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ABSTRACT

Sediment transport (bedload and suspension) plays a relevant role in the morphological response of river
channels to large floods. Sediment load controls erosion and aggradation patterns during high flows, drives the
migration of macroforms and contributes to the definition of thresholds for bank erosion and channel instability.
Given this influence on channel morphology, it is clear that sediment transport influences both the channel
geometry and water stage reached during floods and should therefore be considered in flood hazard analysis. So
far, however, legislation on flood hazard and flood management plans still continues to typically disregard
sediment transport. This is due mainly to the paucity of available data on sediment transport and the lack of
standardized approaches for its integration into flood hazard analysis. The present work, which aims to provide
some guidance on how to advance in this issue, has undertaken a bibliometric study and thorough review of the
published scientific literature that had previously addressed the implications of sediment transport on flood
hazards assessment. This review showed that: i) most studies on the influence of sediment transport on flood risk
have focused on mountain streams, as they are highly sensitive systems to changes in sediment supply; ii)
research has also focused on explaining historical changes in channel-conveyance capacity and flood frequency
based on long-term trends in sediment supply; and iii) recent developments in hydrodynamic and morphody-
namic numerical models provide opportunities to explicitly incorporate sediment transport in flood hazard
analysis. However, despite the recent advances, we have identified important challenges and discussed needs to

better consider sediment transport in flood hazards at different spatial and temporal scales.

1. Introduction

River floods are natural phenomena resulting from a variety of
causes, including intense or persistent rainfall (e.g., Hirschboeck, 1988),
snowmelt (e.g., Beniston and Stoffel, 2016; Dethier et al., 2020), glacial-
lake outbursts (e.g., Benito et al., 2021; Clague and O’Connor, 2021) or
the sudden failure of hydraulic infrastructures (e.g., dams, dikes) (e.g.,
Santos-Gonzalez et al., 2021). Although floods play an essential role in
the geomorphic and ecologic functioning of rivers, they also cause
damage to infrastructure and people (Diez-Herrero et al., 2009; Borga
etal., 2014; Kreibich et al., 2019), with significant human and economic
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losses on a global scale (Barredo, 2007). In this respect, floods have been
the costliest natural disaster in terms of the total number of people
affected during the period 2000-2019 (EM-DAT database; freely
accessible online at www.emdat.be). In addition, global hydrological
models predict that large areas will be affected by an increase in river
flooding in the near future, which could be enhanced by a growing
exposure of people to flood hazards (Hirabayashi et al., 2013; Jimenez
Cisneros et al., 2014).

River flooding occurs when the capacity of the channel to convey the
flow is exceeded, causing the water to rise above the level of the banks
and inundating the floodplain and adjacent areas (Ward, 1978; Benito
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and Vazquez-Tarrio, 2022). Hazards associated with river flooding have
traditionally been assessed by means of frequency-magnitude analysis,
in which hazard levels are defined in statistical terms and expressed as
annual exceedance probability or the average return interval of a given
discharge (Benito and Vazquez-Tarrio, 2022). The discharges estimated
for selected flood quantiles (e.g. 0.01 annual exceedance probability or
100-year flood) are then used for deriving ‘flood-hazard’ maps that
capture the expected inundation extent and/or depth along the study
reach (Zimmermann et al., 2005; EXCIMAP, 2007; Diez-Herrero et al.,
2009; Moel et al., 2009; Sanchez Martinez and Lastra, 2011; Olcina-
Cantos and Diez-Herrero, 2022; Mudashiru et al., 2021). These flood
hazard maps are used to identify flood-prone areas, raise awareness
among the riverine population and the water authorities, to design flood
protection plans and mitigation measures, and to prioritise emergency
response.

Diverse data sources and approaches are used to obtain flood hazard
maps, including (Mudashiru et al., 2021): (i) hydrological-hydraulic
modelling supported by numerical simulation of rainfall runoff and
river discharge (e.g. Anselmo et al., 1996); (ii) geomorphological map-
ping supported by aerial-photo interpretation and field evidence of
flooding and river dynamics (e.g. Baker, 1994; Lastra et al., 2008;
Magliulo and Valente, 2020); (iii) documentary analysis of historical
flood records (e.g. archives, press, watermarks, photographs and videos,
human testimonies) (e.g. Fernandez et al., 2012; Pichard and Roucaute,
2014); and (iv) palaeoflood reconstruction based on sedimentary and
botanical evidence left by floods (e.g., Benito and Diez-Herrero, 2015;
Benito et al., 2020a).

Sediment transport is usually overlooked in maps done with these
approaches (Nones and Guo, 2023). In particular, the assumptions of
clear water flow and fixed boundary channels are common for flood
hazard zone delineation based on conventional hydraulic computations
(Nones, 2019). However, it is widely known that intense sediment dis-
charges contribute to an increase in the density of water-sediment
mixtures (Costa, 1984; Pierson and Costa, 1987; Church and Jakob,
2020; Bodoque et al., 2011; Jakob et al., 2022). This fact ultimately
modifies the flow rheology and discharge-stage-flow velocity relation-
ships associated with a given discharge. Additionally, sediment mobi-
lisation and transport during high magnitude floods can also be
associated with sudden changes in channel morphology (e.g. river
widening, bank erosion; Brenna et al., 2023; Ruiz-Villanueva et al.,
2023), which can cause significant damage to riverine facilities and
populations (Nones and Pescaroli, 2016). Moreover, changes in channel
geometry may have an effect on its capacity to convey the flow and thus
modify the water-stage thresholds at which floods occur. In this regard,
natural (Gran et al., 2011; Phillips and Jerolmack, 2016; Pfeiffer et al.,
2019; Tofelde et al., 2019; Harries et al., 2021) and anthropogenic (e.g.
Kondolf, 1997; Rinaldi et al., 2005; Scorpio and Piégay, 2021) variations
in the amount of sediment delivered to rivers can lead to changes in
streambed elevation and cross-sectional geometry (Schumm and Khan,
1972; Parker, 1978; Church, 2006; Tal and Paola, 2007; Czuba et al.,
2010; Meétivier and Barrier, 2012; Dingle et al., 2019), potentially
altering channel conveyance capacity and flow routing (Slater et al.,
2015; Slater et al., 2019). As a result, flood hazard maps based on pre-
flood channel morphology or on models that assume a non-movable
riverbed or non-erodible banks in alluvial or mountain streams may
not be reliable.

Over the last two decades, several studies have addressed the
complexity related to the behaviour of sediment transport during floods
and its implications on flood hazard, under terms such as ‘hydro-
geomorphic hazards’ (e.g. Arnaud-Fassetta et al. (2005); Jakob et al.,
2016), ‘river geomorphological hazards’ (e.g. Rinaldi et al., 2015; Surian
et al., 2020; Brenna et al., 2023) or ‘sediment risks’ (Liu et al., 2022).
However, this has not prevented sediment transport processes from still
being frequently overlooked in flood risk studies, as several authors have
pointed out (James, 1999; Lane et al., 2007; Arnaud-Fassetta et al.,
2009; Raven et al., 2010; Slater et al., 2015; Buffin-Bélanger et al., 2017;
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Thapa et al., 2022; Nones and Guo, 2023). Unfortunately, still today,
many flood hazard studies rarely consider sediment transport and
geomorphic changes (Nones et al., 2017; Nones and Guo, 2023).

Bibliometric analysis has already allowed the investigation of some
emerging trends in fluvial geomorphology by Piégay et al. (2015) and
Pinter et al. (2019). However, to date there have been few bibliometric
studies in the field of flood hazards (one exception being Diez-Herrero
and Garrote, 2020) and, to the best of our knowledge, no previous
bibliometric study has focused on the specific topic of sediment trans-
port in flood hazard assessment. Therefore, in this paper we have
decided to conduct a bibliometric analysis of the scientific papers pub-
lished on flood hazards and their relationship with sediment transport.
By doing so, this paper aims at (i) providing a comprehensive and crit-
ical review of the existing scientific literature focused on the role of
sediment transport and the sediment load in flood hazards, (ii) identi-
fying critical remaining challenges; and (iii) discussing the needs to
better consider sediment transport in flood hazards at different spatial
and temporal scales. The manuscript begins with an in-depth biblio-
metric analysis to explore how flood hazard research has evolved by
identifying the links between sediment transport processes and flooding.
Secondly, the main ideas presented in these papers are extracted and
organised to provide a general overview of the main concepts. Finally,
we identify several challenges, such as methodological developments
and approaches, and discuss the potential to integrate sediment trans-
port into flood risk assessment. We intend this work to contribute to a
more careful consideration of sediment transport in flood hazard anal-
ysis in the near future.

2. Materials and methods

Bibliometric analysis represents a powerful tool with great potential
to highlight useful information that might be disregarded in a simpler
bibliographic screening through the cited (and citing) articles of the
most relevant papers in a given topic. For the current bibliometric study,
we used the Web of Science (WoS) (https://www.webofscience.
com/wos/alldb/basic-search). We accomplished our bibliometric anal-
ysis in three steps: i) first, we analysed the bibliometric trends of those
papers that dealt with flood hazards and risks; ii) then, we analysed the
trends in the previous literature on sediment transport in rivers; and
finally iii) we explored the bibliometric trends in the scientific literature
considering both flood hazards and sediment transport.

To do so, the WoS ‘Core Collection” was consulted on 05/18/2023.
We started using the Boolean “OR” operator between the following two
keywords: “flood hazard” and “flood risk”, with “Topic” serving as the
searching field. Then, we continued our bibliometric analysis using the
Boolean “OR” to combine several keywords: “sediment transport” OR
“bedload” OR “suspended sediment” (yet again, with “Topic” as the
search field). Up to this point, we analysed the bibliometric trends of the
two research areas, flood hazards, and river sediment, each indepen-
dently of the other. Once this was done, we were interested in analysing
the number of published papers that consider both the flood hazard or
risk and the role that river sediment plays. To achieve this objective, we
combined the records obtained in the two previous analyses, so that
“flood hazard OR flood risk” was crossed (by Boolean AND) with
“sediment transport” OR “bedload” OR “suspended sediment” (using the
searching field “Topic™). Recent literature has also pointed out that flood
hazards in fluvial environments include issues closely related to channel
morphodynamics, such as bank erosion and channel widening (Rinaldi
et al., 2015; Brenna et al., 2023; Ruiz-Villanueva et al., 2023). Channel
change processes can be considered in a certain way as the morpho-
logical expression of sediment transport. However, relying solely on
keyword searches associated to “sediment transport” may not fully
capture processes related to channel dynamics. Therefore, the keywords
“flood hazard OR flood risk” were also crossed (by Boolean AND) with
“bank erosion” OR “channel widening” OR “geomorphic hazards” OR
“geomorphological hazards” to include hazards related to the
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morphological change dynamics in river channels, which are ultimately
controlled by sediment erosion, transport and deposition processes. For
more details on the search strategy, the databases considered and the
number of records obtained, the reader is referred to the supplementary
material of this paper.

