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1 Introduction

Landslides play a key role in the sediment budgets of mountain basins because they can produce
and mobilize large volumes of sediment over short timescales (e.g. Schuerch et al., 2006; Korup
et al., 2010;; Uchida et al., 2018). Hillslope failures are often the dominant control on catchment
sediment yield and landscape evolution, exceeding the influence of channel erosion (Schlunegger
et al., 2009; Bennett et al., 2013). Among landslide processes, debris flows typically have broad
impacts along streams because their high mobility enables sediment to travel long distances,
often reaching higher-order channels and propagating effects far downstream (Jakob and

Hungr, 2005). Once sediment enters the basin’s main channel, its routing and residence times
depend on network-scale morpho-fluvial characteristics and on the structural and functional
(dis)connectivity of the river system (Heckmann and Schwanghart, 2013; Bracken et al., 2015).
Quantifying debris-flow sediment remobilization, i.e., the resulting downstream storage and
export at basin scale, remains challenging because it requires spatially explicit, long-duration
monitoring of sediment sources, transfers, and sinks (Hovius et al., 1997), even at the catchment

scale (Schuerch et al., 2006; Schlunegger et al., 2009;).



Despite this complexity, recent advances in network-scale sediment connectivity modeling offer a
tractable framework for reconstructing debris flow—derived sediment at the basin scale. Such
model-based approaches provide a reproducible and comparatively low-cost alternative to
intensive field monitoring while retaining the capacity to represent the key processes governing

sediment supply, routing, and storage across entire river networks.

The objective of this work is to quantify how debris flow—derived sediments — hereafter referred
to as the debris-flow sediment pulse (DFSP) — propagate through a basin-scale river network
over a period of nearly a decade, by applying D-CASCADE, a dynamic, network-scale sediment
(dis)connectivity model (Tangi et al., 2022). Although D-CASCADE is relatively recent, published
applications demonstrate its utility (Tangi et al., 2023), and ongoing case studies are expanding its
scope (Doolaeghe et al., 2025); its application to episodic, debris flow—derived sediment
represents a novel context for the model. D-CASCADE builds on the CASCADE framework (Tangi
et al., 2019), which has a proven track record for network-scale sediment routing and connectivity
analysis and is supported by open-source toolboxes and case-study resources (Bizzi et al., 2021;
Brierley et al., 2022). The model combines graph-based routing with empirical transport
equations to reconstruct and forecast spatiotemporal patterns of sediment supply, delivery, and

storage across entire basins.

2 Study area and debris flow events of 2015

2.1 Study area overview

The study area is a sub-basin of the Trebbia River located in the Emilia—Romagna and Liguria
regions of the northern Apennines, Italy (Figure 1). The sub-basin is delineated by an outlet

situated upstream of the town of Bobbio and has been truncated to include almost exclusively



the portion within the Emilia—Romagna Region, covering approximately 653.3 km?. The elevation

ranges from 260 m a.s.l. at the outlet at Bobbio to 1700 m a.s.l. approximately.

Bedrock in the basin is dominated by weak, highly fractured sedimentary units belonging to the
Ligurian and Sub-Ligurian Units, deposited in the Piedmont—Ligurian Ocean from the Middle

Jurassic to the Paleogene (Conti et al., 2020).
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Figure 1. Section of the Trebbia River basin defined as the study area (colored DEM). The upstream of the study area,
part of the Trebbia river basin, but not included in this work, is represented in pale colors.



2.2 Hydrometeorology

The climate is characterized by a cold winter and a dry summer, with most of the precipitation
occurring during autumn and spring, with October and April being the rainiest months (Bollati et
al., 2014). The valley around Bobbio records an average annual precipitation of ~1,160 mm, with
monthly maxima in late autumn (November ~140 mm month™). In the Aveto headwaters at
Santo Stefano d’Aveto (near Boschi dam), annual precipitation increases to ~1,470-1,530 mm,
with autumn maxima (October—November ~190-200 mm month™). Large mesoscale convective
systems frequently develop in late summer and early autumn, producing severe rainstorms;
individual episodes can deliver a substantial fraction of the annual total within hours (Ciccarese et

al. 2021).

