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ABSTRACT

River widening, defined as a lateral expansion of the channel, is a critical process that maintains fluvial eco-
systems and is part of the regular functioning of rivers. However, in areas with high population density, channel
widening can cause damage during floods. Therefore, for effective flood risk management it is essential to
identify river reaches where abrupt channel widening may occur. Despite numerous efforts to predict channel
widening, most studies have been limited to single rivers and single flood events, which may not be represen-
tative of other conditions. Moreover, a multi-catchment scale approach that covers various settings and flood
magnitudes has been lacking. In this study, we fill this gap by compiling a large database comprising 1564 river
reaches in several mountain regions in Europe affected by floods of varying magnitudes in the last six decades. By
applying a meta-analysis, we aimed to identify the types of floods responsible for more extensive widening, the
river reach types where intense widening is more likely to occur, and the hydraulic and morphological variables
that explain widening and can aid in predicting widening. Our analysis revealed seven groups of reaches with
significantly different responses to floods regarding width ratios (i.e., the ratio between channel width after and
before a flood). Among these groups, the river reaches located in the Mediterranean region and affected by
extreme floods triggered by short and intense precipitation events showed significantly larger widening than
other river reaches in other regions. Additionally, the meta-analysis confirmed valley confinement as a critical
morphological variable that controls channel widening but showed that it is not the only controlling factor. We
proposed new statistical models to identify river reaches prone to widening, estimate potential channel width
after a flood, and compute upper bound width ratios. These findings can inform flood hazard evaluations and the
design of mitigation measures.

1. Introduction

River widening, defined as a lateral expansion of the channel width,
is the dominant geomorphic response to floods (Magilligan et al., 2015),
and an essential process that creates and maintains channel and flood-
plain complexity and sustains fluvial ecosystems (Hooke, 1979). Chan-
nel planform changes, including riverbank erosion and widening,
provide multiple ecosystem benefits (Lawler, 1993), supplying sediment
and large wood to the river network, and maintaining riparian diversity
(Florsheim et al., 2008). These processes are positive phenomena that,
where possible, need to be preserved (Piégay et al., 2005; Alber and
Piégay, 2017) or in some cases, restored, as done by multiple European
restoration strategies (Rohde et al., 2005; Beechie et al., 2010; Kline and
Cahoon, 2010; Rohde et al., 2013; Biron et al., 2014; Buffin-Bélanger
et al., 2015). However, in highly populated fluvial corridors, especially
in mountain areas, channel widening can result in a loss of agricultural
land and damage to infrastructures and buildings and, thus, it may be
considered a natural hazard and a significant management aspect
(Rickenmann et al., 2016; Comiti et al., 2016a). Indeed, in mountain
streams, impacts of geomorphic processes (e.g., bed aggradation,
channel widening) can be much more critical than inundation itself
(Badoux et al., 2014; Rickenmann et al., 2016); still, river management
rarely considers channel widening for flood mitigation (e.g., the EU
Floods Directive, 2007/60/EC, neglects the analysis of planform
changes).

River planform changes, including channel widening, may occur at
various temporal and spatial scales. Feng et al. (2022) provided one of
the first multi-decadal river extent changes at the global scale; however,
most studies are regional or river specific (e.g., Surian et al., 2009;
Arnaud et al., 2015; Scorpio et al., 2015; Hajdukiewicz et al., 2019).
These longer-term studies focused on identifying trends and phases of
channel narrowing and widening over several decades and attributed
them to different drivers, such as flow regulation, in-channel gravel
mining, or afforestation. Contrastingly, only some works addressed
channel widening after single flood events. For example, the works by
Buraas et al. (2014) and Magilligan et al. (2015) analysed the geomor-
phic signature of Tropical Storm Irene in 2011 on the White and the
Saxtons Rivers in Vermont, or the study by Sholtes et al. (2018) along
several streams impacted by the 2013 Colorado Front Range regional
flood event, both in the US. Thompson and Croke (2013) and Fryirs et al.
(2015) studied morphological changes along Lockyer Creek in southeast
Queensland (Australia) after the flood in January 2011. More recently,
Yousefi et al. (2018) explored the geomorphic changes after an extreme

flood occurred in 2016 in the Karoon River in Iran. In Europe, several
studies quantified geomorphic changes, including channel widening,
after recent floods (e.g., Comiti et al., 2016b; Righini et al., 2017; Lucia
et al., 2018; Ruiz-Villanueva et al., 2018; Scorpio et al., 2018). In these
latter studies, channel widening was analysed using the width ratio
(W,), namely, the ratio between channel widths after and before the
flood (Krapesch et al., 2011), and the authors identified the potential
control variables that explained the observed W,. We reviewed these
previous works, focusing on European mountain and foothill rivers, and
provided a summary of the main findings in Table 1 together with the
equations proposed to predict the W,.

All above-mentioned studies showed an extensive range of vari-
ability in terms of channel widening during floods, drivers might be site-
and flood-specific, and the spatial scale (i.e., whether the analysis is
done at the reach or the river scales) is very relevant (e.g., Krapesch
et al., 2011). The researchers mentioned above proved that individual
hydraulic variables alone do not entirely explain channel widening (e.g.,
Surian et al., 2016) and that the channel and basin features, such as
valley confinement (Comiti et al., 2016b; Lucia et al., 2018), slope,
sediment supply (Surian et al., 2016), and channel-bed type (bedrock or
alluvial; Righini et al., 2017), also play important roles. The spatial
distribution of precipitation and the generated peak discharges were
found to be critical too (Ruiz-Villanueva et al., 2018; Scorpio et al.,
2018), and other variables such as the forested channel length may also
contribute (Ruiz-Villanueva et al., 2018). Despite the progress made in
recent years, our current understanding of the factors controlling
channel widening is still limited, as is our capability to predict it
(Scorpio et al., 2018). Most of the studies analysed single river reaches
affected by single flood events, and only a few of them extended the
analysis to the catchment scale (e.g., Surian et al., 2016; Ruiz-Villanueva
et al., 2018; Scorpio et al., 2018), but a larger-scale analysis (i.e.,
regional, multi-catchment scale), covering a large range of settings and
several flood magnitudes, is still lacking. We aimed to fill this gap by
compiling a large database with available information on channel
widening after floods. We gathered a large spatial dataset from various
mountain regions in Europe spanning different biogeographic settings
(see Section 2.1) that allowed us to explore what type of floods produced
larger widening and what typologies of rivers were more prone to
widening.

We hypothesised that by compiling a large database we will be able
to identify river reaches that respond differently to similar floods, in
terms of channel widening. In addition, we expected that the meta-
analysis will show and reinforce previous observations on the factors
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controlling channel widening (i.e., valley confinement, artificial bank
protections, and vegetated banks) and will make the first attempt to
predict abrupt widening.

2. Material and methods
2.1. The channel widening database

An intensive compilation was done with data from previous studies,
scientific publications, and technical reports, in which channel widening
was analysed after individual floods. The data was collated using a
standardized template containing selected variables for comparison and
further analyses. An initial database contained information from 17
flood events that occurred in the last six decades (1957-2016) in various
mountain regions (e.g., Northern Apennines, Carpathians, Alps, German
Scarplands, Sardinia, and Pyrenees), across different European climate
and geographic settings (i.e., Continental, Mediterranean and Alpine
biogeographical regions; and Fig. 1), with a total of 85 rivers or streams,
94 segments (some rivers were analysed more than once in different
segments affected by different floods) and 3330 river reaches.