The compiled data were examined in order to interpret the thematic,
temporal and geographical evolution of the previous literature (using
the tools available in the WOS platform, for filtering and refining the
searches) with a particular focus on analysing the amount of previous
research that has explicitly considered sediment transport in the analysis
of flood risk. We also analysed the co-occurrence of keywords to
determine the main topics associated with the three groups of papers (i.
e., ‘flood hazards’, ‘sediment transport’, and ‘flood hazards + sediment
transport’). For this purpose, we used the ‘bibliometrix’ R-package
developed by Aria and Cuccurullo (2017).

Once we had completed the bibliometric analysis, we proceeded to a
more thorough evaluation of those scientific articles that dealt with both
sediment transport and flood hazards (covering a time interval from
1990 to 2023). From the ~400 papers obtained from the automatic
search with the WOS, we made a two-step hand selection. We carried out
a first screening based on article title, journal, and authorship. In a
second step, we checked the abstracts of the hand-picked papers (in
chronological order) and manually selected those that we found the
most relevant for further review, taking into account the originality of
the methods used (e.g., the modelling approaches, number of aspects
considered in relation to sediment transport) and also trying to maintain
a diverse selection of topics (e.g., hazards, vulnerability) and study
contexts. This selection was completed by manually searching works
cited in the selected papers. In this way, we finally identified 52 man-
uscripts that we read carefully and in depth, extracting and noting the
main ideas. As a result, we have prepared a concise and synthetic report
of the different aspects where sediment transport has been previously
identified as highly relevant to flood hazards. This review is presented in
the second part of this paper. Table 1 summarises the papers that we
considered most noteworthy and the main ideas that we extracted from
them.

3. Bibliometric analysis

3.1. General trends in previous literature focused on flood hazards and
risks

We obtained a total of 12,343 records, using the Boolean “OR”
operator between the keywords ‘flood hazard’ and ‘flood risk’. The
number of outcomes is reduced if we restrict the search using the
keyword ‘river’ (4519 records). Of all these records, 97.2 % are written
in English, while German, French, and Spanish only accounted for 0.7,
0.6, and 0.4 % of the results, respectively. Journal articles make up the
majority of the selected records (83.0 %). We also looked at the general
time trends and we observed how the number of papers on this topic has
increased over time, from a few papers in mid-1990 to >1300 publica-
tions in 2022 (Fig. 1). Indeed, this is a general trend in scientific pub-
lications common to all fields, i.e., the exponential growth in the number
of publications over time (Bornmann et al., 2021).

It is noteworthy to observe that four countries alone are affiliation
institution countries of almost one-half (51 %) of all records: P.R China
(15.4 %), USA (14.7 %), UK (11.7 %) and Italy (9.8 %). The Netherlands
(9.2 %) completes the top five. When analysing the production of
research publications on the basis of authors, the top 10 positions are
occupied by 2 German-based researchers, 2 Netherlands-based re-
searchers, 1 Italian-based researcher, 1 Poland-based researcher, 1 UK-
based researcher, 1 Canadian-based researcher, 1 Sweden-based
researcher and 1 Switzerland-based researcher. Finally, this global
view of flood hazard and risk could be completed by the list of preferred
journals for the publication of this type of study: Water (5.4 %), Natural
Hazards (4.9 %), Journal of Hydrology (3.5 %), Journal of Flood Risk
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Management (3.5 %) and Natural Hazards and Earth System Sciences (2.5
%).

Bibliometric trends have not been static; instead, they have evolved
over time. In Table 2, we present a heat map showing the trends in the
15 main journals in which publications on flood hazards have been
published. From these results we can draw some conclusions: a) some of
the main journals from the decade of 1990/99 continue in the top po-
sitions (e.g. Water Resources Research; Water Resources Management;
Hydrological Processes), while others have become less prolific (e.g. Hy-
drological processes; Geomorphology); b) in the decade 2000/09 several
journals have gained in importance (e.g. Journal of Flood Risk Manage-
ment, Natural Hazards or Natural Hazards and Earth System Sciences); c)
finally, a few recent journals (e.g. Water; Sustainability) have become
very prolific in publishing flood hazard studies. In summary, the emer-
gence, since the 1990s, of journals specialising in the natural processes
responsible for hazards and risks, has absorbed the scientific production
that was previously scattered across different journals. More recently,
since the 2010s, the effect of open-access journals (such as Water and
Sustainability) is also evident.

The analysis of keyword co-occurrence highlights the existence of
three main clusters of themes within the ‘flood hazard’ literature
(Fig. 2A): i. one dominated by keywords related to hydrometeorological
drivers of floods and the hazard dimension of flood risks (e.g., ‘climate’,
‘precipitation’, ‘rainfall’, ‘frequency analysis’, ‘events’; blue in the
Fig. 2A); ii. a second one somehow related to risk modelling and risk
management (‘risk’, ‘management’; red in Fig. 2A); and iii. a third one
associated to flood hazards at the catchment scale (‘river basin’,
‘catchment’, ‘runoff’; green in Fig. 2A) and climate change.

3.2. General trends in previous literature focused on fluvial sediment

Our search in WOS with the Boolean “OR” combination of “sediment
transport” OR “bedload” OR “suspended sediment” gave us a total of
36,208 records. This large number was reduced when we restricted the
search using the keywords “fluvial” or “river” (3703 records with
“fluvial”, and 16,177 records with “river”). An examination of these
records shows similar trends in language and document type to those
described above for ‘flood hazards’ papers. The affiliation institution
countries are again highly confined to a small group: the five countries
with the highest contribution (USA - 29.5 %, P.R. China - 18.0 %, UK —
10.2 %, France — 7.7 %, and Canada — 7.2 %) account for about 72.6 % of
the total production. When analysing the production of research publi-
cations by authors, the top 10 positions are occupied by 3 US-based
researchers, 3 UK-based, 2 Spanish-based, and 2 Canadian-based. In
terms of preferred journals, the top five include Geomorphology (4.3 %),
Earth Surface Processes and Landforms (3.7 %), Water Resources Research
(3.0 %), Journal of Hydrology (2.8 %), and Science of the Total Environ-
ment (2.4 %) (Table 3). Then, only one journal, the Journal of Hydrology,
appears in both the top 5 for flood hazards and sediment transport.

As in the case of the records on flood hazard and risk analysis, some
changes have occurred over time (Fig. 1). The temporal evolution of the
publications shows that the generalization of the scientific production
related to this topic started one decade earlier than that focused on the
analysis of flood hazards or risks: the decade 1990/99 is the one that
shows a generalized expansion of the scientific production on sediment
transport in rivers. In the 1980s (Earth Surface Process and Landforms,
Water Resources Research, or Catena) and the 1990s (Geomorphology,
Science of the Total Environment, or Hydrological Processes), the journals
that are more prolific today started to stand out. Once again, the recent
growth of the open-access journal Water should be highlighted. One
singularity could be outlined in our analysis: the appearance of two
journals related to the marine environment, such as the Journal of
Coastal Research and Marine Geology. This could be due to an error in the
databases or to articles focused on sediment transport processes in es-
tuaries and river mouths. Therefore, we decided to remove them from
the analyses.



Table 1

Summary compilation of previously published research that considered sediment-transport processes in flood hazard studies.

Source Journal Type of paper Objectives Data /Methods Study site/Region Main outcomes
Hey and . Assess river engineering works . . .
. h and Th k 1t fi d ding t
Winterbottom ﬁwelriC}ZZ:soe:src an Study case (gravel-trap) on the Upper River Field data Wharfe River (UK) ex eeilsil;iirmg works (gravel trap) performed according to
(1990) PP Wharfe P
Earth Surface Processes . Application of sediment to river General data collected by the Sence and Shelf Brook . . .
Sear et al. (1995 1 stud:; A methodology f duct ‘fluvial audit d
ear et al. ( ) and Landforms (ESPL) Regional study maintenance National Rivers Authority Rivers (UK) methodology for conducting a Hluvial audit 1s propose
Stover and L . . Increased flooding on the Skokomish river as a result of
Montgomery Journal of Hydrolo; Study case Linking channel changes and Cross-section data, gauging data Skokomish River aggradation with progressive reduction in channel’s
gomery ydrotogy Y flooding in the Skokomish river » gauging (Washington, USA) 68 prog;
(2001) conveyance capacity
. Understanding the causes of . . L . R
Davies et al. L . . Waiho River (New Aggradation in the Waiho river is caused by the lateral
. ESPL Study case aggradation in the Waiho river and ~ Physical model -
(2003) Zealand) restriction of the channel by stopbanks
the effects of stopbanks
Sinnakaudan et al. Environmental Pevelopment aGIs .mOl thaF 1D Hydraulic modelling (with L. . Flood hé_lzard maPs for t_he Parl, riverwere derlv_ed from HEC-G
e . Study case integrates HEC-6 with ArcView to Pari River (Malaysia) hydraulic modelling, with sediment transport included in the
(2003) Modelling and Software R movable bed) . X
produce a flood risk map modelling routine
Arnaud-Fassetta Geomorphology Study case Pescribe 'fhe.effects of alarge flood  Aerial ir.nages., ml.}lti-date mapping, Guil River (France) The effects of this major flood were largely controlled by the
et al. (2005) in the Guil river valley hydraulic estimations, field survey local geomorphology
Piégay et al. River Research and Conceptual / Present a general overview of the Examples from rivers worldwide Global Provide guidance on the practical application of the erodible
(2005) Applications Review paper erodible river corridor concept (Ain, Tagliamento, Goodwin creek) corridor concept
Hiirlima t al. Geologic and hological A hazard i duced, togeth ith
uf 1 et a Geomorphology Regional study Assessment of debris-flow hazards €0 O'glC an geomo'rp © Oglca. Andorra azar map' 18 procuicec, 10ge er'w1 some
(2006) mapping. 1D numerical modelling recommendations for hazard reduction
Explore the impacts of long-term . .
h 1 sed; tati bout half of th delled
Lane et al. (2007) ESPL Study case and short-term changes in sediment 1D and 2D hydraulic modelling Wharfe River (UK) C anne .Se jmentation can cause. about hat of the modefe
. increase in flood extent due to climate change
delivery
Incorporating riverbed dynamics Semidistributed Precipitation runoff
Neuhold et al. Natural Hazards and P g . 4 . model. Hydraulic and sediment- 11l River (Western Several scenarios (hydrology, sediment, bed adjustment) are
Study case and channel changes in flood risk

(2009)

Arnaud-Fassetta
et al. (2009)

Totschnig et al.
(2011)

Davies and
McSaveney
(2011)

Bodoque et al.
(2011)

Radice et al.
(2013)

Slater and Singer
(2013)

Totschnig and
Fuchs (2013)

Badoux et al.
(2014)

Earth System Sciences
Gémorphologie: relief,
processus,
environnement
Natural Hazards

Journal of Hydrology
(NZ)

Water Resources
Research

Journal of Flood Risk
Management

Geology

Geomorphology

Natural Hazards and
Earth System Science

Conceptual paper

Study case

Conceptual paper
/ Regional study

Study case

Study case

Regional study

Regional study

Regional study

assessment

Analyse the role of fluvial
geomorphology on flood hazards

Exploring vulnerability associated
to sediment transport in mountain
rivers

Propose a framework for improving
flood risk assessments in New
Zealand

Determining the discharge of a flow
event that took place on 1997

Exploring the incorporation of
sediment transport modelling into
the evaluation of flash-flood
hazards.