Based on daily average records from 2005 to 2024, the average discharge of the Trebbia River is
17.3 m3s7" at Bobbio station, with a maximum recorded of 574 m®s™"in 2009 and a minimum of
0.02 m3s7'in 2022. The months with the highest average daily discharges are November and
December, with 31.2 m3s™and 28.3 m3s7', respectively. In the same period, the Trebbia
Valsigiara and Salsominore stations recorded and average discharges of 6.42 m®s™ and 4.62

m3s™!, respectively (Figure 2).
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Figure 2. Average daily discharge/rainfall per month in the Trebbia—Aveto river system, based on records from 2005
to 2024.

2.3 Fluviomorphology

The Trebbia River has a total length of 120 km, whereas the study reach encompasses 45.3 km.

The area also includes one major tributary, the Aveto River, with 19.3 km within the study area

boundaries.

Within the study area, the Trebbia—Aveto river system (TAR) displays a predominantly
mountainous, confined single-thread morphology, with highly incised bedrock reaches that
locally exhibit irregular sinuous segments in the upper catchment, transitioning downstream into

partly confined sections (Rinaldi et al., 2012; Rinaldi et al., 2013; Bollati et al., 2014).

Consistent with the Montgomery and Buffington (1997) framework, the main channel of TAR
include pool-riffle morphology in alluvial single-thread sections (bars, pools, and riffles formed
over undulating gravel beds), and plane-bed morphology where confinement by valley walls
suppresses bar development and pool spacing. Steeper and smaller tributaries commonly express
cascade and step-pool morphologies, grading into colluvial/bedrock reaches where coarse

particles and shallow flow depths constrain sediment mobility except during large floods.



The Trebbia River exhibits a well-defined longitudinal profile throughout the analyzed segment
(Figure 3), characterized by the absence of major knickpoints. However, a distinct shift in the
channel slope occurs at the confluence with the Aveto River. Upstream of this confluence (Upper
Trebbia), channel slopes consistently exceed 0.6%, whereas downstream (Lower Trebbia), slopes
fall markedly below this threshold, averaging approximately 0.5%. By contrast, the Aveto River
shows a prominent knickpoint near the upstream entrance to the study area associated with the
Boschi Dam (hydropower reservoir built in the 1920s), after which the channel flows through a
short, steep, entrenched reach (= several kilometers, until a few hundred meter upstream
Salsominore station) before re-establishing a broader, alluvial corridor toward its confluence with
the Trebbia. In this post-dam segment of the Aveto, the predominance of bedrock and
discontinuous alluvium indicates high transport capacity relative to sediment supply, consistent
with mountain-river reach classifications where steep, confined channels tend toward

supply-limited conditions and limited bar/pool development.
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Figure 3. Longitudinal profiles (Thalweg) of Trebbia River and Aveto River (TAR) system. The color on the profile line
indicates the average riverbed slopes on certain sections of the TAR system. The precise slope values are indicated by
percentages.

2.4 Debris-flow events of 2015

On 13-14 September 2015, a ~6-h Mesoscale Convective System (MCS) produced thunderstorm
clusters that generated intense rainstorms, with a peak intensity of 82 mm h™ and a total
accumulation of 307.4 mm recorded at the Salsominore and Trevia Valsagiara rain-gauge, near
the storm core (Figure 1 and Figure 4). The return period of the event was estimated to exceed

100-150 years (Scorpio et al., 2018).
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Figure 4. Hyetographs and hydrographs from the rain and water level gauging stations in the Trebbia—Aveto river
system during the events of September 2015 that triggered multiple debris flows. The discharges of these three
stations are based on stage measurements (water level); however, since the Trebbia Valsigiara and Salsominore river
gauging stations were affected by the debris flow sediment pulses, their records should be considered affected by
uncertainty.