Of the 3330 reaches gathered in the database, only reaches that
experienced widening (i.e., showing width ratios >1) were considered in
our meta-analysis (n = 2850). This assumption is further discussed in the
discussion section. As not all records provided information for all rele-
vant variables (e.g., discharge, drainage area), only those reaches with
sufficient information (see following sections) were retained for the
meta-analysis, resulting in a final dataset of 1564 river reaches (Table 2).

Table 1
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In the source references, the authors described the applied methods.
In most cases, the methodology to gather the original data was based on
the interpretation and mapping of high-resolution aerial or satellite
imagery taken before and after the studied flood event. In some cases,
field surveys were also carried out to verify the image-based results.
Channel width before and after the floods and other morphological
parameters were obtained using the remotely sensed data (see Section
2.2, and the source reference for further details). The authors used river
reach as the study unit and divided the studied river segments into ho-
mogeneous reaches ranging from a few to hundreds of metres in length
according to morphology (i.e., width, slope) or the presence of tribu-
taries. Then different variables were extracted both at the river reach
and at the catchment scale (see Section 2.2).

2.2. Data description

Each record in the database (i.e., river reach) was characterized by a
river name, a reach ID, the corresponding country, biogeographical and
climatic zones, flood date and peak discharge (Qmqy). Detailed infor-
mation on the floods (e.g., flood duration) or their triggering mecha-
nisms (e.g., snowmelt) was not available in all cases. The reach
morphological information provided by the source references included
the initial and final channel width (i.e., channel width before (W;) and
after the flood event (Wqger), the reach longitudinal slope (S), catchment
area (A), and valley width (V,,). These parameters were obtained by the
authors of the individual studies using aerial imagery, derived from
digital elevation models, or observed in the field. We refer to the

Review of selected central European studies focused on channel widening during single floods. The flood year, the return period estimated for the peak discharge as
provided by the reference source, country, mountainous region, catchment area in km?, and width ratio (W,) are provided with the identified significant variables in
the proposed equations to predict width ratio, the variance explained, and the source reference.

Flood Peak discharge Country Region Catchment Width Significant variables Proposed equation Explained Reference
date return period area (km?) ratio variance
(years) (%)
Spatial scale, flood unit Wr = 0.0(?07-USPr *
0.8182 (river reach
2005 ~500 Austria Alpine 179-1211 11-6.4 stream p(.)wer (USP) and scale) 72 Krapesch
mean unit stream power .2949 31 etal. (2011)
(UsPr) W, = 0.2059-US,
(local scale)
Northern Flood unit stream power W, = 0.07*USP>** 44 Comiti et al.
2011 >100 Italy A . 8.5-38.8 3.4-19.7 (USP), channel width W, = 0.002*USP upper (2016b)
pennines before the flood (W;) W, = 25Wil/? envelopes .
W,=-0.719 +
Slope, flood unit stream 0.174-USP + 0.292- IC
power (USP), confinement + 0.275-AS + 0.026-SS
Northern index (IC), the percentage (non-steep channels) 38 Surian et al.
2011 >100 Italy Apennines 8.5-38.8 3.4-19.7 of reach length with s W,=-2118 + 67 (2016)
artificial structures (AS), 0.317-USP + 0.366-IC
sediment supply (SS) + 0.004-SS (steep
channels)
Channel type, flood unit Righini et al
2013 >100 Italy Sardinia up to 685 1.1-6.2 stream power (USP), b ’
. (2017)
confinement index (IC)
Precipitation, slope,
stream power index (SPI), Ruiz-
2014 ~150 Switzerland  Pre-alpine 0.2-93.7 forested channel length, Villanueva
sinuosity, and channel et al. (2018)
width before the flood (W;)
W, =0.08 + 1.02IC
Flood unit stream power (confined channels) o .
2015  100-150 Ttaly 2;2:’;;“68 5-307 (USP), confinement index W, = 0.61 + 0.33-IC + zz f;g?;l)o etal
(((9] 0.000033USP
(unconfined channels)
W, = 0.69-SP*%®
“triggering South. Flodocfil mgt stream power xr = (17-?;-;]81’517'03 Zz . 1
e and flood stream power = 1.79-IC™ .ucia et al.
2016 I;rfgt)p‘ta“"" Germany g:::;gy 6-30 L5137 (sp and SP), confinement W, — —0.511 + 64 (2018)
index (IC) 2.10-107*.USP + 67

0.208-IC
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Fig. 1. Location of selected rivers (red dots) and the biogeographical regions (European Environmental Agency, 2016).

Table 2

Studies compiled for the meta-analysis that provided the 1564 selected reaches. The country where the studied site was located, number of streams or rivers, number of
reaches, total reach length, reach slope, catchment area, channel width before the flood and the width ratio ranges and average values (in brackets) are provided.

Country Number of Number of Total reach Reach slope, Catchment Channel width Width References
rivers reaches length, L [m] S area, A [km?] before the flood, ratio, W,
[mm™] W; [m] -1
Arnaud-Fassetta et al. (2005), Brousse
0.002-0.20 1-14.40 et al. (2011),
France 8 965 160,155 (0.02) 7-945 (320) 5-250(25) (2.03) Felix De Almeida and Yassine (2018),
Piton et al. (2018)
Germany 2 37 9086 ?00(};)015 0.9-30 (14) 2-8 (4) 2;16:32;6 Lucia et al. (2018)
Nardi and Rinaldi (2015), Surian et al.
Italy 7 166 68,530 ?60(?:;0'21 0.1-303 (44) 3-77 (10) 2‘;14?1)68 (2016), Amponsah (2017), Righini et al.
. : (2017), Scorpio et al. (2018)
0.001-0.02 1-5.17 Hajdukiewicz et al. (2016), Bednarska
Poland 2 18 1800 (0.01) 17-599 (246) 11-118 (51) a.77 et al. (2018)
. 0.024-0.11 1-5.43 Fernandez Iglesias and Marquinez (2013),
Spain ! 7 2100 (0.07) 241-251 (246)  16-48 (31) (2.99) Marquinez et al. (2014)
3 0.007-0.36 1-4.44 Hunzinger and Durrer (2009), Bachmann
Switzerland 31 371 69,728 0.07) 1-346 (59) 1-130 1) (1.88) (2012), Ruiz-Villanueva et al. (2018)

reference sources provided in Table 2 for further details.

Information derived for the purpose of this study, from the collected
variables comprised the width ratio (W;), (un)confinement index (IC: the
ratio between valley width and channel width before the flood), specific
peak discharge (SQ; peak discharge normalized by catchment area),
total flood stream power (SP = p-g-Qmax-S; where p is the flow density =
1000 kg-m~3; g the gravitational acceleration 9.81 m-s™2; Quqx is the
flood peak discharge; and S is the longitudinal reach slope), and unit
flood stream power (USP, i.e., the SP normalized by channel width)
calculated using both the initial (USP) and final channel widths (USP-
after)- As the catchment area is correlated to several catchment charac-
teristics (Anderson, 1957; Wohl and Merritt, 2008; Whitbread et al.,

2015), to remove this potential catchment size effect from the analyses,
we normalized the initial channel width (W;*) and flood stream power
(SP¥) by the catchment area applying a power coefficient equal to 0.44
as proposed by previous authors (Piégay et al., 2009; Alber and Piégay,
2017).

Table S1 in the supplementary material summarizes all variables
included in the database.

