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Abstract: Sediment management is fundamental for managing mountain watercourses and their
upslope catchment. A multidisciplinary approach—not limited to the discipline of hydraulics—is
necessary for investigating the alterations in sediment transport along the watercourse by detecting
those reaches dominated by erosion and deposition processes, by quantifying the sediment volume
change, by assessing the functionality of the existing torrent control structures, and by delimitating the
riparian vegetation patches. To pursue these goals, specific continuous monitoring is essential, despite
being extremely rare in mountain catchments. The present study proposed an integrated approach to
determine the hydro-morphological-sedimentological-ecological state of a mountain watercourse
though field- and desk-based analyses. Such an integral approach includes a rainfall-runoff model, a
morphological change analysis and the application of empirical formulations for estimating peak
discharge, mobilizable sediment/large wood volume and watercourse hydraulic capacity, at reach
and catchment scales. The procedure was tested on the Upper Adda River catchment (North Italy).
The results identified where and with what priority maintenance and monitoring activities must be
carried out, considering sediment regime, torrent control structures and vegetation. This study is an
example of how it is possible to enhance all existing information through successive qualitative and
quantitative approximations and to concentrate new resources (human and economic) on specific

gaps, for drafting a scientifically robust and practical sediment management plan.

Keywords: watercourse; torrent dynamics; flood; risk management; aggradation; riparian vegetation;
torrent control structures; sediment budget; rainfall-runoff model

1. Introduction

Sediments represent the most important element in the dynamics of mountain streams.
They determine all the physical processes associated with their mobility, and influence
water level, channel evolution, habitat changes and landscape value [1]. Moreover, moun-
tain catchments are the first landscape elements that are facing an epochal challenge. In
particular, the European Alpine space is a vulnerable ecosystem that is extremely exposed
to climate change, due to the climate amplification of the dynamics of high-altitude snow
cover, albedo, and heat budget [2]. Measuring from the late 19th century onward, the
average temperature over the Alps has risen approximately 2 °C between 1880 and 2010,
two times more than the global warning [3,4]. This rate of warming is affecting seasonal
weather patterns, glacier retreat, permafrost thawing, and snow cover persistence, leading
to an acceleration in the sedimentological and hydrological regime changes in mountains
ecosystems [5]. At high altitudes, sources of sediments increase the production of huge
amounts of materials, exacerbated by the increase in intense rainfall frequency [6], by the
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past excessive artificial modification of the watercourse [7], and by the abandonment of the
territory (i.e., the daily monitoring and maintenance of the mountain catchment) [8]. The
consequences, in practice, can vary significantly, from the streambed incision involving
streambanks’ failure and a straightening watercourse [9-11], to the streambed aggradation
that increases the flood hazard for the surrounding areas [12]. Despite this evidence, quan-
tifying the sediment flux (especially the bedload rate) is extremely complex and depends
on the intrinsic local features of the mountain catchments [13-17].

For this reason, sediment management (SM)—which represents one of the human
strategies for conserving, preserving, and restoring the river environment, and for undertak-
ing countermeasures to mitigate the flood risk—remains an arduous challenge. SM attracts
more stakeholders, such as (i) regional and local authorities that control waterways, torrent
control structures, the mining of materials, fisheries, etc.; (ii) researchers that investigate
the torrent dynamics over the time; (iii) sediment miners that legally exploit the economy
of the sediment as building materials; (iv) the policy makers that must regulate and comply
with regulations of supranational organizations; and (v) the citizens that who live or own
private properties in proximity of the watercourse. Despite or precisely because of this,
SM is generally fragmented [18] and is rarely based upon scientific knowledge [19]. In this
context, SM must be an essential human activity focused on controlling the entire sediment
cycle at catchment scale and not only a unit of sediment at a time, and must integrate vari-
ous different goals to be more shared and maintainable as possible [20]. Thus, a different
approach is desirable and must begin from drafting a modern and sustainable sediment
management plan (SMP), incorporating knowledge (past and present), scientific advances
(prediction), multidisciplinary actions, and the ability to propose different scenarios of inter-
vention at catchment scale. In addition, SMP avoids the error of focusing on the hydraulic
aspect, favoring the construction of transverse and longitudinal torrent control structures
and the massive extraction of sediment from the streambed [20,21], worsening the mor-
phological quality [22]. Thus, the present study aims to propose a generalizable procedure
for identifying and prioritizing ordinary and extraordinary maintenance interventions
through the scientific investigation of the elements constituting the watercourse (sediment,
vegetation, streamflow and existing torrent control structures) and through leveraging the
set of information and analyses already present in the databases of local, regional, and
national authorities. Such an approach would have the advantage of reducing the time of
the technical decision-making process, allocating funds to address specific deficiencies in
the diagnostic framework, conducting additional monitoring activities, and/or increasing
the necessary interventions.

2. Materials and Methods
2.1. Case Study

The case study is approximately 12 km of the Adda River (Figure 1) flowing north
to south, from the municipality of Bormio to the village of Le Prese in Sondalo, located
in the Upper Valtellina (Lombardy, North Italy). The enclosing perimeter of the surveyed
watercourse encompasses a catchment of about 563 km? with a range of altitude from
946 to 3829 m asl. The catchment area is predominantly covered by periglacial landforms
(41%) with scarce presence of vegetation, forests (22%) and pasture (13%), while urbanized
areas (1%) are concentrated along the main watercourse. The forests are mainly conifers,
detailed as follows: Norway spruce (34%) and European larch (40%) are the dominant
species, whereas mountain pine (17%) is the secondary species. The glaciers and perennial
snowpack covered approximately 21.6 km?, concentrated in the Forni glacier in the western
part. The lithology of the study area is homogeneous, with Leptosols and Podzols over the
hillslopes, and Cambisols along the valley bottom.
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Figure 1. Location of the surveyed 12 km of Adda River flowing north to south, in the Upper
Valtellina (Lombardy, North Italy).

Concerning the watercourse, the Adda River shows a torrential regime that exacerbates
the flood and debris flood events. To mitigate the potential damages caused by these hydro-
sedimentological processes, flood protections were built along the watercourse, including
longitudinal structures to reinforce the streambank and raise the levees, and a transverse
torrent control structure to reduce the longitudinal streambed slope and, as a consequence,
the sediment transport. In addition, the local authorities ordered emergency interventions
to reduce the streambed aggradation of the watercourse, and listed them in a specific
dataset including information on location, date, extracted/removed sediment volume,
costs, etc. The case study was extensively investigated from several points of view using
many technical maps at the following detailed scales: geological map (1:10,000), soil map
(1:50,000), land use map (1:10,000), forestry map (1:10,000), an inventory of landslide events
(date, polygon, etc.), and a time series of Digital Elevation Models (DEMs) surveyed in
2008, 2014, and 2022.

2.2. Hydro—Geo-Morphological, Sedimentological and Ecological Integrated Analysis

Hydro-geo-morphological, sedimentological and ecological integrated analysis (Hy-
SEcA, hereafter) is the proposed methodology for providing an overall characterization
of the watercourse and its catchment, based on the assessment of the hydrological and
sedimentological processes occurring on the hillslopes and along the river network. Hy-
SEcA is subdivided into the following three phases (Figure 2): (i) the segmentation of river
network and the delineation of the tributaries and subcatchments, (ii) the completion of
the available data through specific activities of field campaign, and (iii) the application
of qualitative and quantitative approaches to estimate the watercourse dynamics and the
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magnitude of ordinary and extreme events that can potentially occur, associated with the
sediment transport into the river network.