The storm triggered ~110 debris flows, 84 of which occurred within the study area (Ciccarese

et al., 2016; Corsini et al., 2019; Ciccarese et al., 2020). The landslide inventory is based on the
work of Ciccarese et al. (2020) , which is reported to be built on field surveys and comparisons of
pre- and post-event airborne images. The inventory includes debris flows and “debris floods”
(Hungr et al., 2001). The spatial distribution of debris-flow initiation closely matched the
footprint of the convective storm cluster. Most debris flows were canalized within slope incisions
and small headwater creeks draining densely vegetated hillslopes (Figure 5). The source areas
primarily consist of rotational slope failures or locations within channels where existing deposits

underwent remobilization. The mobilized sediment largely comprised coarse granular debris,



along with sandstone and limestone blocks. This material originated from the weathering of
weak, heterogeneous rock formations—predominantly Flysch characterized by a high lithic-to-
pelite ratio—which occasionally interbeds with clayey shales featuring a block-in-matrix
structure. Deposition generally occurred in areas experiencing abrupt transitions in slope
gradient or on small debris fans formed where the flows intersected main river networks

(Ciccarese et al., 2020).

Post-event surveys across all identified debris flows revealed that a substantial portion of DF-
derived sediments remained deposited in slope incisions and small creeks where they were
channelized. Nevertheless, a fraction of DF sediments was delivered to the TAR network,
collectively producing a debris-flow sediment pulse (DFSP) available for fluvial transport across

the river network.
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Figure 5. Mapping of 2015 debris flows affected areas (source area, transport channel, and deposition zone) and
some pictures of their sediments. The pictures are not scaled; however, larger blocks are approximately 0.8 m? to 1
m?3 (the deposit vertical height is 1 to 1.2m approximately).

From a hydrological perspective, on 14 September at the basin outlet (Bobbio
hydro-meteorological station), the mean daily discharge of the Trebbia River reached

546.99 m3s7'. At the same station, the 30-min stage record shows a peak water level of 6.2 m,
which—using the station stage—discharge relation—corresponds to an estimated instantaneous
peak discharge of ~3,500-4,000 m*® s™' (Figure 4). The stations of Salsominore and Trebbia
Valsigiara also showed a significant increase in the discharge; however, the data seems to be not

reliable due to water level sensors being affected by the debris-flow sediment pulses.

3  Methodology
3.1 D-CASCADE model overview

D-CASCADE simulates network-scale sediment transport by applying established bed-material
transport equations to river reaches—sections of the network with similar hydro-morphological
characteristics (e.g., slope, active-channel width)—and iteratively in time. Each reach is
parameterized by: slope (m m™), length (m), discharge Q (m*®s™'), Manning roughness (n),
active-channel width (m), and grain-size distribution, GSD (D16,D50, Dg4). The model is initialized
with a sediment deposit volume per reach and can include external sediment sources and
barriers (e.g., landslides, dams), whose effects on the reach-scale sediment budget may be

constant or time-varying (Implementation details in Tangi et al., 2022.).

D-CASCADE extends the CASCADE framework (network-scale sediment connectivity) by

dynamically routing multiple grain sizes and representing time-dependent disturbances across



the entire river network. Further characteristics and limitations of D-CASCADE are commented on

in the discussion section.

3.2 D-CASCADE inputs
3.2.1 River-network extraction and reach segmentation

For this study, the river network was extracted from a 5x5 m DEM using the
extract_river_network routine in the CASCADE toolbox (Tangi et al., 2019). Reaches were created
with an average length of ~2 km, yielding a total of 43 reaches (Figure 7). This workflow also
returns the mean slope and mean length for each reach. (Background on the DEM-based
extraction and stream-graph objects is provided by TopoToolbox v2; Schwanghart and Scherler,

2014).

3.2.2 Reaches hydrographs

Reach hydrographs were derived by area-based downscaling of daily average discharges from
gauging stations on the Trebbia River basin (Bobbio, Trebbia Valsigiara and Salsominore). Model
iterations, therefore, use a daily time step. For consistency across the network, each reach
hydrograph was referenced to the observed hydrograph at Bobbio. The downscaling equation has

the form:

QRn=Jrx QB

Where the discharge at reach n (QRn) is the discharge at Bobbio station (QB) multiplied by the
scaling factor J, calculated per reach. Methodological foundations for the area-based
downscaling are described in Schmitt et al. (2016). The scaling factors per reach are described in

Table 1.



3.2.3 Hydraulic roughness

The Manning roughness coefficient (n) was assigned from published ranges for natural mountain
streams, 0.35—-0.50 (Table 1), with the exact value depending on boulder content within each
reach (Arcement and Schneider, 1989). This coefficient was held constant per reach over all

model iterations.