The river reaches were additionally classified according to several
categories to facilitate their description and make initial exploratory
analyses:
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i) we gathered data on the flood return period, and the triggering
precipitation duration, and classified the events into three cate-
gories as follows: moderate floods <30, large floods between 30
and 100, and extreme floods >100 years return period; and short
triggering precipitation event if duration <12 h, medium: 12-24
h, and long: >24 h duration.

ii) rivers were assigned to specific biogeographical (e.g., Mediter-
ranean, Alpine, Continental; European Environmental Agency,
2016) and climatic regions (following the Koppen-Geiger climate
classification; Rubel and Kottek, 2010), and were also classified
according to their catchment areas (reaches with catchment areas
(<10,10-100,100—-300, >300 km?) and in some cases,
morphology and main lithology were also provided.

iii) reaches were grouped according to a channel width pre-flood class
based on the frequency distributions shown in Fig. S1 (<10, 10-20,
20-50, >50 m), channel gradient class (<0.01, 0.01-0.04, 0.04-0.1
and > 0.1 m-m-1), confinement index class (<2: confined: con-
strained by the valley bottom, which was still up to two times wider
than the channel width before the flood; 2—4: partly confined; >4:
unconfined: valley bottom up to four times larger than the channel
width before the flood; Rapp and Abbe, 2003), percentage of
forested channel length class (<50 and > 50 %), the presence of
artificial lateral constraints or embankments (i.e., no constrained
banks, one channelized bank, two channelized banks) before the
flood, and in some cases, the main lithology.

Of the 1564 final selected reaches, most (69 %) were in the
Alpine region, 23 % in the Mediterranean, and just 8 % in the
Continental region. The dataset covered a large range of catchment
areas (see Fig. S1 in the supplementary material), with 47 % of
small basins (<100 kmz), 23 % of medium-sized basins (between
100 and 300 km?), and 30 % of relatively large basins (>300 km?).
Most of the streams, 71 %, were relatively narrow streams (channel
width before the flood <20 m), whereas wide rivers (with channel
width before the flood >50 m) were only 7 % of the dataset. 76 % of
the streams were flowing through gentle terrain, with slopes lower
than 0.04 m m ™, but there were also steep channels represented
(18 % of reaches with slopes ranging between 0.04 and 0.1 mm™},
and 6 % of very steep channels, with slopes >0.1 m m1). Just 18 %
of the streams were classified as confined, 20 % as partially
confined, and 62 % were unconfined channels.

In general, low-frequency, high-magnitude flood events over the last
six decades were considered (59 % of reaches were affected by extreme
floods >100 years return period), although more frequent floods were
also included (19 % and 22 % of reaches were affected by large and
moderate floods, respectively). Most of the floods included in our data
occurred in summer (43 %) and autumn (48 %), while only a few
occurred in winter (6 %) or spring (3 %). Moderate and large floods were
generally triggered by longer precipitation and occurred in summer and
autumn while extreme floods were mostly triggered by short precipita-
tion events in the summer season.

Table 3 summarizes some of the most relevant variables of the 1564
reaches.

Table 3
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2.3. Data analysis

Statistical analyses were realized with the software RStudio (R Stu-
dio Team, 2018; R Core Team, 2021). To reduce the number of variables
listed in Table S1 and described in the previous section, and to identify
the main ones explaining most of the variability in our database, a
multivariate factor analysis for mixed data was applied. The Factorial
Analysis of Mixed Data (FAMD) generalizes a Principal Component
Analysis (PCA) to datasets containing numerical and categorical vari-
ables. The goal of the FAMD was to transform the initial single variables
into a set of linear combinations of these original variables called di-
mensions. The numerical variables were standardized (i.e., every vari-
able had a mean value of zero and a unit variance value; Eager, 2017)
before the FAMD analysis. The obtained dimensions from the FAMD,
instead of single variables, were used to find major groups (i.e., clusters)
within the 1564 river reaches by means of hierarchical clustering
(FactoMineR, Factoshiny, and factoextra packages; Le et al., 2008; Kas-
sambara and Mundt, 2020; Vaissie and Husson, 2021). Details on this
method are explained by Husson et al. (2010) and Kassambara (2017).

Differences within these major groups or between other classes or
subsets (e.g., width ratio differences between clusters) were computed
by the non-parametric Kruskal-Wallis test. We identified which pairs of
groups were different by applying a post hoc pairwise comparison with
Dunn’s test (Stats package; R Core Team, 2021). Empirical cumulative
distribution functions were computed for several groups (e.g., width
ratio grouped by confinement class) to explore other variables not
included in the FAMD (e.g., triggering precipitation duration) due to the
limited data available, and the two-sample Kolmogorov-Smirnov test
was applied to test differences between the distributions (sfsmisc pack-
age; Martin, 2021).

To predict the width ratio, we first extracted the relevant dimensions
from the FAMD (those contributing with the largest percentage to the
model; Fig. S2) and applied a multiple linear regression to them
(FAMDR,; Stats package; R Core Team, 2021); and second, we applied a
Partial Least Squares Regression (PLSR; pls package; Mevik and Weh-
rens, 2007; Liland et al., 2022; Mevik and Wehrens, 2022) which basi-
cally employs a similar procedure. As we proved that the FAMDR and
PLSR models performed in a similar way, we focused our analysis on
FAMDR. We selected the variables that were contributing with the
largest percentage to the dimensions of the FAMD and applied multiple
regression to these variables as well. As they were not necessarily sig-
nificant when used for predicting width ratio, we used stepwise
regression to determine the final set of predictors. In addition, we
computed bivariate regression using single variables (e.g., the confine-
ment index or the stream power of the flood) as predictors. Both linear
and non-linear models with one or multiple variables were explored to
predict the width ratio using all data and the subsets from the identified
clusters independently. Finally, we applied a non-linear quantile
regression (Koenker and Park, 1994) to obtain upper envelopes (quan-
treg package; Koenker, 2022) by using all data. The quantile regression
estimates the quantile value of a variable (e.g., W;) with a specific non-
exceedance probability tau (Koenker, 2005; Hao and Naiman, 2007);
here, we used tau = 0.5 and 0.99. For all analyses, statistical significance
was set to p-value <0.05.

Minimum, 25th, 50th (median), 75th percentiles, maximum and standard deviation of drainage area, initial channel width, longitudinal slope, confinement index,

specific discharge, and unit flood stream power for the 1564 selected reaches.

Variable Min. 25th Median 75t Max. St. Dev.
Drainage area [km?] 0.05 13.39 130.24 411.48 944.71 252.59
Initial channel width [m] 1.30 7.10 13.21 22.50 250.00 25.41
Reach slope [m-m~1] 0.001 0.01 0.02 0.04 0.36 0.04
Confinement index [—] 0.97 2.49 6.00 11.30 73.04 8.80
Specific peak discharge [m®s~!-km~2] 0.17 0.83 1.18 8.99 59.40 7.04
Unit flood stream power [W-m~2] 22.41 1281.93 2699.60 4565.68 48,062.64 5554.36
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3. Results
3.1. Clustering the studied river reaches

Of 23 variables included in the database, 11 contained values for all
selected reaches (n = 1564), and the FADM (Fig. 2a) identified eight as
the most relevant (i.e., the biogeographical region, the return period
class, reach slope, drainage area, confinement, specific or unit discharge,
unit stream power, normalized stream power, and normalized initial
channel width). The graph in Fig. 2a shows that variables related to the
flow energy (i.e., slope, specific discharge, and stream power) contrib-
uted to the first dimension, while those related to the channel and valley
geometry (i.e., confinement index and channel width) contributed to the
second dimension. Still, the two first dimensions only explained 47 % of
the variance (see also Fig. S2). These quantitative variables, and the
categorical variables of biogeographical region and flood return period
class, were used for establishing a typology of reaches in the cluster
analysis.