Hydro-geo-morphological, Sedimentological and Ecological integrated Analysis (HySEcA)

Available datasets  Field- and remote-sensing surveys

Reach-based
analysis 7

[
Delimitation and
segmentation

Subcatchment-based
analysis 7

«Critical» reaches
Empirical and .
conceptual models

Figure 2. Framework of the hydro—geo-morphological, sedimentological and ecological integrated

analysis (HySEcA), on which basis operational and monitoring measures are proposed in the sediment
management plan.

2.2.1. Delimitation of Reaches and Subcatchments

The delimitation of reaches is based on an expert judgment on the fluvial dynamics that
lead to the adjustments of the channel form, and follows the procedure of the Morphological
Quality Index proposed by Rinaldi et al. (2013, 2015) [23,24]. The first phase consisted of
subdividing the watercourse into relatively homogeneous reaches, delimited by boundary
conditions. Key factors commonly investigated to identify the homogeneous spatial units
include the absence of significant changes in valley setting and in channel slope, as well as
the lack of substantial flow and sediment loads. Alternatively, all the confluences with the
tributaries and the sudden changes in geological and geomorphological characteristics of
the watercourse can be detected as boundaries of homogeneous reaches. More details are
given in Brierley and Fryirs (2013) [25]. The delimitation in subcatchments is a part of the
terrain analysis in Geographical Information System (GIS) research [26,27] and is obtained
by an accurate mapping of the river network and the alluvial fans. The river network
is a fundamental element of the mountain landscape that can significantly improve the
quality of hydrological and sedimentological modeling [28], because its characteristics affect
sediment storage, sediment connectivity, sediment flux, and flow velocities [29,30]. The
river network starts in source cells called channel heads, which is the upstream-most point
of concentrated water flow and sediment transport between definable streambanks [31],
with a longitudinally continuous channel downstream. The identification of the channel
heads can be carried out (i) directly in the field (excessively time-consuming), (ii) through a
geostatistical-based terrain analysis, and (iii) with remote sensing-derived approach [32-34].
From a geomorphological point of view, the river network begins where a threshold of the
drainage area (A; in m?) is exceeded. In the present study, As; was calculated for all the
cell of DEM according to the longitudinal streambed slope [35-37] and within the range
between 500 and 4000 m? [38], as follows:

As(x) = Ag-s(x)" 1)

where s (in m m™1) is the slope of the generic cell (x), whereas Ag (in m?) and « (-) are
constant values. In the present study, they were set to 1000 m? and 2, respectively.

On the other hand, alluvial fans could be recognized as conspicuous sediment deposits
transported by upstream tributaries from a mountainous drainage basin [39]. Typically,
they assume a semi-conical shape with a fan apex, located at the change in slope from the
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mountain catchment to a contiguous valley or alluvial plain. These points were considered
as the outlet of the subcatchment [40,41]. Both the procedures include a topographical
analysis on the DEM using a set of topographic and hydrological functions, implemented
into the library TopoToolbox for the software MATLAB (R2023b) [42].

2.2.2. Data Collection

The second phase consisted of filling or updating the database integrating with (i) high-
resolution DEM derived by Structure-from-Motion (SfM) techniques processing Unmanned
Aerial System (UAS) images or Light Detection and Ranging (LiDAR) point clouds; (ii) the
in-channel grain size distribution; and (iii) the identification and classification of vegetation
communities in riparian zone.

2.2.3. Subcatchment-Based Analysis

The subcatchment-based analysis is part of the third phase of HySEcA, aiming to
assess the magnitude of peak discharge, and the sediment/large wood volume mobilized
by surface erosion and debris flow, associated with ordinary or extreme events.

Design Peak Discharge

The peak runoff in ungauged subcatchment areas was established through a rainfall-
runoff model [43,44]. This quantitative analysis includes the prediction of an effective
hyetograph and of the flood hydrograph, and is composed by several steps.

e  Calculating of the total precipitation (P in mm) using the Intensity—Duration-Frequency
(IDF) curves provided by the Environmental Protection Agency of Lombardy (ARPA;
https:/ /idro.arpalombardia.it/). A common approach to express IDF curves for the
high-altitude areas where the contribution of snowpack melting is significant [45,46]
is as a power law:

P(dr,RP) = ay-wy-dr" ()

where a1, w1 and n (-) are the parameters of the power law estimated locally, RP is the
return period (in years), and dr is the precipitation duration (in hours). The parameter w,
(-) represents the generalized extreme value (GEV) with the following formula:

wlze—i—i-{l—[ln(Rllj]jl)r} 3)

where ¢, « and « (-) are the parameters of GEV distribution. Seven different return periods
were considered (i.e., 2, 10, 30, 50, 100, 200, 500 years).

e  Calculating the rainfall excess (Q in mm) using the Soil Conservation Service Curve
Number (SCS-CN) method [47-49]. SCS-CN is based on the water balance equation
and calculated the direct runoff (in mm) as follows:

(P —A-S)?
(P—AS)+S
where S is the potential maximum retention or infiltration (in mm), and A (-) is the initial

abstraction coefficient. In this case, A assumes an original value of 0.2; however, some
studies verified that for small catchments, its value is considerably lower [50,51]. In this

case, A was set equal to 0.1.
1000
S =254 ( - 10) )

Q= ,P>AS (4)

CN

where CN (-) is a dimensionless number ranging from 0 to 100. The CN parameter was
estimated over the overall subcatchment according to several features such as hydrologic


https://idro.arpalombardia.it/

GeoHazards 2024, 5

1130

soil group, land cover type, hydrologic condition, and antecedent runoff condition [52-54],
as reported in Supplementary Materials A.

e Designing the effective hyetograph through the distribution of the rainfall excess,
i.e., the effective precipitation depth is temporally spatially distributed using Huff’s
hyetograph shape [55].

e  Designing the flood hydrograph (i.e., the rainfall excess was transformed into surface
runoff until the outlet cross-section) and modeling the hydrological propagation within
the catchment. This step consisted of the application of WFIUH-1par, a combined
approach between the instantaneous unit hydrograph (IUH) concept and the width
function (WF) [56]. This model predicted the travel time distribution using a single
parameter, i.e., the flow velocity, over the time (f) as follows:

le(x) | In(x)
WFIUH(t) = + 6
W= 0@ w0 ©
where /; and [}, (in m) are the channel and hillslope flow path for the generic cell (x) among
the raster of catchment, and v, and v, (in m s 1) are the channel and hillslope flow velocities
in the single cell x. The channel velocity is empirically estimated according to the catchment
area (A in km?) [57-61], as follows:

ve(x) = 0.33-A(x)12 7)

Conversely, the hillslope velocities were defined using spatially distributed empirical
formulas based on hillslope inclination and land use information extrapolated from digital
topographic data, as follows:

o (x) = kus(x)° (®)

where k; (-) is a coefficient related to soil use [62,63]. The resulting velocities were re-
stricted within the 0.02-2 m s ! range to avoid unrealistic values, as suggested by Grimaldi
et al. (2010) [64]. The values of k;,, parameter according to land cover are available in the
Supplementary Materials B.