Examining the relations between
riverbed elevation, climate and
fluvial discharge

Analyse the vulnerability of
buildings to torrent processes

Estimate the contribution of
bedload to damage costs

transport modelling. Flood damage
function.

Examples from France and Nepal

Inventory data on flood damage
from previous events

Examples taken from previous
studies

Field observations. 1D hydraulic
modelling. Sedimentology

1D morphodynamical model

Streamflow and channel
measurements for 915 USGS
gauging stations

Event data for several catchments

Swiss flood and landslide damage
database

Austrian Alps)

France, Nepal

Three torrents from
Austrian Alps

New Zealand

Arroyo Cabrera
(central Spain)

Mallero River (Italian

Al ps)

USA rivers

Austrian Alps

Swiss torrents

simulated to provide probability vulnerability models

Highlight the diversity of concepts and methods that fluvial
geomorphology can provide for understanding the spatio-
temporal variability of flood hazards

A quantitative vulnerability function applicable to residential
buildings located on torrent fans

The impact of climate change on flood risk may be negligible
compared to the underestimation of flood risk inherent in
current assessment methods; protocols and methods should be
improved in active areas-

The methodological approach proposed here can be applied to
hyperconcentrated flows in high-gradient mountainous
streams

An adequate characterization of the hazards associated with
flash floods cannot be obtained without taking into account
the morphological variability associated with sediment
transport

They found nonstationary bed elevation at most sites, and
they observed how discharge varies with climate regime in
proportion to bed elevation

The results suggest that there is no need to distinguish
between different sediment-laden torrent processes when
assessing the vulnerability of residential buildings to torrent
processes

Estimate of the contribution of bedload to total damage cost in
the 40 years study period

(continued on next page)
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Table 1 (continued)

Source Journal Type of paper Objectives Data /Methods Study site/Region Main outcomes
he i f h. inty in long-profil iability di ffect the fl
Wong et al. (2015)  Hydrological Processes Study case Study the impacts of morp 1D-2D hydraulic model Cockermounth (UK) Uncer.talnty in long-profile variability did not affect the flood
changes. mapping
. . The interactions between flow, sediment transport and
. International Journal of . Investigating the effects of . . . . .
Guan et al. (2015) . Experimental . R 2D numerical model Virtual experiments geomorphic processes during floods are analysed for several
Sediment research sediment transport in floods .
scenarios
Nardi and Rinaldi Describing the variability in Field-survey. Analysis of aerial . P,
(2015) ESPL Study case channel response to a flood photo. LIDAR data. Magra River (Italy) Large variability in channel response to 2011 flood
Review examples from field studies The analysis shows that there is no constant relationship
Hooke (2015) Geomorphology Review paper to analyze how the impacts of Review of previous literature between flood magnitude and morphological/sedimentary
floods can vary response
Geophysical Research Separate the relative effects of Changes in flood hazard due to change in channel capacity
Slater et al. (2015) Lettle, rsy Regional study streamflow and channel capacity Gauging data from US rivers US rivers were smaller but more numerous than those due to change in
variability on flood frequency streamflow
iewi ical h N ical Is of i i lexity have b
Lotsari et al. Progress in Physical ) Rev1.ew1ng numerical approaches . umerical models of increasing comp es'ﬂty ave been
Review paper for simulating future river-channel Review paper developed, so there is increasing potential for their
(2015) Geography R L
adjustments application
. Highlighting the most threatening . . . Suggestions for improving the practice of correctly diagnosing
1 £ 1
Jakob et al. (2016) Canadian Water Conceptual / hydrogeomorphic hazards in Review of previousliterature / study Canada the potential for unusual hydro-geomorphic hazards in

Pender et al.
(2016)

Guan et al. (2016)

Radice et al.
(2016)

Slater (2016)

Hooke (2016)

Surian et al. (2016)

Rinaldi et al.
(2016)

Call et al. (2017)

Sturm et al.
(2018a)

Sturm et al.
(2018b)

Nones (2019)

Fuchs et al. (2019)

Resources Journal

Journal of Hydraulic
Engineering

Journal of Hydrology

Water

ESPL

Geomorphology

Geomorphology

ESPL

Water Resources
Research

Geomorphology

Journal of Hydrology

Acta Geophysica

Journal of Hydrology

Review paper

Study case

Experimental

Study case

Regional study

Study case

Regional study

Study case

Experimental

Experimental
study

Experimental
study

Study case

Review paper

mountain regions

Analyse the sensitivity of flood
inundation to changes in channel
conveyance

Exploring sediment transport and
morphological changes during
multiple floods

Application of a model to
incorporate sediment transport into
hazard assessment in a river with
severe aggradation

Understanding how flood
frequency is affected by changes in
conveyance capacity

Describing geomorphological
effects of an extreme flood in a
semiarid ephemeral stream
Analyze the geomorphic response
of mountain rivers to extreme
floods

Describe the geomorphic response
to a large flood

Exploring changes in flood extent
under nonstationary conditions for
an adjustable channel
Understanding the impact
dynamics on buildings caused by
sediment transport

Study on impact forces on buildings

Comparing 2D simulations under
fixed and mobile bed conditions
Review vulnerability assessments
for buildings exposed to torrential
hazards

cases

1D hydro-morphodynamical model

2D hydro-morphodynamical model

1D hydro-morphodynamical model

Analysis of data from 41 gauging
stations in UK

Topographic field surveys

Analysis of aerial photographs,
streamflow data, geomorphological
mapping

Remote sensing and GIS. Landslide
mapping. Field surveys

Stochastic, reduced complexity
model

Physical scale model

Physical model

2D numerical modeling (hydraulic
and morphodynamical)

Review of previous literature

Cladew River
(England)

Virtual experiments

Mallero River (Italian
Alps)

England and Wales
Nogalte, Torrealvilla
and Slada sites

(Murcia, SE Spain)

Apenine Rivers (Italy)

Magra River (Italy)

Virtual experiments /
Minnesota rivers
(USA)

A physical model
based on
Schnannerbach torrent

Physical model

Secchia River (Italy)

European Alps

mountain areas

Proposing a method for considering sediment-related
sensitivity in flood hazard assessment

Cumulative effects of changes in river bed geometry affect
local and downstream flood hazards

To develop a framework for proposing scenarios for flood-
hazard assessment that incorporate sediment transport

A 10% change in the channel’s transport capacity would result
in a change in flood frequency of ~1.5 days per year, on
average, across the 41 selected sites

High degree of channel adjustments to high magnitude flash
floods

Hydraulic variables alone are not sufficient to explain the
channel response to extreme floods, and geomorphological
factors (e.g. lateral confinement) should be considered

A methodological framework is described for using
interlinked observations and analyses of the geomorphic
impact of an extreme event

Intra-annual variability in flood extent depends primarily on
variability in hydrology, but intra-annual variability in flood
frequency depends primarily on channel adjustment

Impact forces depend on the dynamics of the sediment
deposition processes on the floodplain

Clear correlation between flow heights and impact forces on
exposed buildings. Bedload transport and deposition
processes influence the impact forces

Differences are observed between results obtained with fixed
and mobile bed conditions

The transferability of functions between case studies is
challenging. More research is needed to understand the
importance of building design

(continued on next page)
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Table 1 (continued)

Source Journal Type of paper Objectives Data /Methods Study site/Region Main outcomes
Sediment transport and deposition are key drivers of the
Dingle et al. Analyse channel change on . - Cagayan River observed tropical channel morphodynamics in this
1 11;
(2019) Geomorphology Study case Philippine rivers Optical satellite imagery (Philippines) region. Channel morphodynamics have implications for how
best to manage these types of tropical river systems
. Exploring sensitivity to sediment of . . . . . . . L
Tang et al. (2020) Geophysical Research Study case rainfall thresholds for debris-flow Num'erlc'al modelling and field Chalk Cliffs (Colorado) Ralf'nfall intensity-duration th.resholds'become sensitive to
Letters initiation monitoring sediment supply below a sediment thickness threshold
Dysarz (2020) Journal of Flood Risk Study case Quantifying the impact of sediment 1D hydro-morphodynamical model Warta River (Poland) Development of an algorithm to automate sediment routing,

Sofia and
Nikolopoulos
(2020)

Basso-Baez et al.
(2020)

Dingle et al.
(2020)

Contreras and
Escauriaza
(2020)

Boothroyd et al.
(2021)

Di Cristo et al.
(2021)

Liu et al. (2021)

Thapa et al.