Seven major groups (i.e., clusters) were identified in the hierarchical
cluster according to the categorical and quantitative variables included
in the dimensions of the FAMD (Fig. 2b). The 1564 reaches were
grouped according to the seven clusters and their main characteristics
were analysed and summarized here (and shown in Fig. 3).

The reaches grouped in Cluster 1 (n = 380) were located in the
Alpine region (98 %), affected by moderate floods (82 %), unconfined
(62 %), partly confined (24 %), and confined (14 %) channels, between
10 and 50 m wide (85 %) and with a moderate low to low slope (98 %).
The 241 reaches grouped in Cluster 2 were also located in the Alpine
region, entirely affected by large floods, unconfined channels (96 %),
relatively narrow (78 % with an initial channel width lower than 20 m),
with moderate slopes ranging between 0.04 and 0.1 m-m™! (88 %).
Cluster 3 (n = 69) had Alpine (88 %) reaches affected by extreme (77 %)
and moderate (23 %) floods, located in confined (43 %) and partly
confined (41 %) channels, relatively wide (initial width ranging between
20 and 50 m for 41 % and larger than 50 m for 55 %), and of moderate
low (62 %) to low slope (26 %). Cluster 4 (n = 412) grouped Alpine
reaches (98 %), entirely affected by extreme floods, mostly unconfined
(70 %), relatively narrow channels (45 % <20 m wide, and 35 % <10 m
wide), and relatively steep (slopes ranging between 0.04 and 0.1 m-m ™!
for 72 %), and very steep (20 %) slopes (>0.1 m-m™b).

The smallest cluster was Cluster 5, with 84 river reaches located in
the Continental region (100 %), affected mainly by extreme (56 %) and
large (30 %) floods, in partly confined (25 %) and unconfined channels
(67 %), of <20 m initial channel width (81 %) and moderate slope (70 %
lower than 0.04 m m’l).

Two clusters grouped Mediterranean reaches. Cluster 6 (n = 235),
was characterized by Mediterranean reaches only, affected by extreme
(87 %) and large (13 %) floods, located in confined (60 %), partly
confined (23 %), and unconfined (17 %) channels, with narrow channels
(92 % <20 m wide) and low slopes (91 % <0.01 rn-m’l). While Cluster 7
(n = 143) had mostly Mediterranean reaches (73 %), mixed with a few
Continental (27 %) reaches, all affected by extreme floods (99 %), with
unconfined (82 %), narrow (84 % with channel width < 10 m), and
moderate (59 %) to a relatively high (39 %) slope.

Table 4 summarizes the main variables for each cluster.

Fig. 4 shows some illustrative reaches from each cluster before and
after flood events.

3.2. Contrasting response to floods in terms of widening among the seven
clusters

The channel width before and after the flood, the total widening, and
the width ratio (W,) within the clusters significantly differed (p-value
Kruskal Wallis <0.001; Fig. 5).

Table 5 summarizes the main statistics for the widening-related
variables (i.e., channel width before and after, total widening, and
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width ratio).

The most significant width ratio was observed for clusters 7, 6, and 4
(mean values were 5, 2.3, and 2.5, respectively). However, in terms of
total widening (difference between the pre- and post- flood channel
width in meters), cluster 3 showed the largest value (mean = 39 m,
median = 30 m). Reaches of cluster 3 were the widest before the floods
(mean initial channel width = 86 m), and thus width ratio was generally
low (mean = 1.7). Clusters 4 and 7 also showed large total widening
values (mean = 22 m and 26 m, median = 10 m, and 23 m respectively).
The reach experiencing the largest total widening (235 m) was grouped
in cluster 1 (Table 5).

We observed that clusters 7 and 4, which showed the largest
widening, also were those with the steepest reaches (Table 4; Fig. 3c).
When looking at the reaches characterized by the different slope classes
within clusters, we observed, however, small differences. In general,
channels with intermediate slope (i.e., the gradient between 0.01 and
0.1 m -m™!) widened slightly more than steeper reaches (gradient >0.1
m -m~1) or reaches with a very gentle slope (gradient <0.01 m -m™1).
But differences were, in general, not significant. Very few reaches were
classified according to their morphological channel pattern (i.e.,
meandering-wandering, braided, or straight; n = 342). For all reaches
together, we did not find significant differences in width ratio for rea-
ches with different channel patterns. Still, some clusters showed some
differences. Single-thread channels of clusters 1 and 3 widened more
than multi-thread ones, whereas the opposite was observed in the rea-
ches of cluster 4. The latter is one of the clusters showing the largest
width ratio values in the dataset. Unfortunately, the reaches of clusters
2, 5, and 7 did not provide information about the morphology.

River reaches located in different regions behaved differently
regarding channel widening, with those located in the Mediterranean
region showing a significantly larger widening (clusters 6 and 7) than
the reaches in the other regions. However, the region where the reach
was located was not the only factor explaining the width ratio. Four of
the seven clusters grouped reaches located in the Alpine region (i.e.,
Clusters 1, 2, 3 and 4), as this is the region with the largest number of
reaches in the database. Comparing the four clusters with Alpine

reaches, we could see that reaches of cluster 4 widened significantly
more than reaches of the other three Alpine clusters. All reaches of
cluster 4 were affected by extreme floods, as were most in cluster 3.
Reaches of cluster 4 were mainly unconfined (mean IC = 8.4), relatively
narrow (mean initial channel width = 13.6 m), and relatively steep
channels (mean gradient = 0.06 m-m’l), while reaches of cluster 3 were
confined and partly confined (mean IC = 2.7), relatively wide (mean
initial channel width = 86 m), and of moderate low slope channels
(mean gradient = 0.02 mm ). Therefore, the flood magnitude mat-
tered but was not the only factor controlling the river response in terms
of widening; channel and valley morphology also played a role, as well
as other variables.

3.3. The role of moderate floods and the triggering precipitation

In general, extreme floods caused a larger widening in all reaches
when analysed together and in the reaches of cluster 1 (Fig. 6a,c), but
some clusters showed some exceptions. We observed that the reaches of
clusters 5 and 6 affected by moderate, large, and extreme floods expe-
rienced similar widening in all cases (Fig. 6b,d). Even a few reaches of
cluster 5 (Continental reaches) experienced larger widening after large
floods than after extreme floods. However, the number of reaches was
very low. The width ratio was not different between the Alpine reaches
in cluster 6 affected by extreme and large floods. Reaches of clusters 2, 3,
4 and 7 were affected mostly or entirely by one flood frequency class and
thus could not be used for the comparison.

The analysis of the flood-triggering precipitation duration (for those
reaches for which we had such information) revealed significant dif-
ferences between the groups. In general, floods triggered by shorter
precipitation events (e.g., flash floods) caused larger widening than
floods triggered by longer precipitation events, as shown in Fig. 7 for all
reaches and reaches of cluster 6 (i.e., Mediterranean reaches, confined
and partly confined narrow and low slope). However, for reaches of
cluster 4 (i.e., Alpine reaches affected by extreme floods, unconfined,
relatively narrow, and steep channels), floods with longer precipitation
duration produced significantly larger widening than those triggered by
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Table 4

Minimum, 25% 50th (median), 75% percentiles, mean, and maximum of
drainage area, normalized channel width, longitudinal slope, confinement
index, specific discharge, and unit flood stream power for the 1564 selected
reaches grouped by clusters.

Cluster Min. 25t Median Mean 75t Max.