Sediment and Large Wood Mobilizable Budget

The assessment of sediment volume mobilized by debris flows is generally obtained
using empirical formulations [65-69]. Among the wide spectrum of experience, a recent
statistical analysis was conducted on a 537 debris flow event which occurred in the Italian
Northeastern Alps and developed a linear regression between A and debris flow volumes
(Gs in m?) [70], as follows:

Gssoo, = (2620 + 60)- A067+002 o

Gsgge, = (77000 + 7000)- A1-010-06 (10)

Equation (9) provides the magnitude of an ordinary event, whereas Equation (10)
represents an envelope curve that predicted very large volumes up to approximately 10
Mm? for the largest drainage areas, often responsible for severe damage.

The estimation of average annual sediment volume produced by surface erosion
processes (G in m3 year—!) was obtained by a modified version of an Erosion Potential
Model (EPM), originally developed by Gavrilovi¢ (1959) [71], and modified by Milanesi
et al. (2016) [72] for the Alpine region. The model is based on the relationship between G
and several factors describing the main features of the catchments as follows:

G=ThmnZ" AB (11)

where T (-) is the temperature coefficient, & (in mm) is the mean annual cumulative rainfall,
7t (-) is the mathematical constant equal to 3.14, Z (-) represents the potential erosivity
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coefficient, whereas B (-) is the percentage of sediments that reaches the outlet. The
parameter T is defined as follows:

¢ 0.5
= (™
T = <10 + 0.1) (12)
where t, is the mean annual temperature (in °C). In a cold climate, this value is calculated
only for the sediment yield period excluding the winter [72].

The parameter Z is defined as

Z = XY-(¢+50%) (13)

where X (-) describes the protection against the erosion processes given by the land cover,
Y (-) is the soil resistance against the surface runoff, ¢ (-) indicates the intensity of the active
erosion processes, and S, is the mean slope of the catchment (in m m~1). The values of the
parameters X, Y and ¢ are reported in Supplementary Materials C.

The parameter B is defined as

4-(0-D)*  L-(0-D)*?

B = mi
M TT7710 7 (Lo +10)-A

(14)

where O (in km) is the perimeter of the catchment, D (in km) is the mean geodetic relief, L.
(in km) is the linear dimension of the catchment along the main channel, and L (in km) is
the longest hydrological path.

Furthermore, the estimation of the potential maximum large wood volume, recruited
during an extreme event, was provided by an envelope curve based on dataset collected in
Switzerland, France and Italy [73]. The formula is

Viw = 1170-A%4 (15)

where Vi (in m3) represents the specific large wood volume (solid, no pores) transported
during a flood.

Sediment Connectivity Analysis

Quantifying the mobilizable sediment is only a relative part of the complex process
that also includes sediment redistribution and movement [74]. Thus, it is necessary to
introduce the concept of sediment connectivity, which is the degree of linkage controlling
sediment fluxes throughout the landscape, describing the physical transfer from a source
to a sink [75-79]. An indicator useful to estimate this catchment predisposition is the index
of connectivity (IC), developed by Borselli et al. (2008) [80] and further adjusted by Cavalli
etal. (2013) [81]. IC (-) is the logarithm of the ratio between an upslope and a downslope
component expressing the potential for the downward routing of the sediment-produced
upslope and the sediment flux path length to the nearest sink along a flow line, respectively,
for each grid cell (x) of a catchment, expressed as follows:

W(x)-s(xz-,/a(x)) »

d(x)

IC(x) = log
i W(x)s(x)

where x is the generic cell of the raster, a (in m?) is the upslope area, d (in m) is the length of
the steepest flow line between the grid cell (x) and the target area, s (in m m 1) is the slope
of the steepest flow in the grid cell (x) and W (-) is the weighting factor computed from
the standard deviation of the residual topography; i.e., the difference between the point
elevation and the mean average taken on a moving square window of a side measuring
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5 pixels. Note that W and § are the average weighting factor for the average slope gradient
of the upslope contributing area with respect to the generic cell (x).

2.2.4. Reach-Based Analysis

The reach-based analysis included (i) the measurements of volumetric variations
within the streambed through the calculation of the Difference of DEMs over time (DoDs),
(ii) the assessment of functionality / performance of the existing transverse torrent control
structures, and (iii) the detection and classification of riparian vegetation patches.

Sediment Volume Change

The main output of the reach-based analysis was the sediment volume change along
the watercourse. The sediment volume change was obtained by summing the time series
of DoDs. The DEMs were collected into a dataset including details on survey accuracy,
sampling strategy, topographic roughness, and interpolation procedure that can strongly
influence the measurement errors [82-85]. Using such data, DoDs were calculated though
different procedures [86-88]. The first and simplest approach (M.0) was the calculation of
DoD by subtracting raw successive DEMs without correction. The second procedure (M.1)
consisted of summing the raw volumetric change exclusively upon a critical threshold error
U, (in mm), also called Level of Detection, which was fixed equal to the 84th percentile of
grain size distribution dg4 (in mm). The last alternative methodology (M.2) expressed the

critical threshold as follows:
U. = é-+/SDE; 4+ SDE, 17)

where SDE (in mm?) is the standard deviation of the errors (differences) between the eleva-
tion of the Ground Control Points (GCPs) and those of the reconstructed DEM, whereas the
subscripts (1 and 2) indicate the two successive raw DEMs. The parameter J (-) represents
the critical t-distribution values at the selected confidence level, under the assumption that
the errors follow a normal distribution. In the present case, the confidence limit was 95%
and the § > 1.96 [89]. To apply the procedure M1, a campaign of granulometric surveys
was conducted using the traditional methodology of Wolman Pebble counting [90,91] for
each reach.

Monitoring Torrent Control Structures

The torrent control structures play a significant role in controlling sediment trans-
port [92]. Monitoring their functionality is essential and can be exclusively conducted
through the first-level inspections, as described in Cislaghi et al. (2024) [93]. The first-level
inspection is a meticulous scrutiny of the overall structure that allows us to assess the
performance or, better, the loss of functionality, of the existing torrent control structures
using a qualitative indicator. This metric is the Loss of Functionality Index (LoFI), ranging
from 1 low (unaltered functionality) to 4 high (no residual functionality). The causes of
deteriorated functionality can be detailed as (i) sediment deposition that can modify the
streamflow concentration and can alter energy dissipation; (ii) the deposition of coarse or
large wood materials that can obstruct the cross-section or can deviate the streamflow only
on a side of the channel; (iii) erosion of the foundations or a specific side of the torrent
control structures; and (iv) the uncontrolled colonization of riparian vegetation around and
over the structure that can increase flow resistance, hydraulic roughness, and hydraulic
depth, as well as reducing hydraulic velocity and impeding the adjusted (or “designed”)
direction of streamflow. In the present study, the inspectors focused on the first case,
assessing the LoFI according to the obstruction due to the sediment deposition (Figure 3).
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Figure 3. Photographs of transverse torrent control structures that show the four conditions of the
Loss of Functionality Index (LoFI) according to the percentage of spillway occupied by the sediment.
Value 1, or Low, indicates a spillway covered for less than 50%; Value 2, or Medium-low, indicates a
coverage between 50 and 75%; Value 3, or Medium-high, indicates a coverage between 75 and 90%;
and Value 4, or High, indicates a coverage more than 90%.

