different ero-
sion dynamics and dominant geomorphological processes.
Accordingly, site-specific investigations are required to
establish locally relevant parameter values before imple-
mentation. The framework is also relevant across a range of
fluvial environments, although the modelling strategy may
need to be adapted to account for system-specific behavior.
Meandering lowland rivers, braided channels, intermittent
streams, and regulated waterways can respond differently
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to altered flow conditions, resulting in distinct morphody-
namic trajectories.

To conclude, the primary contribution of this study there-
fore lies not in the Swedish projections themselves, but in
demonstrating an integrated approach for linking climate
change, hydrological response, and future erosion. While
the framework has potential for international application,
robust implementation depends on local calibration, appro-
priate representation of erosion processes, and validation
against observed geomorphological change. Emerging tools
such as machine learning and automated image analysis
may further strengthen change detection and reduce uncer-
tainty. Ultimately, effective river management relies less on
precise prediction than on acknowledging uncertainty and
applying adaptive management.

Conclusions

This study outlines a systematic workflow for assessing and
projecting climate-induced river erosion and its implica-
tions for slope stability under future climatic conditions. The
methodology integrates hydroacoustic surveys, sediment
analysis, and hydrodynamic modeling with climate change
scenarios to identify erosion-prone zones and quantify mor-
phological changes in river cross-sections by 2100. These
projections enable evaluation of how fluvial erosion may
alter slope geometry, potentially increasing landslide sus-
ceptibility. The suggested workflow provides an operational
framework for linking climate-driven hydrological changes
to geomorphological and geotechnical risks, supporting
long-term stability assessments and adaptation strategies.
Critical insights underscore the necessity of comprehen-
sive data collection and systematic, repeated measurements.
These practices are essential not only for reducing uncertain-
ties in model input but also for enhancing the reliability of
datasets and the precision of the measurements themselves.
A thorough understanding of the geomorphological evolu-
tion of the river valley under study is crucial and should
be systematically integrated into simulation models through
interdisciplinary approaches that combine geomorphology,
hydrology, sediment transport, hydraulics, and geotechnics.
In conclusion, the findings underscore the importance of
dynamic processes and adaptive approaches in river man-
agement to effectively address changing environmental con-
ditions and emerging challenges.
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