3.2.4 Active channel width (Wac)

The active channel width (Wac) is the portion of the channel where sediment entrainment
occurs. In this study, Wac was treated as a dynamic variable dependent on discharge, Wac(Q). To
establish this relation, we compiled six orthomosaic images (2008-2023) and measured Wac
directly on each image. Five orthophotos were obtained from the Emilia—Romagna geoportal
(https://geoportale.regione.emilia-romagna.it/), and one was acquired immediately after the
2015 landslide event. The post-event 2015 orthophoto also provided a constraint on the event
maximum width (Wac MAX), inferred from vegetation disturbance and removal/alteration of
superficial sediments. Several Wac measurements were made along the TAR system, then

averaged to obtain a value per reach on each image.



Figure 6. Example of Wac identification on the set of orthomosaic images from 2008 to 2023. The Wac are marked
with red lines and labeled with the length in meters. The image of 2015 also shows the Wac MAX estimation (green
lines).

Because the orthophoto acquisition dates are known, the contemporaneous discharge at each
date could be extracted, enabling per-reach regressions between Wac and Q. For each reach, we
fitted a power-law correlation of the form Wac = a Q”b, whose parameters are in Table 1. Based
on this correlation, daily Wac values were estimated from the daily average discharge for each

reach.

3.2.5 Grain-size distribution (GSD)

Reach GSD was obtained by photo-sieving, using digital grain-size recognition applied to
drone-derived orthophotos of river bars taken for this work during 2025. The intent was to
acquire 2 1 orthophoto per reach, where direct access to a site was not possible due to terrain
constraints, the orthophoto was taken at the nearest accessible location upstream or

downstream of the target reach. Orthophotos were acquired with a DJI Mini 3 Pro (DJI, 2022)



flown at ~10 m altitude, yielding an image resolution of ~2.5-3.0 mm px~". This sets a practical
detection threshold near 5 mm (= 2 pixels). Images were processed in Agisoft Metashape
Professional (v1.8.4; Agisoft LLC, 2022) to produce 46 orthorectified mosaics of river bars and
landslide deposits, ranging from 10 mx10 m to 80 m x30 m image size (Figure 6). For each

mosaic, 4-10 representative 4 m x 4 m clips (samples) were selected and processed.

The digital photo-sieving algorithm utilized was pyDGS (Buscombe, 2015), which applies a
Continuous Wavelet Transform—a mathematical technique that detects repeating spatial
patterns across multiple scales (Buscombe, 2013). By analyzing variations in the pixel intensity of
light and shadow, the algorithm estimates the relative volumetric proportion of different grain
sizes without the need to delineate individual grains. From this distribution, standard grain-size
percentiles (from Ds to Dgs) are derived via linear interpolation. The D16, Dso, and Dgs were
extracted and used as the reach GSD descriptors of the initial sediment deposit of the main
channel of the TAR system (Figure 6). The values of D16, Dso and Ds4 per reach can be found in
Table 1. PyDGS is straightforward to implement, computationally efficient, and provides accuracy
suitable for the purposes of this study. It must be noted, however, that image-based methods are
strictly bound by optical resolution. Therefore, the resulting distribution is inherently biased
against the fine-grained fraction (e.g., sub-pixel matrix material), which artificially truncates the

lower tail of the grain-size distribution.
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georeferenced images and input into pyDGS. C) pyDGS provides the GSD for each image, and the resulting curve is

generated from the average.