Monitoring Riparian Vegetation

Monitoring the vegetation dynamics of the riparian and in-channel colonization is
extremely important. The procedure consisted of observing and mapping the riparian
vegetation patches over bars, islands, and banks, identifying the dominant species, and
identifying their forest management approach, as conducted by Fogliata et al. (2021) [94].
Then, the riparian vegetation community was classified according to its density (negligible,
low, medium, or high), as shown in Figure 4.

medium

streamflow === sedim

Figure 4. Photographs of riparian vegetation according to colonization density (negligible, low,

medium and high).



GeoHazards 2024, 5

1134

3. Results
3.1. Delimitation of Reaches and Subcatchments

The first phase of HySEcA distinguished 14 reaches of the surveyed watercourse and
28 subcatchments (Figure 5). These reaches had a length (L.) of 0.855 km =+ 0.586 km
with a streambed slope (Sc) of 0.017 m m~! 4 0.020 m m~!. The channel slope is strongly
influenced by the presence of more than 50 transverse torrent control structures, approx-
imately 1 every 250 m. The bankfull width (W;) along the watercourse was 45.52 m on
average, varying from 26.71 m to 84.88 m. Table 1 summarizes the hydraulic characteristics
of each reach along the watercourse. The subcatchments were delineated considering a
minimum threshold area of 0.1 km?. Their area was 2.35 km? =+ 2.06 km? and ranged from
0.11 km? (8A_2) to 9.76 km? (5D_1). The confluences with the tributaries were located at
an altitude ranging from 952 m asl (8A_7) and 1163 m asl (4A_1), from downstream to
upstream, respectively. The subcatchments had a wide range of hillslope inclination from
0.339 to 0.781 m m~!. This discrepancy was obviously influenced by the topography and
was evaluated using the Melton Ratio (MR) [95], i.e., the ration between the basin relief and
the square root of the basin area. MR varied from 0.73 (4A_1) to 2.76 (8A_2). Table 2 reports
the hydrographic and topographic features of the delineated sub-catchments.

Legend

Surveyed &a»4B SA@mm 5p@m®6C — Minor hydrographic network
river stretches @B 4C @mw 5B @b 6A 7A — Main hydrographic network
- 4A @ 4D @ 5C@mn 6B @me 7B Lakes

- 3A

Figure 5. The identification of 14 reaches (from 4A to 8A) and 28 subcatchments (from 4A_1 to 8A_7)
for the study area.
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Table 1. The hydraulic features of the homogeneous reaches: L. (in km) is the length of the reach, S,
(in m m~1) is the streambed slope, W, (in m) is the mean bankfull width, and the presence of crossing

infrastructures.

Reach (kLr;) (m f}l) (lvff) N. of Bridges
4A 0.796 0.013 40.32 1
4B 0.300 0.011 28.64 1
4C 0.382 0.010 41.00 1
4D 0.600 0.009 62.46 1
5A 0.341 0.020 26.71 0
5B 1.691 0.013 27.22 1
5C 1.235 0.009 31.10 1
5D 0.291 0.020 30.00 0
6A 0.334 0.029 46.38 0
6B 0.742 0.004 70.08 0
6C 0.591 0.002 84.88 0
7A 1.623 0.004 36.92 0
7B 0.972 0.080 63.63 1
8A 2.084 0.021 47.93 1

Table 2. The topographic features of the delineated subcatchments (including toponymy): A (in
km?) is the subcatchment area, L (in km) is the longest past along the river network, Z,,;, (in m)
is the minimum elevation inside the subcatchment, Z;;.4, (in m) is the mean elevation inside the
subcatchment, Z;;,; (in m) is the maximum elevation inside the subcatchment, S, (in m m~!) is
the mean slope within the subcatchment, L. (in km) is the length of the main watercourse of the
subcatchment, S; (in m m™!) is the slope of the main watercourse, and MR (km km™1) is the
Melton Ratio.

A L Zmin Zmeun Zmux Sb L:: Sc MR
Subcatch. Toponymy (km?) (km) (m) (m) (m) (mm-1) (m) (m m-1) (km km~—1)
4A_1 Cadolena 3.80 4.85 1163 1999 2589 0.394 3.61 0.228 0.73
4B_1 Ciucco 4.21 4.55 1150 1625 2674 0.339 1.78 0.234 0.74
4C_1 Presurina 2.36 3.98 1150 2070 2761 0.427 1.91 0.302 1.05
4D 1 Cagnola 2.81 4.25 1146 1827 2659 0.396 2.01 0.295 0.90
4D 2 Vallecetta 4.09 5.39 1144 2302 3138 0.492 4.39 0.316 0.99
4D_3 Valle del Prete 0.71 2.25 1144 1535 1979 0.433 0.82 0.238 0.99
5B_1 Valcepina 2.23 4.14 1126 1900 2746 0.509 2.70 0.349 1.08
5B_2 Vallaccia 3.65 4.82 1126 2373 3020 0.518 3.62 0.352 0.99
5B_3 Rez de la Piscia 0.99 3.87 1229 2375 3145 0.540 3.06 0.421 1.93
5C_1 Valle Soena 0.23 2.00 1120 1628 2358 0.589 0.82 0.505 2.59
5C_2 Resole 1.09 3.17 1492 2396 3154 0.582 2.32 0.443 1.59
5C_3 Val del Solco 0.72 2.30 1222 2046 2677 0.703 1.73 0.515 1.71
5D_1 Massaniga 9.76 6.41 1106 2469 3414 0.559 5.03 0.274 0.74
6B_1 Novalena 2.96 451 1085 2394 3141 0.567 3.40 0.405 1.19
6B_2 Pra Bonelli 1.81 3.84 1082 1820 2640 0.478 0.94 0.331 1.16
7A_1 Vendrello 3.29 457 1080 2272 2998 0.535 3.15 0.351 1.06
7A_2 Val Mala 2.02 3.18 1306 2284 2999 0.679 2.05 0.442 1.19
7A_3 Valle Asciutta 0.94 2.99 1102 1698 2528 0.604 0.77 0.471 1.47
7A_4 Presure 5.48 6.60 1096 2416 3062 0.544 5.07 0.236 0.84
7A_5 Motta 0.16 1.60 1169 1598 2072 0.602 0.79 0.470 2.29
7A_6 Val Pola 2.07 4.12 1141 2288 3048 0.555 2.27 0.430 1.32
8A_1 Valle Fine 3.85 3.63 995 2054 2895 0.628 2.57 0.425 0.97
8A_2 Valle Fiorino 0.11 1.46 1010 1495 1931 0.719 0.84 0.544 2.76
8A_3 Valle . 2.06 3.98 987 2187 3099 0.605 1.99 0.455 1.47
Cameraccia

8A_4 Val di Sovilla 1.53 2.99 972 1857 2646 0.595 1.63 0.519 1.35
8A_5 Pravadina 0.17 1.29 973 1485 1782 0.781 0.08 0.466 1.97
8A_6 Valle del Tegne 0.27 1.50 957 1536 1843 0.638 0.73 0.546 1.69
8A_7 Valle del Corno 2.55 5.40 952 2347 3136 0.567 4.66 0.328 1.37
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3.2. Subcatchment-Based Analysis

The subcatchment-based analysis provided quantitative estimates based on a reliable
rainfall-runoff approach and empirical relationships. The rainfall-runoff model requested
the estimation of CN parameter that, although the dominant land cover was the forest,
ranged from 59 to 80, because of different soil properties (hydrologic soli group and land
cover). The rainfall-runoff model assessed the design discharge according to the different
return periods (Table 3). On average, the design peak discharge per unit catchment area
largely varied from 0.34 m3 s~! km~2 for a 10-year return period to 3.23 m® s~! km~2
for a 200-year return period. Only one subcatchment revealed a significant larger design
discharge per unit of area (7A_5).