(2022); Thapa
et al. (2022)

Liu et al. (2022)

Brenna et al.
(2023)

Ruiz-Villanueva
et al. (2023)

Nones and Guo
(2023)

Management

Scientific Reports

Journal of South
American Earth Sciences

ESPL

Natural Hazards and
Earth Systems Sciences

Science of the Total
Environment (STOTEN)

Water

Frontiers in Earth
Science

39" IAHR World
Congress, Conf.
Proceedings; ESPL

Catena

Geomorphology

STOTEN

Geoenvironmental
disasters

Regional study

Study case

Study case

Study case

Regional study
Experimental
study

Study case

Study case

Study case

Study case

Review paper

Conceptual/
Review paper

transport on hazards
Understanding changes in flood
hazards and different drivers
(precipitation, flows and sediment
connectivity)

Unravelling the

impacts to buildings caused by
floods in a river heavily perturbed
by a volcanic eruption

Explore how sediment dynamics
and riverbed changes influence
flood hazards in the Karnali river
(Nepal)

To gain knowledge into the effects
of high sediment concentration on
the propagation of floods

Analyze the effects of river
migration in the vicinity of bridges
in Philippines

Evaluation of the impact forces on
structures due to a flood wave

Testing sensitivity of flooding
hazard to sediment characteristics

Exploring the sensitivity of channel
morphology to the grain-size of the
sediment supply

Understanding the impacts of
sediment into flood risk assessment
in a 10 km reach

Investigating the role played by
different types of sediment
transport processes in channel
widening during floods

Identify the hydraulic and
morphological drivers responsible
for river widening

Provide evidence on the potential
impact of sediments and
morphological changes during
flooding events

Field data, discharge records, LIDAR
high-resolution topography

Hydrological assessment. 2D
hydraulic modelling considering
large-wood

2D hydraulic model

2D Hydraulic model

Landsat satellite imagery, inventory
data from public agencies

2D-hydro morphodynamical model
and 2-phase model

1D numerical model

CAESAR-Listflood landscape
evolution model

1D hydraulic modelling for
simulating different scenarios of
sediment inputs

GIS work. Aerial photo
interpretation. Hydrological and
sedimentological analysis

Meta-analysis of a large database
comprising 1564 river reaches in
Europe

Reviewing 6 significant and well-
documented events that happened
in mountainous and lowland river
basins in Europe

16 watersheds in
Connecticut and
Massachusetts

Blanco River (Chile)

Karnali River (Nepal)

Quebrada de Ramon
watershed (Andes,
Chili)

Philippine rivers

Virtual experiments

Xihe River (China)
Nakkhu River
(Kathmandu basin,

Nepal)

Xihe River (China)

Corvedole River and
four tributaries
(Dolomites, Italy)

Europe

Europe, global

hydraulic modelling and geoprocessing

A framework is proposed for connecting flood changes to
landscape controls

Proposing a structured, systematic and understandable
approach to quantifying the impact of flooding on buildings

Regular field measurements of bed elevation and updated
DEMs following large sediment-generating events could help
improve model inputs in future flood prediction models

Simulations show that sediment concentration has strong
impact on flow velocities and water depths. Nevertheless,
arrival time of the peak flow or the shape of the hydrograph
are not affected by sediment concentration.

The magnitude of the lateral adjustment is sufficient to
suggest the need for a bridge design to accommodate channel
dynamics

Differences are observed between the two tested modelling
approaches, which are ascribed to the role of sediment inertia
Sediment concentration had a significantly effect on flood
hazard, but was less important than sediment input and
particle size

Both grain-size and sediment supply are important for
accurate flood hazard mapping in sediment-rich catchments

A framework for incorporating sediment into flood risk
assessment is tested and illustrated

Debris floods can trigger widening processes that are more
intense than those that occur in response to water flows

Rivers in the Mediterranean region showed larger widening
than rivers from other regions. Valley confinement is a critical
morphological variable but is not the only controlling factor

The presented examples show the importance of considering
sediment and wood in flood risk management.
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Fig. 1. Temporal evolution of the number of published papers focusing on ‘flood-hazards’, ‘sediment transport’ and ‘sediment transport + flood hazards’ in rivers.

Table 2

Temporal trends in the number of published papers focusing on ‘flood-hazards’ in rivers in the 15 journals with the highest
number of records in the WOS databases. Each column represents a decade, and each cell (of a given column) shows the relative
percentage of papers published in each journal. Note that these percentages are estimated from the ratio of the number of
articles published in each journal to the total number of papers published in that decade (which includes more journals than the
15 shown here). The total number of papers for each decade (N) is given in the first row (% of N). Cells are coloured on a scale
from light (lower percentages) to dark (larger percentages) brown. Grey colour represents periods in which a given journal was

not published (or is not represented in the WOS database).

1970-79 | 1980-89 | 1990-99 | 2000-09 | 2010-19 | 2020-23
Source Titles % of 15 % of 4 % of 55 % of 431 | % of 2394 | % of 1635

[E35 WEB OF CONFERENCES 1.75 0.00
GEOMORPHOLOGY 5.45 3.48 1.04 0.31
HIDROLOGY AND EARTH SYSTEM SCIENCES 2.09 196 1.47
[HYDROLOGICAL PROCESSES 1.82 3.02 1.25 0.31
INTERNATIONAL JOURNAL OF DISASTER RISK REDUCTION 0.71 2.26
JOURNAL OF FLOOD RISK MANAGEMENT 1.16 376 373
JOURNAL OF HYDROLOGY 0.00 0.00 5.45 278 3.22 416
INATURAL HAZARDS 0.00 5.10 501 4.77
INATURAL HAZARDS AND EARTH SYSTEM SCIENCES 1.86 284 2.32
REMOTE SENSING 0.63 1.90
[SCIENCE OF THE TOTAL ENVIRONMENT 0.00 0.00 0.00 0.70 138 239
[SUSTAINABILITY 0.71 3.49
WATER 3.88

WATER RESOURCES MANAGEMENT 1.82 0.46 7 0.86
WATER RESOURCES RESEARCH 0.00 0.00 5.45 1.16 1.67 1.96

The network analysis of keyword co-occurrences shows in this case
two main clusters of keywords within the ‘sediment transport’ literature
(Fig. 2B): i. one clearly dominated by the keyword ‘suspended sedi-
ment’, which is associated with terms related to catchment scale con-
trols on sediment production (e.g., ‘water’, ‘soil erosion’, ‘land-use’,
‘climate change’; blue in Fig. 2B), and ii. a second grouping of terms
related to river morphodynamics, such as ‘evolution’, ‘dynamics’,
‘erosion’ or ‘deposition’ (red in Fig. 2B). It is interesting to observe how
this second cluster is linked to the keyword ‘bedload transport’, which
corresponds well to the control exerted by bedload on channel geometry
and planform architecture, particularly in gravel-bed rivers.

3.3. Relative importance given to sediment transport in flood hazards in
previous literature

The search in the WOS for the literature considering both flood
hazards and sediment-transport (filtered by the term ‘river’) yielded 411
records. In addition, the search using terms related to planform change
dynamics (bank erosion, widening) and geomorphic hazards yielded
even fewer results (165 records). Even taking into account all the limi-
tations and shortcomings inherent to any bibliometric analysis (Diez-
Herrero and Garrote, 2020), one main idea emerges from the results:
most of the previous research on flood hazard (or risk) in rivers does not

explicitly consider the role of sediment transport, and vice versa.

What are the trends in these publications when both flood hazards
and river sediment transport are considered? When we jointly analysed
the two main themes of this bibliometric study, natural hazards and
sediment transport, we observed a significant change in the tendencies
reported above (Table 4). For example, none of the five more prolific
authors had appeared before. However, all of the top five journals
(Geomorphology, Water, Science of the Total Environment, Earth Surface
Processes and Landforms and Journal of Hydrology) were already in the
previous top 5 for flood risk or river sediment literature. Thus, although
there are differences in authors and organizations, the most prolific
journals still remain the same. We also analysed trends in dominant
disciplines based on the WOS categories of the different papers (Fig. 3).
The WOS categories ‘Water Resources’, ‘Environmental Sciences’ and
‘Geosciences Multidisciplinary’ account for the largest number of papers
in the three topic groups (i.e., ‘flood hazards’, ‘sediment transport” and
‘sediment transport + flood hazards’). However, a larger proportion of
papers in the ‘sediment transport’ and ‘sediment transport + flood
hazards’ groups are included in the ‘Geosciences multidisciplinary’ and
‘Geography Physical’ categories than in the ‘flood hazard’ groups.
Similarly, a larger number of papers in the ‘flood hazards’ literature are
classified in the WOS category ‘Meteorology Atmospheric Sciences’.

Of the approximately ten thousand flood hazards (or risk) records,
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Fig. 2. Results of the keyword co-occurrence analysis done with the ‘bibliometrix’ R- package (Aria and Cuccurullo, 2017). A) analysis performed on the ‘flood
hazard’ literature; B) analysis performed on the ‘sediment transport’ literature; C) analysis performed on the ‘flood hazard’ literature that considered sedi-

ment transport.
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Table 3

Temporal trends in the number of published papers focusing on ‘sediment transport’ in rivers in the 15 journals with the highest
number of records in the WOS databases. Each column represents a decade, and each cell (of a given column) shows the relative
percentage of papers published in each journal. Note that these percentages are estimated from the ratio of the number of
articles published in each journal to the total number of papers published in that decade (which includes more journals than the
15 shown here). The total number of papers for each decade (N) is given in the first row (% of N). Cells are coloured on a scale
from light (lower percentages) to dark (larger percentages) brown. Grey colour represents periods in which a given journal was
not published (or is not represented in the WOS database).

1970-79 | 1980-89 | 1990-99 | 2000-09 | 2010-19 | 2020-23
Source Titles % of23 | % of 50 | % of 1245 | % of 3470 | % of 7539 | % of 3359

CATENA 2.00 1.04 1.15 1.42 2.80
CONTINENTAL SHELF RESEARCH 4.00 201 3.1 1.95 0.74
EARTH SURFACE PROCESSES AND LANDFORMS 4.00 3.43 3.74 3.60
ESTUARINE COASTAL AND SHELF SCIENCE 0.00 2,01 2.02 1.79 1.76
GEOMORPHOLOGY 3.45 421 5.00 3.27
HYDROLOGICAL PROCESSES 3.78 31 2.11 1.40
IAHS PUBLICATION 0.00 0.00 1.85 2.33 1.03 0.00
INTERNATIONAL JOURNAL OF SEDIMENT RESEARCH 0.00 0.00 0.72 1.59 1.49
JOURNAL OF GEOPHYSICAL RESEARCH EARTH SURFACE | 0.00 0.00 0.00 1.38 2.93 2.77
JOURNAL OF HYDRAULIC ENGINEERING 0.00 0.32 1.44 1.29 0.83
JOURNAL OF HYDROLOGY e > 291 2.65 3.66
RIVER RESEARCH AND APPLICATIONS 1.10 1.10 0.95
SCIENCE OF THE TOTAL ENVIRONMENT 0.00 0.00 1.93 1.59 2.49 3.69
WATER 2.08
WATER RESOURCES RESEARCH 0.00 4.00 3.78 386 2.47 2.95

Table 4

Temporal trends in the number of published papers focusing on both on ‘flood hazards’ and ‘sediment transport” in rivers in the
15 journals with the highest number of records in the WOS databases. Each column represents a decade, and each cell (of a given
column) shows the relative percentage of papers published in each journal. Note that these percentages are estimated from the
ratio of the number of articles published in each journal to the total number of papers published in that decade (which includes
more journals than the 15 shown here). The total number of papers for each decade (N) is given in the first row (% of N). Cells
are coloured on a scale from light (lower percentages) to dark (larger percentages) brown. Grey colour represents periods in
which a given journal was not published (or is not represented in the WOS database).