Drainage area [km?]

1 26.0 281.1 450.0 499.8 805.1 944.7
2 16.4 156.3 279.0 288.3 436.3 681.9
3 0.1 41.0 62.0 223.5 551.4 750.5
4 0.1 111 108.1 125.8 165.8 551.4
5 0.3 4.3 10.5 70.8 63.6 599.3
6 2.0 11.7 13.1 40.5 38.7 302.9
7 0.9 5.4 12.1 16.8 25.6 284.0

Normalized channel width before flood [—]

1 0.5 1.2 1.5 2.0 2.4 7.5
2 0.5 1.0 1.3 1.5 1.7 9.0
3 4.8 7.4 9.3 9.9 11.2 29.5
4 0.7 1.5 2.0 2.3 2.8 7.4
5 1.4 2.3 3.0 4.0 5.1 14.6
6 0.9 2.1 2.2 2.1 2.3 3.9
7 0.8 1.4 2.1 2.6 3.7 7.4

Longitudinal slope [mm 1]

1 0.002 0.010 0.014 0.017 0.020 0.110
2 0.003 0.015 0.023 0.028 0.036 0.132
3 0.004 0.010 0.022 0.026 0.026 0.195
4 0.004 0.018 0.042 0.062 0.091 0.340
5 0.001 0.011 0.022 0.045 0.048 0.357
6 0.001 0.009 0.016 0.015 0.018 0.087
7 0.013 0.024 0.031 0.042 0.056 0.151

Confinement index [—]

1 1.0 2.5 5.9 8.7 9.9 53.9
2 1.4 8.1 13.7 16.1 20.1 73.0
3 1.0 1.6 2.2 2.8 3.1 12.5
4 1.1 3.5 6.4 8.4 11.2 45.5
5 1.3 3.5 5.7 7.4 9.3 30.9
6 1.0 1.4 1.8 3.6 2.7 26.6
7 1.1 4.7 7.8 9.0 11.2 47.5

Specific peak discharge [m®s~!-km~2]

1 0.17 0.23 0.72 0.67 0.81 1.72

2 0.76 0.88 0.96 1.00 1.03 1.91

3 0.19 0.87 1.57 3.78 3.15 33.89
4 0.66 0.89 1.19 3.22 2.42 21.08
5 0.90 3.41 5.16 9.31 11.39 35.83
6 4.51 5.84 9.01 8.95 10.17 25.54
7 7.22 15.83 20.40 20.73 23.41 59.40

Unit flood stream power [W-m’z]

1 35.8 595.0 1439.3 1962.1 2594.2 24,306.7
2 188.8 2220.8 3718.7 4274.2 5510.6 14,781.0
3 22.4 252.5 495.0 607.7 837.1 4282.5

4 391.5 1792.2 3171.1 4185.7 5040.3 25,998.3
5 30.5 236.2 576.0 1091.7 1352.2 6340.7

6 901.0 2295.0 3061.0 3258.0 3283.0 15,962.0
7 1162.0 7514.0 12,576.0 15,595.0 21,570.0 48,063.0

medium and short rainfall. Short precipitation was responsible for the
floods affecting all reaches of cluster 7 (i.e., Mediterranean reaches
affected by extreme floods, with unconfined, narrow, and steep chan-
nels), whereas long precipitation duration triggered the floods, causing
the widening in all reaches of clusters 1, and 2 (Alpine reaches affected
by moderate and large floods). The width ratio value did not show any
significant difference between reaches affected by floods triggered by
precipitations of different durations in clusters 5 and 3.

3.4. The role of vegetation and bank reinforcement

A subset of reaches contained information about the percentage of

Science of the Total Environment 903 (2023) 166103

forested channel length (n = 777), with a majority of reaches being
densely forested (mean percentage of forested channel length = 85 %).
In general, and for all reaches together, we observed lower values of
width ratio in rivers with >50 % of forested banks than for river reaches
with a lower percentage of forested banks. This was also true for reaches
grouped in cluster 1 (Fig. 8). Densely and sparsely forested reaches of
clusters 3, 4, and 5 did not show significant differences in terms of width
ratio. The reaches characterized by the largest width ratios (i.e., 6 and 7)
did not have enough information to make a comparison and explore the
effect of vegetation, being most reaches of cluster 6 densely forested. No
information was available for most reaches of cluster 7.

From those reaches that contained information about the artificial
reinforcement or protection of riverbanks (i.e., channelization) in the
database (n = 991), most reaches (74 %) had no protection, 21 % had
one artificially reinforced bank, and only 4 % had two reinforced banks.
In general, we observed that reaches with no reinforcement or only one
reinforced bank widened more than reaches with two reinforced banks.
More interestingly, reaches with one reinforced bank showed signifi-
cantly higher width ratios than reaches with no reinforcement for all
reaches together and for reaches in cluster 1. However, due to the low
number of reaches with this information and the inequity in the number
of reaches with and without reinforced banks, results were limited to
making a robust comparison between clusters.

3.5. Towards the prediction of channel widening

We selected the two first dimensions from the FAMD (see Fig. S2) and
applied a linear regression to them, and we applied the PLSR with the
first three components that were shown to be relevant (Fig. S3). The
results proved that these two multivariate models fitting all data had a
very low prediction capability (R? < 0.2). The two dimensions from the
FAMD and the three components from the PLSR explained only 17 % and
18 % of the variance when used for the prediction of the width ratio,
respectively. For simplicity, we focused on the regression of FAMD di-
mensions only. The FAMDR performance in terms of residuals is shown
in Fig. S4.

The quantitative variables that contributed more to the FAMD di-
mensions 1 and 2 were the specific peak discharge (SQ), the normalized
stream power (SP*), the unit stream power (USP), the confinement index
(IC), and the normalized initial channel width (W;*), and in a lower
percentage the drainage area (A) and the reach slope (S; Fig. S2). The
stepwise regression of these variables showed that the significant pre-
dictors of the width ratio were the specific peak discharge (SQ), the unit
stream power (USP), and the reach slope (S). The drainage area (A), the
confinement index (IC), and the normalized initial channel width (W;*)
were not found significant predictors. Still, following what has been
done in previous works, we decided to explore models including the
confinement index as well. The prediction capability of the 2 main ob-
tained models (here referred to as model 1 and model 2) for all data was
very low (R% < 0.3).

The obtained bi- and multi-variate models are reported here, in
Table 6 and in Fig. S4:

Model 1: W, ~ 1.90 + (4.6e-05-SP* + 6.8e-02-SQ + 8.2¢-03-IC -1.3e-
01-W;*)

Residual standard error: 1.65; Multiple R% 0.21
Model 2: W, ~ 1.75 + (—9.22-S + 1.370e-04-USP + 6.305e-02-SQ)

Residual standard error: 1.57; Multiple R%: 0.28

We compared the reported width ratio values with the predicted ones
using the multivariate models PLSR, FAMDR, Models 1 and 2, and Egs.
17 and 18 reported in Table 3 (Fig. 9). The comparison showed that the
models performed very similarly when using all data, showing a strong
underestimation of large width ratios in all cases. The PLSR model,
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Fig. 4. High-resolution satellite and aerial images from ©Google Earth of some selected reaches from the seven clusters before and after a flood event (and the years).
All images are oriented pointing North on top, the scale is shown in all images from before the flood.

model 2 (W, ~ S 4+ USP + SQ), and eq. 18 (W, ~ USP + IC) showed
slightly better performance for all data in terms of MAE, MSE, and RMSE
(Fig. 9).