Table 3. Curve number (CN dimensionless) and design discharge (Q in m3 s~1) for different return
periods (RP in years).

Q(m3s1)
Subcatchment CN (-)
RP =2 RP =10 RP =30 RP =50 RP =100 RP =200 RP =500
4A_1 63.85 0.08 1.10 2.63 3.64 5.38 7.58 11.36
4B_1 65.72 0.24 1.75 3.61 477 6.72 9.04 12.88
4C_1 66.01 0.33 1.33 2.39 3.00 3.96 5.15 7.08
4D 1 66.29 0.17 1.12 2.29 2.98 4.11 5.55 7.81
4D_2 67.77 0.13 1.75 4.29 6.01 8.89 12.66 18.97
4D_3 63.05 <0.01 <0.01 0.02 0.05 0.33 0.85 2.10
5B_1 63.64 0.03 0.50 1.35 1.99 3.07 4.46 6.91
5B_2 73.95 0.46 291 5.95 7.94 10.95 14.78 21.17
5B_3 75.50 <0.01 0.26 1.13 1.76 3.00 4.59 7.28
5C_1 62.88 <0.01 0.04 0.12 0.17 0.28 0.42 0.67
5C_2 72.64 0.01 0.17 0.90 1.51 2.65 4.31 7.19
5C_3 65.42 <0.01 <0.01 0.07 0.26 0.70 1.41 2.68
5D 1 75.30 243 11.32 21.33 27.23 37.03 48.85 67.94
6B_1 74.24 0.04 1.42 411 6.13 9.56 14.10 22.16
6B_2 64.71 0.08 0.62 1.33 1.76 2.50 3.39 4.87
7A_1 71.42 0.29 2.20 4.55 6.06 8.57 11.65 16.84
7A_2 71.70 0.25 1.81 3.79 5.00 6.99 9.44 13.38
7A_3 65.28 0.05 0.34 0.69 0.91 1.29 1.73 2.49
7A_4 75.42 0.62 4.69 9.95 13.22 18.60 25.50 36.61
7A_5 80.02 <0.01 0.14 0.41 0.60 0.91 1.29 1.91
7A_6 78.99 0.25 1.84 3.96 5.10 7.41 9.84 14.43
8A_1 67.94 0.39 2.60 5.33 6.96 9.65 12.94 18.25
8A_2 66.15 <0.01 0.02 0.07 0.11 0.19 0.29 0.48
8A_3 71.35 0.15 1.11 2.33 3.11 4.38 5.95 8.46
8A_4 63.87 0.04 0.56 1.29 1.77 2.64 3.67 5.42
8A_5 58.70 <0.01 0.02 0.07 0.12 0.21 0.34 0.55
8A_6 61.67 <0.01 0.05 0.16 0.24 0.38 0.57 0.89
8A_7 73.68 0.2 2.05 4.69 6.33 9.12 12.54 18.66

The empirical approaches predicted the potential mobilizable volume of sediment
and large wood from the hillslope to the outlet (Table 4). EPM estimated the sediment
annual yield from around 50 m> year~! for the smallest subcatchments to more than
10,000 m3 year~! for the largest one (5D_1). Such variability was also evident when weight-
ing the EPM’s results on the subcatchment area. The sediment annual yield per unit of
area ranged from 62 m® km—2 year’l (4C_1) to 3168 m3 km—2 year’1 (5B_3). The empirical
approaches proposed by Marchi et al. (2019) [70] provided potential sediment production
from 602 m to 12,058 m? for frequent debris flow events (Equation (9)), and from 8384 m?
to 768,974 m3 for extreme events (Equation (10)). Moreover, the formula proposed by
Comiti et al. (2016) [73] predicted a mobilization of large wood materials ranging from
486 m? to 2911 m3. The results showed that the ratio between large wood and sediment
volume ranged from 0.38% to 5.80%. Grouping these results by the reach where the conflu-
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ences with the tributaries are located, the downstream reaches 7A and 8A were prone to a
high production of sediment and large wood volumes, followed by the reaches 4D, 5B, and
5D in the middle of the surveyed watercourse. Such quantification, however, is not enough
to design appropriate countermeasures, since the sediment connectivity plays an important
role in sediment transport. In fact, the calculation of IC showed how the downstream
subcatchments (from 7A to 8A), although the source of the most sediment, had some areas
that were disconnected from the sediment compared to the upstream subcatchments (from
4A to 4D).

Table 4. Estimates of sediment yields, potential mobilized sediment and large wood materials from
extreme events (debris flow and storm), and sediment connectivity: G is the sediment annual yield
(in m3 year—1), G; is the sediment production by frequent debris flow event (in m3), V},, is the volume
of large wood mobilized by an extreme event (in m?), ICsy and ICos are the median and the 95th
percentile of the index of connectivity (-).

G GS5() G599 Vlw 1C50 IC95
Subcatchment (3 year-1)  (m?) (m®) (m®) ) )

4A_1 853 6406 296,363 1995 —1.997 —0.689
4B_1 558 6865 328,940 2079 —2.403 —0.891
4C_1 146 4651 182,913 1648 —2.258 —1.158
4D 1 651 5235 218,619 1769 —2.210 —0.775
4D_3 50 2080 54,388 1020 —2.369 —1.271
4D_2 4631 6734 319,520 2056 —1.900 —0.650
5B_3 2497 2234 60,543 1064 —1.862 —0.601
5B_2 6888 6241 284,921 1964 —1.951 —0.628
5B_1 408 4482 172,981 1612 —2.361 —1.121
5C_2 1721 2771 83,767 1210 —1.857 —0.696
5C_3 341 2062 53,667 1014 —1.436 —0.299
5C_1 92 975 17,356 649 —1.540 —0.243
5D 1 10,745 12,058 768,974 2911 —1.938 —0.746
6B_2 519 3892 139,828 1482 —2.340 —1.135
6B_1 2828 5341 225,307 1790 —1.774 —0.481
7A_1 2138 5814 256,074 1883 —2.057 —0.656
7A_2 1797 4190 156,248 1548 —1.575 —0.309
7A_6 912 4268 160,699 1566 —1.834 —0.515
7A_3 404 2520 72,627 1143 —1.826 —0.730
7A_4 8287 8193 429,411 2311 —1.866 —0.409
7A_5 141 684 10,177 525 —1.712 —0.279
8A_5 73 794 12,742 574 —1.689 —0.320
8A_4 386 3487 118,460 1388 —1.765 —0.540
8A_3 1210 4256 159,988 1563 —1.753 —0.413
8A_7 1784 4900 197,873 1700 —1.667 —0.378
8A_6 46 1101 20,827 697 —1.600 —0.217
8A_1 1967 6466 300,525 2006 —1.619 —0.305
8A_2 180 602 8384 486 —1.259 0.211