1970-79 | 1980-89 | 1990-99 | 2000-09 | 2010-19 | 2020-23

Source Titles %of0 | %of0 | % of 13 | % of 54 | % of 201 | % of 137
CATENA 000 | 000 | 000 [ 000 | 199 [ 073
EARTH SURFACE PROCESSES AND LANDFORMS 000 | 000 | 185 | 398 | 657
GEOMORPHOLOGY IR 255 | 746 | s
GEOPHYSICAL RESEARCH LETTERS 000 | 000 | 000 | 000 [ 149 | 219
HYDROLOGICAL PROCESSES 769 | 926 | 149 | 073
JOURNAL OF COASTAL RESEARCH 000 |[T1538 | 370 | 149 | 0.00
JOURNAL OF ENVIRONMENTAL MANAGEMENT 000 | 000 | 000 | 000 | 050 | 292
JOURNAL OF GEOPHYSICAL RESEARCH: EARTH SURFACE 000 | 185 | 149 [ 292
JOURNAL OF HYDROLOGY 000 | 000 | 000 | 556 | 448 | 292
NATURAL HAZARDS 000 | 741 | 100 | 292
NATURAL HAZARDS AND EARTH SYSTEM SCIENCES 370 | 249 | 073
RIVER RESEARCH AND APPLICATIONS 000 | 100 | 292
SCIENCE OF THE TOTAL ENVIRONMENT 000 | 000 | 000 | 185 | 547 | 584
WATER 398 | 949
WATER RESOURCES RESEARCH 000 | 000 | 000 | 556 | 149 | 292
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only 71 contain the keyword ‘bedload’. Moreover, roughly about one-
third of these papers were published in the last three years (2020,
2021, and 2022) and almost all of them (except five) were published in
the twenty-first century (Fig. 1). Thus, the consideration of bedload in
flood risk assessment started three decades later than the first published
analysis of flood risk and sediment transport. This could be due to the
increased complexity of hydrodynamic modelling when considering
sediment transport (bedload in this case); and/or to the scarce avail-
ability of bedload data. Due to the scarcity of records, it is difficult to
extract any significant trend about journals or authors, but the main
journals are those focused on geomorphology and earth surface pro-
cesses (e.g., Geomorphology, or Earth Surface Process and Landforms). The
results for the combination of ‘flood hazard’ or ‘risk’ and ‘suspended

sediment’ are quite similar to those for ‘bedload’. Now there is no clear
concentration in recent years and the publications are evenly distributed
over the last two decades (Fig. 1). Most publications come from the UK
and P.R. China, and the main journals do not differ from those
mentioned above, such as Science of the Total Environment, Journal of
Hydrology, or Geomorphology. Fig. 4 shows the regional distribution of
these publications.

The analysis of keyword co-occurrence outlines the existence of two
main clusters in this third group of papers (Fig. 2C): i. one seems to be
composed of keywords related to the effects of sediment transport on
channel morphology and its subsequent impact on flood risk (e.g.
‘morphology’, ‘channel’, ‘erosion’; blue in Fig. 2C); ii. a second cluster is
integrated by terms related to sediment transport at the catchment scale
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Fig. 4. Map showing the world distribution of papers considering both sediment transport and flood hazards.

(‘water’, ‘erosion’, ‘land-use’, ‘catchment’) and river management
(‘management’, ‘restoration’; red in Fig. 2C). It is noteworthy that the
first cluster is associated with the term ‘bedload transport’, while the
second group is associated with ‘suspended sediment’.

4. Flood hazards and the importance of sediment transport

Once the bibliometric analysis had been carried out, we proceeded to
an in-depth analysis of the content of the 52 papers that we selected for
further review (see ‘Materials and methods’ section) and summarized in
Table 1. Two main groups of papers could be identified. On the one
hand, a large group of articles, mainly integrated by study-case research,
focused on the use of different modelling strategies to test the sensitivity
of flood-hazard assessments to sediment transport and (event-scale)
channel adjustments (e.g. Radice et al., 2013; Nones, 2019), mostly in
mountain rivers. On the other hand, another group of articles is repre-
sented by regional studies that have explored the drivers of long-term
adjustments in channel geometry and riverbed elevation and their in-
fluence on flood frequency (e.g. Slater and Singer, 2013; Slater, 2016).

10

Apart from these studies, which mainly focus on hazards, compara-
tively less literature has investigated the influence of sediment transport
on the vulnerability of exposed people and infrastructure, or on the
estimation of damages and risks. Some notable exceptions are Sturm
et al. (2018a,b), Fuchs et al. (2019) or Basso-Baez et al. (2020), who
analysed the impact forces on buildings related to sediment transport in
mountain channels; Totschnig et al. (2011) and Badoux et al. (2014),
who evaluated costs associated with sediment transport in Swiss tor-
rents; and Neuhold et al. (2009), who propagated the influence of
sediment transport dynamics from hazard to risk. Finally, we also found
review studies with a more general focus on the implications of fluvial
geomorphic processes for flood hazards (e.g. Arnaud-Fassetta et al.,
2009; Davies and McSaveney, 2011; Hooke, 2015; Ruiz-Villanueva
et al., 2023).

In summary, we have identified four main topics emerging from
published literature: i) the relevance of the transport of large amounts of
sediment during large floods for flood hazards in mountain rivers; ii) the
uncertainty that sediment transport and channel morphological changes
introduce into hazard assessments and maps in large alluvial rivers; iii)
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how sustained changes in sediment supply can explain long-term trends
in channel conveyance capacity and changes in inundation frequency;
and iv) the potential influence of sediment transport on damages caused
by floods. In what follows, we review and summarize these works, with
the aim of providing an overview of the role of sediment transport in
flood hazards and how it has been considered in previous research.

4.1. Flood hazards and sediment transport in mountain streams and
torrents

The hydrological regime of steep mountain channels is commonly
characterized by an alternation between episodic flash-floods and pe-
riods of quiescence, during which colluvial sediment can be fed into the
channel (Recking, 2012; Attal, 2017). Flash-floods can mobilise large
amounts of sediment accumulated during the quiescence periods and
disorganise the streambed armour (Gintz et al., 1996; Lenzi et al., 1999;
Lenzi, 2004; Church and Zimmermann, 2007; Turowski et al., 2009;
Molnar et al., 2010). This sudden mobilisation of large amounts of
sediment can lead to widespread deposition and overbank sedimenta-
tion in downstream alluvial fans (Arnaud-Fassetta et al., 2005), trig-
gering the collapse of check dams and other infrastructures (Benito
etal., 1998), or block bridges or drainage pipes (Boothroyd et al., 2021),
thereby producing bed aggradation and raising water levels in the
channel. Similarly, mountain streams are supplied with large wood (i.e.,
fallen trees, trunks, branches, rootwads), by processes like mass move-
ments, debris flows and avalanches, and this wood material can be
mobilized during floods (Comiti et al., 2016a,b; Wohl et al., 2019; Ruiz-
Villanueva et al., 2019). Large wood affects channel roughness (Wilcox
et al., 2006; Manners et al., 2007), flow velocity, stage-discharge re-
lationships and local sediment transport dynamics (Hassan et al., 2007;
Hinshaw et al., 2020), and large wood accumulation can divert the
water flow and influence sediment paths (Wohl and Scott, 2016).
Therefore, the transport and accumulation of large wood during floods
can drive changes in channel morphology (e.g., channel avulsion,
aggradation, erosion) and/or in flood levels at bridges and dams, which
can be critical sources of hazard in mountain rivers (e.g., Ruiz-Villa-
nueva et al., 2014, 2018). Where mountain streams encounter densely
populated areas, the damage potential of all these processes is consid-
erable and can result in significant damage or even the loss of lives
(Hiirlimann et al., 2006; Totschnig et al., 2011; Badoux et al., 2014). A
good example of cascading effects occurred during a flash flood in the
Francoli River in Eastern Spain (Martin-Vide et al., 2023). Here three
bridges failed due to the obstruction caused by a significant accumula-
tion of wood debris. It was shown that the failure of the clogged bridges
caused an unusual surge in the flow, exacerbating the flood damage and
resulting in the loss of two lives.

However, predicting sediment transport and mobilized sediment
volumes in mountain channels is complex because they depend on the
sediment supply (Schuerch et al., 2006; Hassan et al., 2007; Yu et al.,
2009; Piton and Recking, 2017; Pfeiffer and Finnegan, 2018; Vazquez-
Tarrio et al., 2020; Liu et al., 2022), which varies largely in time and
space, showing a quasistochastic behaviour. All this introduces a large
uncertainty in the local water-stage relationships (Di Baldassarre and
Montanari, 2009) and makes it quite complex to obtain robust and
reliable estimates of the probability of flooding associated with moun-
tain channels (Liu et al., 2022). As a result, water and river managers
often lack the appropriate information and data needed to adequately
consider sediment transport when delineating and managing flood-
related hazards in mountain areas (Jakob et al., 2016).

The amount and grain-size distribution of in-channel sediment
storages can also lead to significant variations in the density, shear
resistance, and rheology of the flow for a given value of water discharge
(Iverson, 1997; Hungr, 2005; Hungr et al., 2005; Bodoque et al., 2011;
Calhoun and Clague, 2018; Church and Jakob, 2020; Brenna et al., 2020;
Jakob et al., 2022). In this regard, two extreme conditions of sediment-
water mixtures in mountain streams have been defined (Church and
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Jakob, 2020). On the one hand, there is the bedload and suspended load
conditions associated with ‘clear water’ and ‘sediment-laden’ flows
(with sediment concentrations of up to ~10 % and Newtonian
rheology), where sediment transport depends on the balance between
sediment cohesion, gravity and flow turbulence. On the other hand,
debris flows consist of higher concentrations of bed material (>30 %;
Jakob et al., 2022) and show a plastic rheology controlled by mo-
mentum transfer through grain-grain collisions (Church and Jakob,
2020). Between these two extremes, there is a large continuum of flow
conditions, such as the ‘debris-floods’ (Jakob et al., 2022) or ‘hyper-
concentrated-flows” (Bodoque et al., 2011), with relatively high sedi-
ment concentrations (typically 10-30 %) and a ‘slurry-like’ appearance.
All of these differences in the rheology of sediment/water mixtures are
associated with changes in mean flow velocity and density, local
discharge-stage relationships, potential damage associated to floods,
and the sporadic occurrence of sudden surges that are very difficult to
predict. This again contributes to the uncertainty of assessing flood
hazards in mountain streams.