The models were also fitted to the seven clusters independently and
their prediction capability varied significantly (Fig. 10). The R? of Model
1 (W, ~ 1.90 + 4.6e-05-SP* + 6.8e-02-UQ+ 8.2e-03-IC -1.3e-01-W;*)
ranged between 0.002 and 0.42, with the largest values obtained for
cluster 7 (R2 = 0.42), cluster 6 (R2 = 0.42), and cluster 1 (R2 = 0.24).
Similarly, the R? of Model 2 and eq. 18 (Wr ~ USP + IC) showed large R?

values for clusters 7 (R2 =0.35and 0.46), and 6 (R2 =0.29 and 0.36). As
model 1 showed generally larger R? values, we showed the comparison
with observed values in Fig. 10.

The upper envelopes (99 % regression quantile) obtained from the
quantile regression (see Fig. S5 showing the fitting lines to individual
variables), provided a good fit for the largest values of observed width
ratio for all data, and may represent a good prediction of worst-case
scenarios and upper boundaries (Fig. 11).

The evaluation of the performance for predicting the width ratio (in
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Table 5

Minimum, 25“‘, 50th (median), 75h percentiles, mean, and maximum of
channel width after and before the flood, total widening, and width ratio for the

1564 selected reaches grouped by clusters.

N
~ }D:J
-l

4

H
5

Cluster

Cluster Min. 25t Median Mean 75t Max.
Channel width after flood

1 11.1 23.1 36.5 49.8 60.0 310.0
2 6.4 13.8 20.3 325 345 238.7
3 7.7 67.7 1109 125.0 162.4 310.0
4 2.4 10.2 23.7 35.1 44.1 280.0
5 4.3 10.1 14.1 30.3 26.1 212.0
6 4.1 10.7 14.6 19.1 20.8 97.7

7 4.5 17.0 29.6 34.0 45.0 152.3
Channel width before flood

1 5.9 15.9 22.6 29.0 30.0 125.0
2 4.8 10.8 14.7 18.3 19.0 159.4
3 6.4 37.5 58.9 86.3 130.0 250.0
4 1.3 6.4 12.5 13.6 17.5 50.0

5 2.0 5.9 10.8 18.4 17.3 118.0
6 2.8 6.6 7.0 8.8 10.8 30.6

7 2.3 3.7 6.4 7.7 9.6 31.3
Total widening

1 0.04 3.01 10.00 20.83 25.00 235.00
2 0.00 1.34 4.89 14.22 15.70 174.31
3 0.48 15.00 30.40 38.70 55.00 149.00
4 0.40 3.50 9.95 21.52 26.50 230.00
5 0.09 3.01 4.80 11.97 7.44 171.00
6 0.10 3.07 6.30 10.35 11.40 77.51
7 0.02 11.37 23.27 26.27 36.15 142.40
Width Ratio

1 1.0 1.1 1.4 1.9 2.0 7.6

2 1.0 11 1.3 1.7 1.9 5.4

3 1.0 1.2 1.5 1.7 1.9 4.1

4 1.0 1.4 1.9 2.5 29 14.4

5 1.0 1.3 1.5 1.7 1.8 5.2

6 1.0 1.4 1.8 2.3 2.4 19.7

7 1.0 3.1 4.3 5.0 6.1 15.4
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terms of mean absolute, standard, and root squared errors) of the upper
envelopes presented in Table 6 revealed that egs. 12, 14, and 15 per-
formed slightly better than the others (Fig. 11), with USP, SP* and IC as
predictors.

4. Discussion
4.1. Limitations

The large dataset compiled for this work allowed us to characterize
river reaches prone to large widening and to propose empirical equa-
tions to predict large channel widening during floods at the reach scale.
Still, some limitations should be discussed.

First, we acknowledge that the representativeness of our database is
limited to certain regions, river types and conditions (i.e., those repre-
sented in the seven clusters) but would not cover the full range of natural
variability of geomorphic responses in European rivers or elsewhere.
The heterogeneity of natural systems, such as rivers, is linked to their
high spatial and temporal variability controlled by many environmental
factors not represented in our database.

Second, the database analysed in the present work is composed of
data gathered after flood events that triggered significant geomorphic
changes, including channel widening. Consequently, the database is
affected by a bias as it only includes sites that experienced channel
widening. As stressed by Ruiz-Villanueva et al. (2018), the inclusion of
reaches which did not widen may reveal that reaches with similar
characteristics exhibit significantly different responses during the same
flood event.

Third, there are important limitations regarding the availability of
data. For example, only some reaches included in our database had in-
formation about the peak discharge of the flood, and very few had more
details, such as the flood hydrograph (Amponsah et al., 2016). There-
fore, we classified the events by the return period classes and the trig-
gering precipitation duration. However, the flood duration is a key
variable, as a flood that exceeds a certain threshold discharge (i.e.,
related to certain energy or unit stream power, for example), 300 W-m ™2
according to Buraas et al. (2014), for a very short time might result in
smaller widening than a longer flood of the same magnitude (Rhoads,
2020). Thus, this information should be, when possible, included in the
analyses. Additional hydraulic variables, such as the Froude number,
could also provide more insights into the flow energy and its control on
channel adjustments (Piton and Recking, 2019). The flood history
matters as well (Beven, 1981; Brunsden, 2001; Ockelford et al., 2019);
after a long period without a major flood, channels may experience
narrowing (Liébault and Piégay, 2002; Liébault et al., 2005), but they
might widen again if a flood with sufficient energy occurs (Arnaud-
Fassetta et al., 2005). On the other hand, the occurrence of a second
large flood in a relatively short time may not produce any significant
morphological change (Rhoads, 2020).

Climate plays an important role in determining the flood regime and,
thus, the river response and channel width (Wolman and Gerson, 1978;
Fryirs et al., 2015; Feng et al., 2022). We included only partially this
information, as the dataset did not cover a wide range of different
climate regions to make robust comparisons. New developed open data
sources that provide insights into the hydrological regime and vari-
ability at the European level could be explored (e.g., Kuentz et al.,
2017); however, the spatial scale remains too coarse for our study.

Reaches characterized by different channel planforms, morphol-
ogies, and underlaid lithologies respond differently to floods (e.g.,
Fratkin et al., 2020); however, the available information was limited,
and the observed patterns were not ubiquitous.

Besides the current channel morphology, to understand the response
to floods, we should also consider the past evolution or river trajectory
over the last century and human influence (Belletti et al., 2014;
Hohensinner et al., 2021; Scorpio and Piégay, 2021). Each river follows
a complex trajectory of morphological changes where long-term trends
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Fig. 6. Cumulative distribution functions (cdf) of width ratio for all reaches grouped by flood return period class (i.e., extreme: return period >100 years; large: >30

return period <100; moderate floods: <30 years) and clusters 1, 5 and 6.
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Fig. 7. Cumulative distribution functions (cdf) of width ratio for all reaches grouped by flood triggering precipitation duration class (i.e., <12 h: short, 12-24 h:

medium, >24 h: long duration) and clusters 4 and 6.

and short-term disturbances overlap (Brierley et al., 2008; Dufour and
Piégay, 2009; Nardi and Rinaldi, 2015). Thus, we can argue that prob-
ably some narrow channels could have been wider or even braided
channels some time ago, and the response to flood is going back to the
natural range of variability (Segura-Beltran and Sanchis-Ibor, 2013;
Dean and Schmidt, 2013; Wyzga et al., 2016; Hohensinner et al., 2021).
Our dataset did not allow us to develop this aspect further, but we could
expect that a river that underwent notable narrowing in the past could
be more prone to widen than others.