3.3. Reach-Based Analysis

The reach-based analysis achieved observations of the hydraulic and morphological
dynamics over time. First, the assessment of the sediment change was obtained by cal-
culating the two DoDs to two timespans, 2014-2008 and 2022-2014. The available DEMs
(2008, 2014, 2022) were homogenized in terms of spatial resolution. In fact, the resolutions
of the DEMs were quite different; the more recent DEM had the highest resolution, around
0.05 m pixel ~!, whereas the others had a resolution of moderate quality of 0.50 m pixel ~!.
To apply the procedures M.1 and M.2, U, was estimated; considering dg4 as the represen-
tative diameter, each reach was measured and the errors were calculated on more than
200 GCPs, with 2 for every 100 m of the reach on average. Furthermore, to accurately
assess the sediment change, applying the proposed procedure is not enough, since the local
authorities arranged for the sediment removal to reduce the risk to the resident population.
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Such operations reduced the streambed aggradation and emptied the active channel from
deposited materials that caused obstruction for the discharge. Then, the calculated AV's
were summed to the removed sediment volumes recorded by the local authorities. The
spatial distribution of elevation changes revealed a generalized tendency of streambed
aggradation, especially along some reaches (Table 5). Over both temporal periods (2022—
2008), 10 of the 14 reaches showed a trend towards moderate to significant deposition on the
active streambed, and the elevation change ranged from 0.04 m m~2 to 2.31 m m~2. Only
4 reaches were exceptions, listed as follows: the reach 5B was probably affected by local
extractions (—11,000 m3 in 2008-2014), whereas the reach 5D revealed a slight tendency to
be eroded along the streambed (—1797 m? in 2008-2022).

Table 5. The estimation of sediment volume change including the sediment removal (R.0) for each
reach among two time-spans (2014-2008 and 2021-2014) according to different procedures (M.0, M.1
and M.2).

Reach Area dsa U, (m) AV 2014-2008 (m®) AV 2021-2014 (m®)

eac (m?) (m) M.1 M.2 M.0 M.1 M.2 R.0 M.0 M.1 M.2 R.O
4A 53407 0064 0064 0247 17485 16079 11,698 16000 —17521 —16390 —12,731 108,600
4B 11204 0072 0072 026l 112 -365  —1081 0 505 452 353 0
4C 17309 0055 0055  0.186 1881 1306 1704 8300 10915 9803 5308 22,500
4D 40181  0.041 0.041 0194 16557 15273 12,284 0 7634 6884 414 10,000
5A 12134 0058 0180 0129  —2372  —2337  —2277 6000 64 119 167 0
5B 61,197  0.051 0.051 0124  —12210 —12,058 —12,084 0 518 1129 929 0
5C 70051 0064 0064 0224  —1866  —2855  —4893 2500 6422 6441 5654 0
5D 11,657 0069 0080 0131  —1430  —1381  —1325 0 1182 867  —472 0
6A 16274 0040 0040 0276 3598 3472 2828 0 3507 3443 3125 0
6B 110,105 0032 0024 0253 163960 161,614 149,682 0 73455 69,192 52,935 0
6C 72084 0028 0028 0214 66847 65415 58180 0 38482 36226 27414 0
7A 110836 0025 003 0195  —3343  —3518  —4428 0 12,025 11385 9383 0
7B 65819 0022 0022 0203 14635 14166 11,251 0 nd. nd. nd. 0
8A 8689 0.044 0051 0185  —2271  —2074  —1448 0 n.d. n.d. nd. 0

Second, the reach-based analysis focused on the torrent control structures and their
functionality, especially. In the present study, the first-level inspections were conducted on
87 torrent control structures, such as streambank protection, check dams, and submerged
sills. These structures were built exclusively with concrete and steel-concrete within the last
30 years. The field observations revealed that approximately 90% showed good or excellent
performance (LoFI = 1 or 2). Selecting only the transverse torrent control structures (n = 36),
only five indicated a complete loss of functionality (LoFI = 4) due to being inundated by
sediment. These structures with deteriorated functionality were in the upper reaches (4A,
4B and 4C), as shown in Figure 6.

Third, the field monitoring observed a low density of riparian vegetation along the
entire surveyed watercourse. The in-channel vegetation was almost absent, except for
a few more stable bars or islands (Table 6). Along the streambanks, the colonization of
the riparian vegetation was more evident. In terms of biodiversity, most of the riparian
vegetation was composed of native species, e.g., some species of willows. Only in some
reaches (from 6B to 8A) did the butterfly bush (Buddleja davidii) colonize the empty space
created with deposited sediments or by mitigation interventions.
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Figure 6. The locations and functionality assessment of the inspected transverse torrent control

structures along the surveyed watercourse.

Table 6. Observations provided by monitoring the riparian vegetation along the surveyed watercourse.

Reach In-Channel Streambank Top of Bank Management Dominant Species
Salix purpurea (purple willow) Salix
alba (white willow), Acer
4A Negligible Low Medium No management pseudoplatanus (sycamore maple),
Betula pendula (silver birch), and Alnus
incana (grey alder)
4B Negligible Negligible Negligible No management
4C Negligible Negligible Negligible No management
4D Low Medium Medium Repeated cutting Salix purpurea, Salix alba, and

(every year) Salix caprea (goat willow)
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Table 6. Cont.

Reach In-Channel Streambank Top of Bank Management Dominant Species
Salix purpurea, Salix caprea, Fraxinus
5A Negligible Low Medium No management excelsior (European ash), Acer
pseudoplatanus, and Alnus incana
Salix purpurea, Salix alba, Alnus incana,
Sambucus nigra (elderberry), Betula
Periodic cuttin pendula, Fraxinus excelsior, Acer
5B Low Low Medium (3-5 years) & pseudoplatanus, Larix decidua
Y (European larch), Picea abies (Norway
spruce), and Populus tremula
(common aspen)
Periodic cuttin Alnus incana, Salix alba, Salix elaeagnos
5C Medium Medium Medium (35 years) 8 (rosemary willow), and Hippopae
y rhamnoides (sea buckthorn)
Acer pseudoplatanus, Picea abies, Larix
5D Low Low Medium No management decidua, Betula pendula, Salix purpurea
and Fraxinus excelsior
. Salix alba, Salix purpurea, Picea abies,
6A Low Low Medium No management Betula pendula, and Hippopae rhamnoides
Betula pendula, Salix purpurea, Salix alba
6B Low Low Medium No management and Alnus incana, Populus tremula and
Buddleja davidii (butterfly bush)
6C Low Low Medium No management Betula pendula and Buddleja davidii
. . Betula pendula, Salix elaeagnos and
7A Negligible Low Negligible No management Buddleja davidii
. Betula pendula, Salix elaeagnos and
7B Negligible Low Low No management Buddleja davidii
Salix purpurea, Alnus incana, Buddleja
8A Low Low Medium No management davidii, Populus tremula, and Pinus

sylvestris (Scots pine)

4. Discussion
4.1. A Diagnostic Approach

The integrated approach of HySEcA can be included in a more general diagnostic
approach, drafting the SMP (Figure 7). As proposed by Montgomery and MacDonald
(2002) [96], the diagnosis for a watercourse is a careful examination of the hydrological,
morphological and sedimentological features, to attempt to understand the river processes
and to predict the river dynamics. The diagnosis assesses the channel conditions through
the present and past observations, and forecasts the potential future channel condition,
through (i) the definition of the system (reaches and subcatchments) and of the drivers
influencing the river dynamics; and (ii) the application of models and empirical approaches
in terms of qualitative and quantitative outcomes. HySEcA can partially cover the first two
steps that can be completed by collecting historical data and by investigating the landscape
and the land cover evolution of the surrounding area.