The occurrence of debris flows, debris floods or ‘clear water’ flows
for a given rainfall depends largely on the sediment availability and
supply conditions in the channel (Bovis and Jakob, 1999; Theule et al.,
2012; Bel et al., 2017; Liu et al., 2022), making challenging to associate
flood-hazards to specific rainfall thresholds (Jakob et al., 2016; Liu et al.,
2022). If the flow can be characterized in the field (e.g., Brenna et al.,
2020), then we may need to use models to get a more detailed flood
hazard assessment in terms of area affected or intensity. However, most
hydraulic or hydrodynamic models are good at simulating ‘clear water’
flows but are unable to reproduce the behaviour of flows with other
rheologies, such as debris or hyperconcentrated flows (Lee et al., 2016;
Chauchat et al., 2017). Similarly, most of the existing sediment transport
formulae included in hydraulic modelling software were developed for
‘clear water’ and steady flow conditions, which makes them question-
able when applied to the highly unsteady conditions of flash-floods with
large amounts of sediment (Yu et al., 2012; Alexander and Cooker,
2016). In addition, long-term data are often lacking, so it is not easy to
assign a frequency to a given flow type and establish rainfall intensity-
duration (ID) thresholds (Marchi et al., 2009; Borga et al., 2014; Niko-
lopoulos et al., 2016). Furthermore, the sensitivity of these thresholds to
sediment availability, which can change rapidly over time, has been
relatively unexplored. Tang et al. (2020) is a remarkable exception,
combining numerical modelling and field monitoring to explore how
sediment supply influences rainfall ID thresholds for debris flows in
Chalk Cliffs (Colorado, USA). Considering all the above, it seems evident
that sediment transport is an important source of uncertainties in the
assessment of flood hazards in mountain channels (Fig. 5).

4.2. Flood hazards and sediment transport in alluvial rivers

In piedmont valleys, as well as in the lower-order reaches of the
drainage networks, the supply of sediment, coming mainly from the
headwaters and the intermountain tributaries, together with the general
downstream decrease in valley slope (and consequently in flow
competence), results in a progressive sediment infilling of river valleys
and to the development of alluvial rivers. In this context, floods with the
capacity to erode and transport sediment shape the channel geometry
and the floodplain.

In these alluvial settings, conventional flood hazard map de-
lineations are based on the extent of inundation observed during pre-
vious floods and/or on the results of hydraulic modelling for discharges
resulting from magnitude-frequency analysis (Piégay et al., 2005).
However, for a given flow discharge, the extent to which water over-
flows the riverbanks is controlled by the conveyance capacity of the
channel (Lane et al., 2007; Slater, 2016; Call et al., 2017; Slater et al.,
2019; Sofia and Nikolopoulos, 2020). In this regard, erosion and depo-
sition may modify the water discharge-stage relations and flood inun-
dation (Fig. 6). In-stream sediment deposition and bedform migration
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Fig. 5. Mountain channels typically exhibit a large spatiotemporal variability in the amount of sediment available. As a consequence, the response of the channel to a
given flow or rainfall episode can be very different in terms of flow rheology, depending on the sediment available on the channel. In this regard, this figure aims to
illustrate how the stochastic nature of sediment-supply to mountain channels introduces large uncertainties in sediment availability that propagate through the
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forecast the inundated surface and water depths for a given flow, which in turn means uncertainty in the estimates of the number of vulnerable elements exposed at
risk. The global uncertainty is then larger than the uncertainty usually considered in the more common flood hazard assessments (dark grey in the lower graph).

during flooding may produce changes in channel capacity and form-
roughness, potentially leading to changes in flood risk (Nones, 2019).
Furthermore, erosive processes such as scour-and-fill of the riverbed,
bank erosion, or channel avulsion can lead to significant morphological
adjustments during extreme floods (Nardi and Rinaldi, 2015; Hooke,
2016; Surian et al., 2016; Magliulo et al., 2021), modifying the channel
geometry and the discharge-thresholds for overbank flow. In some cases,
erosion and deposition could ‘compensate’ each other, leaving the ca-
pacity to convey the flow unchanged despite intense morphological
adjustments. In addition, depending on the magnitude of flood and its
duration, sediment erosion and deposition in the main channel and
floodplain may modify the residence time of water in the floodplain,
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altering flow routing and flood-wave attenuation, with potential impacts
on downstream flood hazards (Guan et al., 2016). All this is a source of
uncertainty in flood hazard assessments.

Moreover, intense sediment transport during high-magnitude flood
events can trigger strong and abrupt morphological changes, such as
massive bed aggradation/incision, bar-edge trimming, bank erosion,
channel avulsion and/or macro-bedform propagation (Comiti et al.,
2016a,b; Davidson and Eaton, 2018; Francalanci et al., 2020; Dunne and
Jerolmack, 2020). These processes are the morphodynamic expression
of strong sediment mobilisation and transport during extreme floods,
and can be a source of major damage to buildings, agricultural land,
bridges (Boothroyd et al., 2021), dams (Santos-Gonzalez et al., 2021)
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Fig. 6. This scheme illustrates how changes in bed level during floods in alluvial rivers (through incision, bank erosion and aggradation) can cause changes in
conveyance capacity. Changes in channel morphology can also alter bed roughness and hence flow-stage relationships.

and other infrastructures (Nones and Pescaroli, 2016). In response to
channel planform dynamics, river management strategies often include
hard bank protection, which in many cases can lead to increased sedi-
mentation and flood risks (Davies et al., 2003; Siviglia et al., 2008). In
addition, bank and island erosion during high-magnitude floods can lead
to the uprooting recruitment of trees, so alluvial rivers can also transport
a significant amount of large wood (e.g., Ghaffarian et al., 2020; Ruiz-
Villanueva et al., 2019). The transported large wood debris can become
trapped in narrow reaches, at bridges or dams (Cicco et al., 2018),
increasing flood hazards and damage. Furthermore, the transport of
large wood is also a driver of morphological adjustments during extreme
floods in alluvial rivers. These potential cascading effects introduce an
additional source of uncertainty in flood hazard assessments.

In summary, active sediment transport during floods can lead to
strong changes in channel geometry and morphology (Rinaldi et al.,
2016). As outlined above, three different data sources have traditionally
been used to produce flood hazard maps for alluvial rivers: i. results
from 1D/2D hydraulic models; ii. geomorphological evidence of flood
activity in the floodplain and channel identified during fieldwork; and/
or iii. historical records of past floods. However, these methods
implicitly assume stationary conditions for the channel geometry
(Piégay et al., 2005; Rinaldi et al., 2015; Call et al., 2017), meaning that
future floods will inundate floodplains as in the past (geomorphological
method); or that the channel macroforms, roughness, or riverbed level
do not evolve during the course of a flood hydrograph (hydraulic
modelling method). In this regard, sediment transport introduces large
uncertainties in hazard estimations, with implications on flood hazard
map delineation using these common approaches.

Morphodynamic numerical models have been developed over the
last decade, providing tools to simulate bed evolution and incorporate
sediment transport into flood simulations (Guan et al., 2015; Williams
etal., 2016; Lotsari et al., 2017). The conceptual and numerical basis for
these models has long existed (Exner, 1920; Parker, 2006), but the
recent spread of high-resolution topography (Vericat et al., 2017) and
the improvements in the computational capacities of desktop computers
have facilitated the development and expansion of these models (Radice
et al., 2013; Lotsari et al., 2017) and opened the door for their use in
flood-hazard studies.

For instance, Neuhold et al. (2009) applied a 1D-morphodynamical
model coupled to a semi-distributed hydrological model to simulate
multiple scenarios of sediment supply in the River Ill (Western Austria
Alps, ~1300 km? catchment area). In doing so, these authors deter-
mined the sensitivity of inundation boundaries in flood-hazard maps to
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sediment supply and attempted to propagate uncertainties into the risk
assessment. Similarly, Nones (2019) performed two sets of numerical
simulations on a tributary of the Po River (Secchia River, Italy; 2300 km?
catchment area), using the same hydrological input but changing the
modelling conditions, and observed significant differences in the floo-
ded surface between simulations performed with fixed and movable bed
conditions. In contrast, Wong et al. (2015) used a 1D-model to test the
effects of large changes in bed elevation associated with an extreme
flood in a gravel-bed river from northern England, and reported that
sediment transport had little effect on flood extent. However, that case
study corresponds to a gravel-bed river with a low sediment supply and
is constrained by valley walls (Hooke, 2015), so the observations re-
ported may be largely site-specific. In any case, all these works already
highlight the enormous potential of hydro-morphodynamic models for
exploring the influence of sediment transport and improving flood-
hazard assessments. However, the application of these models is chal-
lenged by the difficulty of defining some input parameters, such as the
sediment supply into the reach. In addition, the complexity of mor-
phodynamical models is still high. They need to be calibrated/validated
with field data (Lotsari et al., 2017), which are not always easy to
collect. Nevertheless, the recent spread and development of high-
resolution topography is expanding our ability to acquire this kind of
data (Vericat et al., 2017). However, the existing commercial morpho-
dynamic software primary focus on modelling changes in bed elevation
and are still in their infancy regarding the realistic simulation of bank
retreat and bar-edge trimming (Vericat et al., 2017; Stecca et al., 2017).
Numerical modelling of bank erosion and lateral channel migration re-
mains challenging due to the absence of a detailed deterministic
description of the underlying physics and the complexities associated
with integrating a bank erosion algorithm into morphodynamic models
(Stecca et al., 2017). This constraint hampers the current capacity of
these models to adequately predict how channels respond to excep-
tionally severe floods.

4.3. Effects of changes in sediment supply on flood hazards

There is a growing interest in studying how flood hazards will evolve
worldwide in the coming decades in relation to global change and pre-
dicting their near-future trends (Kundzewicz et al., 2014; Lotsari et al.,
2015; Poff, 2014; O’Briain, 2019; Bloschl et al., 2020; Benito et al.,
2020Db). In this context, rivers should be understood as dynamic entities,
whose geometry, morphology, and bed roughness change over time in
response to variations in the hydrologic regime and/or sediment supply
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driven by climate variability and/or land cover change (Lane et al.,
2007; Tal and Paola, 2007; Czuba et al., 2010; Gran et al., 2011; Wohl
et al., 2015; Phillips and Jerolmack, 2016; Micheletti and Lane, 2016;
Machado et al., 2017; Slater et al., 2019; Scorpio and Piégay, 2021).
Therefore, to the extent that channels evolve in response to these
different environmental signals, adjustments in channel geometry and
roughness may affect conveyance capacity, discharge-stage relations,
and thus flood frequency.