Channel width is known to be related to the presence of vegetation
(Hey and Thorne, 1986), and the effect of vegetation on bank erosion is
widely recognised (Abernethy and Rutherfurd, 2001; Pollen et al., 2004;
Vargas-Luna et al., 2019). The type (i.e., size, species, and root rein-
forcement) and density of the vegetation might be also important as-
pects to take into account (Hickin, 1984; Pollen, 2007; Perignon et al.,
2013). However, we only analysed the percentage of the channel length

11

covered by vegetation.
In addition to vegetation, channel-bed and -bank grain size is a major

variable that controls sediment entrainment and, thus bed and bank
erosion (Shields, 1936). However, only limited data were available in
our database (e.g., Bachmann, 2012). Still, the relationship between the
presence of vegetation and the channel sediment grain size deserves
more attention (Torok and Parker, 2022).

Not just grain size and its relation to incipient motion controls
channel changes, but sediment supply may play a role, too (Pfeiffer
et al., 2017). River reaches fed by large amounts of coarse sediment may
be characterized by unstable, aggrading, and wide channels, while
reaches with limited sediment supply, for example regulated by dams,
may incise and become narrower (Williams and Wolman, 1984; Harvey,
1991; Wohl et al., 2015). The identification of sediment sources, their
connectivity to the channel, and the supply of sediment were rarely
assessed in the compiled studies (e.g., Surian et al., 2016; Scorpio et al.,
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Table 6
Multi- and bi-variate linear and non-linear equations obtained by the quantile
regression and upper envelopes (see Figs. 9, 10 and 11).

Explanatory variables used in
the equations to predict W,

Equations obtained by
the quantile regression
0.5)

Upper envelope
equations (quantile
0.99)

Initial channel width (W) [Eq.1] W, ~ 2.W213 [Eq.6] W, ~ 20- W;

~0.33
Wagier ~ 2- W; %7
Normalized initial channel [Eq.2] W, ~ 2- W; %01
width (W; *)
Confinement index (IC)
Stream flood Power (SP)

[Eq.7] W, ~ 13- W,
+-0.4

[Eq.8] W, ~ 3-IC%S
[Eq.9] W, ~ 6:10

No Significant
[Eq.3] W, ~ 6-107°.5P

5.8P
[Eq.10] W, ~
0.3-S .32
Unit Stream flood Power [Eq.4] W, ~ 0.0001-USP [Eq.11] W, ~
(USP) 0.0004-USP
[Eq.12] W, ~
0.5-Usp®*2
Normalized stream flood [Eq.5] W, ~ 7-107°.5P* [Eq.13] W, ~
Power (SP*) and 0.0002-SP*
Confinement index (IC) W, ~ 1.6+ 0.0001-SP* + [Eq.14] W, ~
0.0012-IC 0.9-§p*0-2
Unit Stream flood Power [Eq.18] W, ~ 1.7 + [Eq.15] W, ~ 1C08 +
(USP) and Confinement 0.00016-USP + 0.0012.IC ~ USP*!

index (IC)
Stream (flood) Power (SP) and
Confinement index (IC)

[Eq.16] W, ~ IC%® +
spo!

Not Significant

2022). Interestingly, some studies showed that sediment supply was not
the relevant driver for channel widening (Milan, 2012; Surian et al.,
20165 Scorpio et al., 2018), contrastingly to other works that observed
sediment supply as a major driver of channel changes (Harvey, 2001;
Bertrand and Liébault, 2019; Surian et al., 2020; Brenna et al., 2023).
Therefore, further research is still needed to better understand the role
of sediment supply in the geomorphic response to floods.

Despite these limitations, our results shed light on understanding
complex river responses to floods and their drivers.

4.2. Variables driving abrupt widening

Our results showed that, in general, extreme floods, triggered by
relatively short and intense precipitation events, were responsible for
larger widening, particularly in the Mediterranean region (cluster 7).
This is not a surprising result (e.g., Gaume et al., 2016), still, it is of
utmost importance regarding flood management in the Mediterranean
region. The role of smaller floods (i.e., large, and moderate events) was
also revealed by our results. Some reaches of clusters 1, 2, 3, and 5
affected by moderate and large floods widened up to 7 times their initial
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Fig. 9. Observed width ratio (W,) versus predicted values obtained by applying
the models described in the text and shown in Table 6, for all data coloured by
clusters. The black line is the 1:1 line: (a) 3 Comp. PLSR: three first components
from PLSR; (b) 2 Dim. FAMDR: two first dimensions from FAMD; W;: initial
channel width; W;*: normalized initial width; IC: confinement index; SQ: spe-
cific peak discharge; USP: unit flood stream power; SP: stream (flood) power;
SP*: normalized stream power. MAE: mean absolute error; MSE: mean standard
error; RMSE: root mean squared error.

channel width. Reaches of clusters 5 and 6 did not show significant
differences in width ratio for reaches affected by floods with different
return periods (Fig. 6), probably also explained by the high degree of
confinement, particularly of cluster 6 (Fig. 3).

Therefore, it is not just the magnitude but also other variables, for
example, the duration of the flood, that determine the geomorphic
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effectiveness (Newson, 1980; Costa and O’Connor, 1995; Magilligan
et al., 2015). Reaches of cluster 4 affected by floods triggered by longer
rainfall showed larger width ratios than those affected by shorter-
duration storms, in agreement with some previous observations (Ger-
vasi et al., 2021).

We observed that reaches in the Mediterranean region (clusters 6 and
7) showed the largest width ratios. Floods in this region are usually
triggered by high-intensity convective storms, generally in summer and
early autumn, favoured by low-level instability and high temperatures
(Gaume et al., 2016; Llasat, 2021). After the Mediterranean reaches, the
Alpine rivers showed the largest width ratio. However, comparing the
four clusters with Alpine reaches, we showed that reaches in cluster 4
widened significantly more than other Alpine reaches. River reaches in
cluster 4 and 3 were affected by extreme floods, but they significantly
differed in terms of channel size and valley confinement.

Thus, and in agreement with previous works, we found valley
confinement to be one of the main morphological variables controlling
channel widening (e.g., Brierley and Fryirs, 2005; Comiti et al., 2016b;
Lucia et al., 2018; Sholtes et al., 2018). However, our results suggest
valley confinement was not the only limiting factor. We observed a small
number of confined reaches with large width ratios (i.e., reaches of
cluster 1). We should stress that confined reaches in our database were
those characterized by a confinement index lower than 2, which means
that although constrained, some of them may still move within the
valley bottom up to two times their channel width. However, confined
reaches might often be steep (Wolman and FEiler, 1958), which de-
termines high stream power and might be more susceptible to lateral
erosion along the margins of the channel and benches, producing larger
widening compared to downstream unconfined reaches (Thompson and
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Croke, 2013). Importantly, spatial changes in valley configuration and
the alternation of confined and unconfined reaches, and thus of flow
energy, may be vital to determining larger erosion and widening
(Rogencamp and Barton, 2012). However, we could not analyse this
spatial pattern and its effect on the width ratio, as we grouped similar
reaches in different clusters, independently from their geographical
location and upstream/downstream continuity.