For example, in the present study, the urban development (mainly liked to the touristic
sector) and the consequences of climate change strongly influenced the landscape. Indeed,
over the last 70 years (1954-2018), there has been a significant increase in urbanization along
the main watercourse (+4.5 km?) and a substantial forest conservation. Conversely, the
areas of pastures and agricultural field decreased by more than 10 km?. Meanwhile, climate
change has led to a glacier melting (—31.6 km?) and a reduction in permafrost areas (difficult
to quantify) resulting in an increase in sediment transport. In addition, the catchment area
has always been prone to slope instabilities (shallow landslides, rockfalls, and debris flows),
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streambank erosion, and significant, dangerous sedimentological-hydrological processes
such as debris flood. These areas have been increasing over the time and correspond to
approximately 20% of the study case. To contrast this susceptibility, many countermeasures
were built to control sediment transport, trapping sediment along the steep tributaries
(with more than 450 check dams) and reducing the streambed longitudinal slope along the
valley bottom (with more than 200 ground sills). This extensive use of torrent control struc-
tures and the delay in designing alternative structures for filtering and dosing sediments,
such as the open check dams, indicates a significant limitation of sediment dynamics. In
particular, the increase in sediment transport from the proglacial system accelerated the
complete filling of sedimentary wedges upstream of each check dam, forcing the movement
downstream. Such an amount of sediment, once it reaches the alluvial or colluvial fan,
tends to deposit along those reaches where the streambed gradient is relatively low (where
there are many ground sills) or where the sediment transport capacity is already saturated.
This triggers the streambed aggradation, exacerbating some hydraulic discontinuities, and
forcing the local authorities to arrange for the removal of material in the main watercourse,
amounting to about 900,000 m? from 1997 to 2022, and approximately 250,000 m® along the
tributaries (Figure 8).

> Hydro-geo-morphological, Sedimentological and Ecological integrated Analysis (HySEcA) >

Define system Determine channel types and drivers v

(subcatchments and river network) of river evolution

[ T |
Historical and monitoringdata | | Collectfield and remote-sensingA_’ Modelling and empirical A g
(past) observations (present) approaches (prediction) s
I 1—l 7
l g'
Assess present channel functionality Assess relative magnitude of drivers 2
(confinement, bank materials, flow over time (discharge, sediment supply, g
obstructions, riparian vegetation) large wood recruitment) 2
>
Diagnose channel morphology and
response potential o -

r——————

Planning operational
measures

Proposing river
restoration activities

’\:{> . |
Implementing ne
Sediment Management Plan monitoring measures | |

Figure 7. The proposed framework to draft a modern and sustainable sediment management plan.

All these additional observations strongly agreed with the outcomes of the HySEcA
procedure. For example, the construction of many retention check dams underlines that the
river network of the subcatchments are prone to debris flood and especially to debris flows
with a high sediment transport. This evidence was confirmed by examining the catchment
predisposition in terms of sediment supply through the simplest method of Wilford et al.
(2004) [97], drafting a scattergram using MR and basin length (i.e., the planimetric straight-
line length from the fan apex to the most distant point within the subcatchment) with class
limits for the hydrogeomorphic processes such as flood, debris flood, and debris flow.
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Figure 8. Locations of retention check dams and retention basins in the study area.

Although uncertainties exist, most subcatchments fell into the class of debris flow
predisposition, whereas the remaining ones fell into that of debris flood predisposition
(Figure 9). In addition, the intrinsic predisposition can be integrated by the degree of
sediment connectivity of the subcatchments. In the present study, as expected, the impacts
of sediment disconnected areas (i.e., higher values of ICsy) were significantly evident for
those subcatchments with higher values of MR. The fitted linear regression model con-
firmed a reasonable relationship (ICsp = 0.396- MR — 2.399; R? = 0.430, p-value < 0.001)
as shown in Figure 10. The reach-based analysis completed the diagnostic framework
by providing estimates and details on sediment dynamics, torrent control structures, and
riparian vegetation. The sediment changes at the reach scale reveal the surplus or the deficit
of sediment supply, through quantifying and localizing. The surveys on torrent control
structures and riparian vegetation characterized the morphological state of each reach.
In the present study, an evident surplus of materials, the presence of transverse torrent
control structures completely covered by sediment, and the absence of in-channel riparian
vegetation revealed a significant tendency of sediment production and further deposition
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within the channel, and a limited transport capacity of the mountain river. Finally, the
diagnostic framework also highlighted data gaps, as follows: (i) an updated delimitation
and evaluation of the Morphological Quality Index for the homogeneous reaches of the
watercourse (in the present study, all the reaches were evaluated in poor morphological
condition); (ii) surveys on the in-channel granulometry, essential for predicting the mag-
nitude of sediment transport and for designing appropriate countermeasures; and (iii) a
periodic measure of topography (i.e., DEMs) for estimating the volume changes and a
potential trend.
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Figure 9. Catchment classification based on the hydrological and sediment transport processes using

the discriminating limits of the different categories according to Wilford et al. (2004) [97].
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Figure 10. Relationships between the Melton Ratio and the mean value of connectivity index of all

subcatchments of the study area.
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4.2. Identification of Critical Areas

The diagnostic approach, including the integrated procedure HySEcA, provided
qualitative and quantitative results that described the present conditions of the reaches
(sediment, torrent control structures), and predicted the potential mobilized materials
(water, sediment, and wood), a source of potential alterations along the watercourse. In the
present study, the most evident morphological process was the estimation of high sediment
production from the tributaries, and the aggradation of the gravel streambed. The deposi-
tion of gravel materials and the presence of several transverse torrent control structures that
alter the slope of the streambed increased the level of flood risk and limited the watercourse
dynamics. In addition to an overall assessment of the surveyed watercourse, the HySEcA
included a more detailed assessment at reach scale. Such results can be simplified through
discrete metrics (low, medium, and high) that evaluate the impacts of the main processes
on the flood hazard (Table 7) inflow from the tributaries, erosion/deposition, and presence
of obstacles. The upstream reach (4A), in proximity of the confluence between Adda River
and Frodolfo Torrent, was identified as the most critical stretch of the watercourse, due to
the observed significant aggradation of the streambed, the high input of sediment and large
wood materials from the tributaries, and the limited sediment transport capacity. Other
critical reaches were 4C, 4D and 6B, which showed an excess of deposited materials inside
the channel and a relevant presence of obstacles.

Table 7. The synthesis of the HySEcA application according to the surveyed reaches: inflow in-
cludes the potential impacts of the quantity of water, sediment, and large wood during hydro-
sedimentological events, morphological change represents the trajectory of torrent evolution in
terms of deposition and erosion processes, and obstacles revels the dangerous presence of a specific
elements (torrent control structures, stabilized sediments, large wood, or riparian vegetation).

Reach Inflow Morphological Change Obstacles
4A High High Low
4B Low Low Medium
4C Low High Medium
4D Medium High Low
5A Low Medium Medium
5B Medium Low Low
5C Medium Low Medium
5D High Low Low
6A Low Medium Low
6B Low High Medium
6C Low High Low
7A Low Medium Low
7B Low Low Low
8A High Low Low

4.3. Advantages and Disadvantages

The HySEcA application, as a diagnostic approach, offers several advantages. First, the
method aims to overcome the fragmentation and incompleteness of databases, organized
and updated by local and regional authorities. The step-by-step procedure provides a sort
of comprehensive list of variables (i.e., landscape elements) to monitor, such as streamflows,
sediments, riparian vegetation, and torrent control structures. This approach promotes the
reorganization and standardization of data, effectively forcing the unification and merging
of databases essential for managing mountain fluvial environments. Second, HySEcA
mainly focuses on the role of sediment transport in mountain catchments by providing
both qualitative and quantitative estimates of its present impact of sediment transport
on flood risk management. The methodology is a compromise between the availability
of accessible data and the use of recent scientific approaches. The purpose is to obtain
valid results on the active processes along the watercourse and across the surrounding
upslope areas. Thus, these representative and clear results, obtained without compromising
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scientific rigor, are useful for a wide spectrum of professionals (fluvial manager, engineers,
ecologists, etc.) for proposing, designing, and evaluating appropriate and alternative
countermeasures to reduce flood risk according to different hazard scenarios.