That said, several studies have explored how changes in channel
geometry and morphology may affect the frequency of flooding. For
instance, Slater and Singer (2013) and Slater et al. (2015) analysed data
from 915 US Geological Survey gauging stations for the period
1950-2011 and separated changes in flood frequency related to
streamflow variability from those related to changes in channel flood
conveyance capacity. They reported that changes in channel conveyance
capacity were more minor but more numerous, and outlined their
relevance for flood hazard management. In fact, as they explain, their
results may have underestimated the importance of changes in channel
geometry in flood hazard, because the USGS often places gauges in lo-
cations with relatively stable channel geometry. In a similar study, Slater
(2016) examined 20 years of gauging records from 41 stations in En-
gland and Wales (UK) and documented how a 10 % change in the flood
conveyance capacity of the channel could explain an average change in
the frequency of flooding of 1.5 days. Call et al. (2017) used a stochastic,
reduced complexity model to explore how non-stationary flow regimes
and/or channel geometry amplify or attenuate the frequency and extent
of flood inundation in rivers from Minnesota (USA). Their results suggest
that the annual extent of the flooded area depends mainly on the vari-
ation in peak flows, but the changes in channel width primarily control
the frequency of flood inundation. Slater et al. (2019) also analysed data
from 67 US rivers (over seven decades) and examined the strength of
covariation between channel geometry and different modes of climate
variability (El Nino-Southern Oscillation, Atlantic Multidecadal Oscil-
lation, and Arctic Oscillation). The study shows that two-thirds of the
rivers analysed have channel contraction/expansion phases consistent
with changes in streamflow and precipitation driven by climate
variability.

In summary, this previous research highlights that flood frequency in
alluvial rivers is far from stationary, with a significant amount of tem-
poral variability that can be attributed to changes in channel geometry
and morphology. The consequence is that flood-hazard assessments in
alluvial streams derived from snapshot studies based on present-day
bankfull geometry or historical flood records cannot be projected too
far into the future to the extent that a channel is expected to evolve
(Czuba et al., 2010). In this regard, changes in sediment supply driven
by catchment-scale controls (e.g. land-use change, rainfall variability,
climate) and anthropic impacts (e.g. dams, gravel mining) are a major
control on river morphology and planform, which may shift in response
to large-scale sediment supply (aggradation-degradation, widening-
narrowing) cycles (Hassan et al., 2007). Accordingly, channel convey-
ance capacity and discharge-stage-flow velocity relations might differ
depending on where the river is aggrading or degrading and/or
widening or narrowing (Stover and Montgomery, 2001; Lane et al.,
2007; Raven et al., 2010; Davies and McSaveney, 2011; Slater and
Singer, 2013; Hooke, 2015).

Therefore, our ability to forecast near-future trends in flood hazards
using only field and historic flood evidence may be compromised if we
overlook occasional sediment inputs (e.g., landslides) or changes in
sediment supply derived from human interventions (e.g. dams, chan-
nelization). In temperate regions worldwide, it has been widely reported
how rivers have undergone significant morphological changes following
catchment-scale land-use changes in recent decades (Liébault and
Piégay, 2002; Rinaldi et al., 2005; Simon and Rinaldi, 2006; Wohl, 2019,
20205 Scorpio and Piégay, 2021; Magliulo et al., 2021) and are expected
to continue to evolve (Downs and Piégay, 2019). In this respect, some
studies have already analysed decadal trends in channel geometry in
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response to variability in sediment-supply. For example, Stover and
Montgomery (2001) analysed 45 years of data on changes in channel
geometry for the Skokomish River (Washington, USA). They reported a
significant increase in the frequency of flood frequency without a
comparable increase in peak flows. They attributed these trends to
channel aggradation as a result of land-use changes (timber harvesting,
road construction) impacting the sediment supply. More recently,
Magliulo et al. (2021) documented several phases of changes in channel
width in the Tammaro river (Italy), driven by land-use changes (i.e.,
sediment supply), rainfall variability and extreme floods.

Thus, flood hazard delineations derived from the interpretation of
old aerial photographs and field evidence of historical floods may be
arguable without actually considering whether the river is currently in
an aggrading, degrading, or equilibrium stage (Stover and Montgomery,
2001; Hooke, 2015) (Fig. 7), especially in active tectonic areas or in
catchments undergoing rapid land-use change (Lane et al., 2007; Thapa
etal., 2022; Thapa et al., 2023). Some attempts have already been made
to include sediment transport in flood hazard studies in order to improve
flood frequency predictions in the coming decades in response to land-
cover change and climate variability (Lane et al., 2007; Lotsari et al.,
2015; Pender et al., 2016; Dysarz, 2020). For example, Lane et al. (2007,
2008) used hydraulic modelling to illustrate how channel sedimentation
in the gravel-bed River Wharfe (UK) could increase the extent of
flooding compared to that expected from climate variability. Similarly,
Rodriguez-Lloveras et al. (2016) used a hydro-sedimentary model to
evaluate the relative impact of climate vs land-use change in the sedi-
ment yield of Mediterranean watersheds and concluded that land use is
the primary factor inducing changes in sediment production. Likewise,
Bussi et al. (2016) forecasted the relative influence of climate and land-
use change on future suspended sediment yields in the River Thames
(UK) and concluded that the relative effect of climate vs land-use change
on suspended sediment yields was spatially variable across their study
catchment. More recently, Dingle et al. (2020) developed a 2D hydro-
dynamic model for the Karnali River (Terai basin, Nepal) and tested
several scenarios of variable bed elevation to simulate the flood response
to bed aggradation and incision. They reported that changes in bed
elevation could result in significant variations in the extent of flooding.
However, despite these previous studies, the topic of how river sediment
routing systems will respond to climate and environmental changes in
the coming decades has been uncommon (Lane, 2013; Spencer and Lane,
2017).

The influence of changes in sediment supply on channel morpho-
logical adjustments should also be considered when assessing the long-
term feasibility of human constructions and infrastructures (e.g.,
Vazquez-Tarrio et al., 2023) or for the smart implementation of river
restoration programs (Guzelj et al., 2020). A failure to consider sediment
transport may lead to increased flood hazards. A good example is the
Waihoa River in New Zealand (Davies et al., 2003; Hicks et al., 2021).
This is a braided river where bed aggradation, promoted by flood pro-
tection works, is leading to unprecedented rates of bed elevation and a
sustained increase in flood hazards (Hicks et al., 2021). On this point,
the areas adjacent to reservoirs should also be outlined (Kondolf et al.,
2014; Espa et al., 2019). Sustained sediment trapping by dams may
reduce the storage capacity of reservoirs and alter their ability to absorb
and laminate the floods, thereby increasing flood hazards in adjacent
areas. In addition, sediment is preferentially deposited at the tail of
reservoirs, thus increasing flood levels in these areas.

4.4. Sediment transport and flood-damage models

Flood risk is the result of flood magnitude and frequency (hazard),
the elements at risk (exposure), and their vulnerability (Fuchs et al.,
2019). As sediment transport and geomorphic changes can introduce
large uncertainties in the estimations of water levels and the extent of
inundation and damage for a given discharge (Fig. 8), they can also
result in the over- or underestimation of the number of exposed elements
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and people (Neuhold et al., 2009).

Sediment transport may also influence the vulnerability of exposed
elements and the damage expected. However, this has rarely been
considered in flood damage models, even though the sediment load can
considerably increase the damage associated with a given water level
(Totschnig et al., 2011). For instance, bed-load transport and deposition
processes strongly influence the impact forces on infrastructure and
buildings (Sturm et al., 2018a,b; Basso-Baez et al., 2020; Di Cristo et al.,
2021). In this regard, the mechanical impact of coarse sediments on
vehicles, houses, and people can cause important injuries to people and
even loss of life (Sturm et al., 2018b,a). Furthermore, in mountain areas,
flow rheology varies with sediment concentration (Pierson and Costa,
1987), which may in principle lead to varying potential damage and
vulnerability (Ciurean et al., 2017; Fuchs et al., 2019; Luo et al., 2020a,
b). However, Totschnig and Fuchs (2013) compared vulnerability
functions for fluvial sediment transport and debris flow and concluded
that there is no need to distinguish between different processes when
assessing the physical vulnerability of buildings.

In alluvial rivers, widespread suspended sedimentation from over-
bank flows can quickly accumulate on roads, infrastructures, and cul-
tural heritage, severely complicating rescue and reconstruction efforts
after flood peaks (Diez-Herrero et al., 2009). Furthermore, overbank
sedimentation can also be associated with the dispersal of contaminants
that can pose long-term threats on human populations (Dennis et al.,
2003; Ciszewski and Grygar, 2016; Nones and Pescaroli, 2016), espe-
cially when the inundated surfaces include cropland and irrigated areas.
In addition, in both mountain and alluvial channels, sediment accu-
mulation can cause bridges to become clogged and can deviate the flow
on the abutments and cause them to scour. All of this can lead to the
collapse, failure or burial of bridges and road segments (Ciurean et al.,
2017; Martin-Vide et al., 2023).

5. Discussion
5.1. Bibliometric analysis

Bibliometric analysis provides a reliable picture of the state of
research on the role of sediment transport in flood hazards, despite
limitations in the use of WoS, namely its focus on academic journals,
lack of technical reports and grey literature, and bias towards English-
language journals. Bibliometric analysis shows that the two studied
topics (flood hazards/risks and sediment transport) have an extensive
publication record when considered separately, but a limited publica-
tion number when combined with the Boolean “AND”. On the one hand,
previous research on flood hazards/risks has often not considered the
role of sediment transport and how channel morphodynamics may
change the hazard maps or risk level. On the other hand, most studies on
river sediment do not focus on flood hazard or risk, but are mostly
interested in sediment production, transport rates, geomorphic changes
or water quality. In addition, when looking at the country where the
leading authors are based or the preferred journals, our analysis also
shows some notable differences between the ‘sediment transport’ and
the ‘flood hazards’ literature. In this sense, it could be argued that these
two research topics constitute two relatively independent ‘research
programs’ or ‘traditions’ within the broader field of fluvial geo-
morphology, albeit with a certain and undeniable permeability between
them.

We attribute this primarily to the intricate process of integrating
sediment transport into hydrodynamic models, which is determined by
four key factors. Firstly, the scarcity of sediment transport records, such
as grain size and transport rate data, limits the availability of essential
input data for morphodynamic modelling. Secondly, the riverbed sedi-
ment exhibits heterogeneous and spatiotemporal variability concerning
grain size, armouring layer development and sediment availability
(Gomez and Soar, 2022). Thirdly, substantial uncertainties in sediment
transport estimates arise from the non-linear response of sediment
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transport to water discharge (Recking, 2013a). Lastly, the existing nu-
merical tools have inherent limitations for simulating bank erosion,
bard-edge trimming, and channel widening in real-world scenarios
(Vericat et al., 2017; Stecca et al., 2017). These uncertainties are chal-
lenging to incorporate into flood hazard maps normally demanded by
river managers. Instead, hazard analysis has focused preferentially on
the representativeness of the channel topo-bathymetry and discharge
recurrence estimates (e.g., Benito and Diez-Herrero, 2015; Choné et al.,
2021; Garrote et al., 2021), which are frequently considered the two
factors causing the most significant uncertainty in flood hazard
delineation.