Regarding channel morphological pattern, our results showed that
single-thread channels of clusters 1 and 3 widened more than multi-
thread ones, whereas the opposite, multi-thread braided patterns
widened more, was observed in the reaches of cluster 4 (one of the
clusters showing the largest width ratio values in the dataset). The
complex morphological structure of braided channels requires high
stream power, erodible banks, and mobile bed material, conditions
usually met in environments with high sediment supply, sparse vege-
tation, and relatively steep slopes (Rhoads, 2020). These conditions may
prevent widening during a high range of flood conditions, as those
reaches of cluster 1. But, during extreme events, for example, those
affecting the reaches of clusters 3 and 4, the above-mentioned condi-
tions may favour widening.

We observed that reaches with >50 % of forested channel length
widened significantly less than reaches with less vegetation. This may be
explained by several causes. Vegetation not only influences bank sta-
bility at the catchment scale, but we should also consider the role of
forest in soil erosion and sediment supply (Liébault and Piégay, 2002;
Liébault et al., 2005; Garcia-Ruiz, 2010). The effect of vegetation during
moderate floods may reflect not only the increased resistance to erosion
due to riparian vegetation but also decreased sediment supply and, thus
reduced sediment transport (Merritt and Wohl, 2002). Still, extreme
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Fig. 11. Observed width ratio (W,) versus estimated values obtained by
applying the upper envelope equations shown in Table 6, for all data coloured
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normalized width; IC: confinement index; USP: unit flood stream power; and
SP*: normalized stream power. Better performance shown in bold.

floods, such as those affecting the reaches of clusters 4, 5, 6, and 7, may
have enough energy to scour bank material below trees and uproot them
(RenoFaltet al., 2007; Smith, 2013) and transport large amounts of large
wood. Our level of information for those reaches was, however, limited.

Finally, our results showed that some unconfined reaches with one
reinforced bank widened more than reaches without reinforced banks
during moderate floods. This reveals the important role of longitudinal
discontinuous bank erosion control structures and their possible in-
efficiency during floods, as they can enhance erosion locally or in
downstream reaches (Arnaud-Fassetta et al., 2005; Florsheim et al.,
2008; Wohl, 2010).

4.3. The prediction of channel widening

Different approaches have already been proposed in the literature to
predict channel widening, from rapid, regional-scale assessments, such
as the exceeding critical threshold of unit stream power (Buraas et al.,
2014) to more sophisticated modelling approaches (e.g., Piégay et al.,
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2005). Most of these previous attempts relied on hydraulic variables
only (e.g., USP or SP), and were obtained for a single river or a single
flood event. We provided some new insights and statistical models that
may help identify reaches prone or susceptible to widening, estimating
potential channel width after a flood, and computing maximum ex-
pected values of widening based on multiple variables and for different
river reaches, covering a very wide range of conditions. However, we
observed that the multivariate models, for example, the two dimensions
from the FAMD and the three components from the PLSR, explained only
17 % and 18 % of the variance when used to predict the width ratio,
respectively. Some models performed better for some of the subsets.
Model 1 (Section 3.4) showed the most significant R? values for cluster 7
R? = 0.42), cluster 6 (R? = 0.42), and cluster 1 [R? = 0.24), while it
showed very low values for the other clusters. This could be explained
because reaches in clusters 6 and 7 showed considerable width ratios,
and the variables included in the multivariate models could explain
relatively well the river response, whereas, in the case of reaches of
other clusters, it was not the case, and the models significantly over-
estimated the observed width ratios. This indicates that the selected
variables could not explain a large amount of variance in the data,
mainly related to low width ratios (e.g., clusters 2, 3, and 5). The pre-
vious section has already mentioned some additional variables to be
considered in other models. One important limitation is that these sta-
tistical models rely on the SP or related variables at the reach where
widening was observed, and we did not consider the effect of the spatial
variations in stream power (Baker and Costa, 1987; Magilligan et al.,
2015), or gradients within reaches where a large drop in stream power
may occur relative to upstream, possibly enhancing widening (Sholtes
etal., 2018). This, as explained in the previous section for changes in the
valley confinement, could not be evaluated and would deserve addi-
tional analyses.

Channel widening is the result of a complex set of interacting natural
processes that are highly variable in nature. It is, therefore, not sur-
prising that width ratios range over several orders of magnitude. Yet, the
ability of some models to represent >40 % of the variation in the
observed width ratios in our dataset is encouraging, considering the
diversity of conditions and the complexity of the processes involved.

While focusing on the large W, values may be essential, in the case of
very wide rivers, low width ratios may also mean several tens of meters
of channel widening. For example, the reaches of cluster 3 (initial mean
channel width > 50 m) showed width ratios up to 4 (widening >100 m).
The apparently low width ratio may give a false sense of marginal
planform change in these reaches. By proposing upper bound widening
ratios, we can overcome this limitation. The envelope curves obtained
from the quantile regression showed that they fitted well to the large
values of the observed width ratios for all clusters in our dataset. Thus,
they are helpful to identify reaches potentially prone to large widening
and getting first-order estimates of the maximum expected width ratio.
Applying upper boundaries is common in other fields (e.g., Guzzetti
et al., 2008; O’Connor et al., 2013; Marchi et al., 2016; Yu et al., 2022).
Upper envelopes to predict channel widening were proposed by Comiti
et al. (2016b), who stressed the caution needed when applying such
approaches, as they were obtained by analysing a much smaller data-
base, limited to one river basin and to one flood event. Here, by
extending the database to several rivers, thousands of reaches, and
multiple floods of different magnitude, we provide a robust set of
equations that could be applied according to the specific river types
identified in our database, the flood type, and to the available infor-
mation (i.e., discharge, USP, IC, etc.).

4.4. Importance for flood hazard and risk assessment and river
restoration

Predicting where significant geomorphic changes will occur during
floods would be of utmost importance for characterizing flood hazard
zones and informing the management of river basins. Therefore, there is



V. Ruiz-Villanueva et al.

a need to include channel widening in flood hazard assessment effec-
tively. On the other hand, it could be equally important to identify dy-
namic river reaches with a high potential for passive restoration
(Kondolf, 2011).

The definition of an erodible corridor based on historical maps or
topography has been proved beneficial to delineate the extent of the
valley bottom that might be susceptible to planform changes (Piégay
et al., 2005; Hajdukiewicz and Wyzga, 2023). These techniques, how-
ever, require high-resolution information to be analysed and are
generally suitable for more extended time scales. Our results can be used
as a quicker first-order approach to identify reaches susceptible to
extensive widening and to predict the worst-case scenario of channel
widening by, for example, applying the upper-envelope equations re-
ported in Table 3. The combination of the delineation of erodible cor-
ridors and the zones susceptible to planform changes with more detailed
analyses, like numerical modelling, or the application of stochastic ap-
proaches (e.g., Zerfu et al., 2015) together with the upper envelopes,
would also allow assessing uncertainties better and could be used to
predict the longer-term evolution of river trajectories.

5. Conclusions

This work used a large dataset of 1564 river reaches from 51 rivers
that experienced channel widening after floods of different magnitudes
and frequencies and were located in different regions and climatic set-
tings in Europe. We identified seven groups of reaches with significantly
different responses to floods in terms of width ratios. The study shows
that extreme floods triggered by short and intense precipitation events
in fairly steep basins were responsible for larger widening, particularly
those analysed reaches located in the Mediterranean region. Still, the
role of moderate flood in producing significant widening has also been
illustrated. Valley confinement was one of the main morphological
variables controlling channel widening, but not always the only limiting
factor, according to our findings. We proposed new statistical models
that may help identify reaches susceptible to widening, estimate po-
tential channel width after a flood, and compute upper-bound widening.
Therefore, they can be used to inform flood hazard evaluations and help
the design of mitigation measures, and river management in general,
including river restoration.
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