However, the methodology has some drawbacks. The accuracy of predictive models
depends heavily on the quality and resolution of available data. Furthermore, although
HySEcA is based on several empirical formulations widely used in scientific literature and
practice, these models were primarily developed for specific environmental conditions
(mainly Alpine regions) and could be not generalized worldwide. Moreover, the approaches
include uncertainties and significant margins of error. To ensure reliable accuracy, it is
crucial to leverage all collected data and establish a procedure for continuously updating
the diagnosis as new data from monitoring activities become available.

4.4. Management Prescriptions

The comprehensive diagnosis of the surveyed watercourse integrated with the supple-
mentary field campaigns was the starting point for developing the SMP and for proposing
and/or programming maintenance and monitoring actions. In the present study, the
diagnostic framework verified the aggradation of riverbed in several reaches of the sur-
veyed watercourse, and therefore the increase in the flood risk, and predicted a significant
contribution of sediment and large wood from the tributaries, well connected with the
main watercourse. In this context, the mitigation of flood risk could be pursued through
multiple and complementary management prescriptions that aim to create appropriate
conditions for restoring or rehabilitating morphological processes (e.g., sediment trans-
port from upstream to downstream). Such actions are generally difficult to implement
because the altimetric and planimetric watercourse evolution has been constrained by
urbanization (longitudinal and transverse torrent control structures, bridges, bike path,
etc.) and the natural dynamics have almost disappeared, significantly interrupting the
hydro-sedimentological processes. For this reason, the diagnostic approach provides useful
data to qualitatively investigate (and predict) the morphological dynamic equilibrium, well
described by the Lane’s theory or Lane’s balance [98]. Lane stated that, under simplified
assumptions, the channel equilibrium is reached when the sediment transport capacity,
described by the product between Q (in m®s 1 and S (mm™1), is comparable to the sedi-
ment load represented by the product between sediment discharge per unit cross-section
width (Qs in m3 s~! m~!) and a representative sediment size ds (in m) as follows:

Q-S¢ ~ Qs-ds (18)

Lane’s balance demonstrates how the channel may respond to a change in various
parameters such as sediment load, channel geometry, channel slope, erosion resistance, and
discharges, and which solutions could be more appropriate to reduce the lack of equilibrium.
Then, the purpose of the channel equilibrium could be determined by calculating the
longitudinal slope of the watercourse, by comparing it with the present condition, and
by implementing a catchment-based strategy over the time. Indeed, the management
prescriptions must integrate many approaches, because none of them individually can
solve a complex problem. For example, in the present case study, the SMP must include
the following:

i Rehabilitate sediment transport capacity: the increase in the longitudinal slope
of the main watercourse along specific reach, the reduction in the flow resistance,
and/or the removal of transverse torrent control structures can contribute to the
sediment transport reducing the streambed aggradation.

ii. Control of sediment supply: a reduction in the sediment supply entering the wa-
tercourse from the contributing subcatchments could be useful in impeding the
deposition. Several measures can be implemented at the catchment scale, such as
erosion control approaches (e.g., reforestation, soil bioengineering techniques on
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iii.

iv.

the hillslope) or solutions to trap sediment upstream of the confluences with the
tributaries (e.g., construction retention check dams, retention basin).

Trapping sediment in specific reservoirs: the detection of accessible and already
altered areas, where the settling and accumulation of the sediment can balance the
surplus of sediment.

Redistributing or removing excessive sediments: where necessary, mechanical exca-
vations are a practical solution for reducing the streambed aggradation; however,
they are be associated with measures of reactivation of morphological dynamics
(creating bars and islands, reactivation of secondary streams).

Another aspect of the SMP relates to improving the efficiency and the effectiveness

of the monitoring activities. In fact, a well-organized and systematic monitoring of the
watercourse and of its main variables is indispensable due to the complexity of the phe-
nomenon and the potential effects of both natural and anthropogenic disturbances that
can exacerbate the geohazards. Thus, the SMP must include a sort of monitoring plan at
different temporal and spatial scale (Figure 11):

i

ii.

ii.

/\ % (Land cover change) |

HH Temporal scale

Periodic monitoring: updating the DEM, the Morphological Quality Index, and the
inventories of maintenance and excavation operations arranged by the hydraulic
authority, assessing the functionality of existing defense works, and surveying
surface granulometry and riparian vegetation.

Post-event monitoring: collecting details that are as accurate as possible on the
triggering meteorological events and the associated consequences along the main
watercourse including flooded areas, damaged infrastructures, removed riparian
vegetation, presence of obstructions, etc. This kind of monitoring is crucial not only
to update the state of the watercourse and any river changes, but also to provide
valuable information on the watercourse’s dynamics during flood, debris flood or
debris flow events.

Continuous monitoring: for the sediment management, collecting data on source
areas extension (the detection of unstable areas) over the hillslope and on sediment
movement (suspended sediment and bedload) within the river network is necessary.
Moreover, this monitoring could be associated with early warning system for
the inhabitants.
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Figure 11. Flowchart of appropriate monitoring activities for integrating the sediment management plan.
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5. Conclusions

The present study analyzed a mountain area, representative of the Alpine environment
and subject to the impacts of tourism development and climate change. These territories
showed a more frequent predisposition to flood, debris flood and debris flow events, and
urgently require a robust strategy for controlling and handling the sediment transport
within the catchment. The SMP is a crucial tool for planning and programming all those
actions useful to improve the hydro-morphological efficiency, to conserve the riparian
habitats, and to guarantee hydraulic safety for houses and infrastructures along the water-
course. Drafting a sustainable and modern SMP is a complex operation for the hydraulic
authorities, as it requires a clear understanding (often holistic) of the present state of the
catchment and of the watercourse, which is the result of collaboration between multiple
skilled professionals and stakeholders. The procedure presented in this study aims to
facilitate this work by ensuring scientific rigor and practical use, and by exploiting all the
data already available to territorial authorities. The integrated HySEcA investigates all the
key components of a mountain watercourse following the flux of sediments from the source,
with a detailed approach to evaluating the inflows from the tributary subcatchments to
the main hydrographic network, where erosion, transport, and deposition processes occur,
and the interaction with existing torrent control structures and riparian vegetation is more
significant. The proposed method was an innovative attempt to combine the scientific rigor
and the availability of data and allowed us to reorganize the fragmented databases, to
harmonize them across their different domains (topographic, geological, remote sensing,
etc.), to integrate them with the field- and desk-based monitoring of the torrent control
structures and of the riparian vegetation, and to provide (more than one) alternative future
scenario(s) for effectively supporting the decision-making process. This analysis represents
an example of how research experience from theory to practice can provide a robust and
accurate evaluation considering the complexity of a mountain area.
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