On the other hand, sediment transport researchers have mostly been
concerned with basic or fundamental questions, such as understanding
the mechanics of sediment transport, exploring the limits of the different
methods for measuring sediment transport in the field (e.g., Vericat
et al., 2006), or searching for an adequate model to calculate sediment
transport (Recking, 2013b). Most applied works focused on under-
standing anthropogenic impacts (e.g., dams, land-use changes) on
sediment production and continuity, and river restoration (Downs and
Piégay, 2019; Piégay et al., 2023). Conversely, sediment studies have
often disregarded the implications of sediment transport on flood haz-
ards, probably because of the inherent complexity of including sediment
transport in hazard assessments mentioned above and the difficulty in
monitoring sediment transport during floods.

In addition, we must not forget issues related to how scientific
research is usually conducted. As seen above, researchers in both sub-
jects show a certain tendency to publish in different journals, work in
different research institutions and very likely attend different types of
meetings and workshops. This may also have contributed to reducing
the exchange between the two fields of study.

5.2. Remaining challenges: implications for future studies

The first idea to emerge from our review is that mountain and allu-
vial rivers represent two distinct domains in terms of the existing re-
lationships between sediment transport and flood hazard. Mountain
streams are closer to the sediment-producing areas, so their sediment
availability is highly dependent on inputs from slope processes and, as a
result, they are more sensitive to variations in sediment supply. On the
other hand, sediment inputs to alluvial rivers during floods usually come
from the river bed and banks, and they show a greater capacity to adjust
to changes in sediment supplies. Consequently, in alluvial rivers, the
autogenic dynamics of change during floods, such as bank erosion, bar
edge trimming, bar migration, meander chute cut-off, channel avulsion,
etc., have a greater influence on flood hazards than the sediment
transport processes themselves.

In this sense, we believe that differentiated strategies between these
two main domains should be followed in the incorporation of sediment
transport into flood hazard assessment. In mountain streams, continuous
monitoring of in-channel sediment storage and sediment source areas
can provide key information to determine the available sediment storage
in the channel and to anticipate the effects of a given flood discharge.
This type of information could also help to define rainfall intensity-
duration (ID) thresholds for runoff-generated debris flows that account
for the availability of in-channel sediment, as suggested by Tang et al.
(2020). In addition, developments in geophysical methods appear
promising for measuring bedload transport (Rickenmann, 2017). This
opens the door to using these techniques in order to establish local
sediment-rating curves and monitor sediment transport in real-time (e.g.
Lekach and Enzel, 2021; Coviello et al., 2022), providing key inputs for
morphodynamic and flood hazard models (Hiirlimann et al., 2019).

In the case of alluvial rivers, 1D or 2D morphodynamic models are
suitable approaches to evaluate the uncertainties in the assessment of
hazards associated with large floods, overcoming some of the drawbacks
associated to traditional hydraulic (fixed bed) models (see Radice et al.,
2013, 2016; Wong et al., 2015; Guan et al., 2016; Lotsari et al., 2017;
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Oliver et al., 2018; Nones, 2019; Fieman et al., 2020). In this regard,
recent advances in high-resolution topographic methods (LiDAR, SfM
photogrammetry) and the general spread of relatively cheap acquisition
platforms (e.g., drones) make it possible from now on to accomplish a
detailed diachronic analysis of geomorphic changes after floods (e.g.
Wheaton et al., 2013; Calle et al., 2015) or spatially distributed char-
acterizations of riverbed roughness (Vazquez-Tarrio et al., 2017). This
provides a very useful tool for calibrating and validating the outcomes of
morphodynamic models and improving flood hazard assessments.
Therefore, a meaningful workflow for flood hazard assessment in allu-
vial rivers with active sediment transport dynamics shall involve mor-
phodynamic modelling under different sediment supply scenarios
(volumes, grain-size). Based on the outputs of these simulations, it might
be possible to define uncertainty bands around inundated surface
boundaries, as already attempted by Neuhold et al. (2009), Pender et al.
(2016), Radice et al. (2016) and Dysarz (2020). The results of these
models could be calibrated and validated with geomorphological and
diachronic topographic information. This workflow would allow the
definition of different hazard levels depending on the amount of sedi-
ment supplied to the channel.

While 1D and 2D morphodynamic models can enhance the resources
and tools for evaluating flood inundation hazards, particularly for
determining uncertainties in inundation boundaries, their utility is
constrained when addressing the hazards stemming from significant
channel morphological changes, such as bank instability or avulsion.
Consequently, reliance on alternative geomorphological analysis and
data sources becomes essential (Rinaldi et al., 2015). In this regard,
other research strategies for both mountain and alluvial river settings
include inventories of landslide and potential sediment delivery areas (e.
g., banks undergoing active erosion) which can help to evaluate the
potential sediment delivery to the channel during extreme floods.
Similarly, the collection of post-flood observations (deposits, geomor-
phic features) is essential for understanding the behaviour of sediment
transport during large floods (Rinaldi et al., 2016; Fieman et al., 2020).
Photo-interpretation and field observations help to identify potentially
sensitive areas (Simon and Downs, 1995; Chin and Gregory, 2005), such
as channel expansion and contractions, or potential critical reaches for
further detailed analysis (Mazzorana et al., 2011). At the same time, the
use of historical photographs provides helpful information on lateral
channel mobility and the extent of the erodible corridor at different
spatio-temporal scales (Piégay et al., 1997; Piégay et al., 2005; Biron
et al., 2014).

Regarding vulnerability, field observations and experimental studies
are valuable to assess the effect of sediment load on buildings and
infrastructure (Sturm et al., 2018b,a). Such studies can help to improve
estimates of the impact of floods on buildings, infrastructure, and peo-
ple, and could be incorporated into flood-damage functions (e.g., Roos
et al., 2003; Walliman et al., 2013; Dottori et al., 2016; Jalayer et al.,
2016). Thus, different damage and vulnerability models could be pro-
posed depending on the amount of sediment carried by a given flood.
Such sediment-sensitive vulnerability models could be coupled with
morphodynamic simulations to present different scenarios of flood
damage, which can ultimately assist river managers in their decision-
making.

Finally, climate-change studies in rivers have often overlooked
sediment transport (Lane et al., 2008; Lane, 2013). However, in the
current context of global environmental change, many rivers are ex-
pected to undergo morphological changes in response to climate change,
as well as changes in hydrological regime and variations in sediment
supply from headwaters (Lane, 2013; Lotsari et al., 2015; Spencer and
Lane, 2017; Magliulo et al., 2021). As a result, flood risk maps and flood
management plans prepared for today’s conditions may not necessarily
be valid for conditions in the near future, leading to inappropriate risk
awareness and mitigation measures. A better understanding of sediment
transport processes within flood risk assessment can partially overcome
these shortcomings and improve flood hazard assessment of evolving

17

Geomorphology 446 (2024) 108976

channel beds. This would be more relevant in those regions where
episodic volumes of sediment are periodically supplied to the channel-
network or where legacy sediment pulses propagate along the river
(James, 2010; Sims and Rutherfurd, 2017), leading to decadal and
secular oscillations in riverbed levels, such as in earthquake-prone re-
gions (Davies and McSaveney, 2011; Fan et al., 2019), post-wildfire
catchments (Moody and Martin, 2004; Murphy et al., 2018, 2019),
areas subject to land-clearing for agriculture or timber harvesting
(Gomez et al., 2003), or channels subjected to extractions or injections
of bed material.

The analysis of the geomorphic trajectory followed by a given reach
during the last decades could be used to propose different scenarios for
the near-future trends in the conveyance capacity of the channel, ac-
counting for the more likely human impacts and the predictions of
climate change models, in line with the work carried out by Call et al.
(2017). In addition, there has been a development in recent decades of
numerical models that are able to model the changes in the fluvial
landscape following changes in climate, hydrology, and sediment supply
at the catchment scale, i.e., the so-called ‘landscape evolution models’
(LEMs) (Martin and Church, 2004; Chen et al., 2014; Temme et al.,
2017; Martinez-Fernandez et al., 2018; Nones, 2020). These LEMs
models may be coupled with future climate change or land cover change
scenarios to simulate the (catchment scale) response of fluvial land-
scapes in the coming decades (Coulthard et al., 2013; Meadows, 2014;
Hancock et al., 2015; Coulthard and Macklin, 2001; Gioia and Schiat-
tarella, 2020; Ramirez et al., 2020; Thapa et al., 2022; Thapa et al.,
2023). Nevertheless, there are still some limitations to be considered in
the application of LEM that need to be considered. These are related to
the difficulties in their calibration/validation, in the selection of model
parameters (Gioia and Schiattarella, 2020), or their physical simplifi-
cations, which may warrant further research.

6. Conclusions

In this paper, we have carried out a review of the scientific literature
to date with the dual aim of investigating how sediment dynamics in-
fluence flood hazards and how this issue has been considered in previous
flood hazard assessments. We summarize the main conclusions of our
review in the following list of bullet points:

- Our bibliometric analysis revealed that there is no large body of
literature that has explicitly considered sediment transport in flood
hazard research (~2-5 % of the total flood hazard publications).
Nevertheless, the influence of sediment transport and changes in
channel morphology on flood conveyance and flood frequency has
been recognized and highlighted in some studies. However, much of
this research has been study-case focused and sparse (Table 4), and
few systematic and integrated studies have been undertaken.
Sediment transport has an evident influence on flood hazards. In the
short-term, during large floods, sediment transport and deposition
may result in abrupt rapid changes in channel planform, such as bank
erosion and channel avulsion, posing substantial risks to both people
and infrastructure. Additionally, sediment transport and deposition
during floods can induce modifications in channel geometry, plan-
form, and bed roughness, thereby affecting flow-stage relationships.
Over the long-term, changes in the sediment supply result in channel
adjustments that can lead to changes in its conveyance capacity.
Sediment transport is therefore responsible for significant un-
certainties in the estimation of flood extent and flood hazard
assessment. This concern is particularly relevant in the case of
mountain streams, which are close to sediment-producing areas and
exhibit considerable variability in sediment supply. In addition,
mountain regions are particularly sensitive to climatic and hydro-
logic variability.

Fortunately, new field-observation techniques and numerical
modelling tools have been developed in the last decades, improving
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our ability to deal with sediment transport in flood hazard studies.
Continuous monitoring of sediment transport, together with the
incorporation of sediment transport into the workflows and routines
used to analyse uncertainties and sensitivities in flood evaluations,
may help to increase our ability to assess and manage flood risks.
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