River Debris Flow

Network Reach Length Slope Drainage Q f:gz:‘ng Manning  Wac Max Wac Parameters GSD Initial Sed. Sediment pulse,
Section Area ’ Coef average Wac=axQ"b Deposit  DFSP per reach
R [km] [%] [km¥ i [m] a b D16 D50 D84  [mIx1013
Jn 3 A
[m3 x1073
Tributary 1 2.60 8.6 74 0.063 0.035 245 3.705 0.361 0.045 0.178 0.483 0 28.58
2 242 0.7 190.6 0.432 0.035 46.5 15.415 0.156 0.031 0.094 0.227 337.593 0
3 0.71 1.6 206.0 0.447 0.035 823 11.238 0.262 0.027 0.074 0.167 174.688 0
4 1.65 0.7 213.7 0.458 0.035 63.5 16.166 0.184 0.035 0.109 0.252 314.582 11.59
5 1.35 0.7 21741 0.463 0.035 52.3 13.769 0.185 0.036 0.112 0.264 212.013 12.31
6 1.83 1.1 2211 0.467 0.035 7.7 13.141 0.230 0.019 0.056 0.128 393.521 0
7 1.92 0.8 2749 0.533 0.035 110.0 12.739 0.289 0.025 0.071 0.159 845.209 0
8 3.68 0.9 276.8 0.538 0.035 61.0 16.490 0.175 0.025 0.071 0.159 672.833 0
9 215 0.7 313.2 0.578 0.035 522 17.766 0.147 0.028 0.080 0.182 336.349 2.38
10 1.35 0.6 318.8 0.585 0.035 829 15.810 0.216 0.023 0.069 0.160 334.712 2151
1" 3.49 0.8 326.1 0.595 0.035 64.8 13.399 0.207 0.029 0.080 0.169 678.137 6.37
12 2.89 0.5 585.4 0.843 0.035 150.0 19.220 0.264 0.022 0.065 0.153 1736.649 5.09
13 2.59 0.5 599.8 0.855 0.035 100.0 18.590 0.220 0.014 0.035 0.076 777.790 10.27
Main 14 2.57 05 613.4 0.865 0.035 87.8 14.485 0.226 0.018 0.049 0.109 1127.034 0
channel 15 2.56 0.5 617.2 0.868 0.035 86.2 25.465 0.155 0.015 0.039 0.089 660.882 0
16 2.08 0.5 640.1 0.887 0.035 927 21.823 0.179 0.023 0.067 0.156 385.817 0
17 0.67 0.6 652.0 0.897 0.035 120.0 23.767 0.202 0.018 0.050 0.115 160.165 0
18 1.60 0.8 169.2 0.398 0.035 53.2 15.531 0.171 0.019 0.052 0.120 170.240 0
19 4.46 3.2 172.0 0.410 0.050 357 11.132 0.169 0.031 0.094 0.227 158.927 25.63
20 2.61 20 191.8 0.431 0.050 348 13.293 0.139 0.034 0.099 0.238 90.835 49.71
21 1.16 1.1 197.2 0.437 0.035 39.9 14.128 0.151 0.034 0.090 0.200 92483 1.42
22 2.27 0.9 209.7 0.454 0.035 56.9 16.479 0.175 0.027 0.084 0.206 259.034 8.63
23 0.70 0.7 220.0 0.465 0.035 66.0 12.885 0.226 0.026 0.081 0.198 92.157 0
24 3.28 0.8 233.9 0.487 0.035 63.5 15.276 0.198 0.024 0.073 0.173 416.589 8.30
25 3.27 0.7 2417 0.496 0.035 68.5 15.377 0.203 0.026 0.079 0.195 447.534 0
26 2.19 0.7 170.9 0.403 0.035 443 17.150 0.136 0.024 0.067 0.147 291.113 0
27 0.68 1.1 1776 0.411 0.035 444 15.639 0.152 0.031 0.094 0.227 90.807 0
28 2.29 20 46.4 0.187 0.035 294 6.092 0.241 0.019 0.051 0.115 0 0
29 3.13 6.6 17.7 0.107 0.040 15.0 2.960 0.273 0.022 0.072 0.180 0 0
30 1.95 13.0 5.1 0.051 0.050 9.7 3.551 0.195 0.045 0.178 0.483 0 0
31 242 12.5 5.0 0.067 0.035 18.5 4.085 0.286 0.023 0.067 0.153 0 69.28
32 1.61 10.5 5.9 0.054 0.035 26.6 3.7112 0.381 0.032 0.093 0.222 0 40.76
33 1.80 4.4 26.0 0.133 0.035 111 4.804 0.142 0.017 0.047 0.105 0 0
34 1.63 10.7 5.0 0.050 0.040 16.2 3.616 0.295 0.020 0.052 0.113 0 68.23
Tributary 35 1.14 5.9 55 0.051 0.035 20.6 3.922 0.319 0.027 0.085 0.210 0 4240
36 1.63 7.3 71 0.063 0.040 329 4.378 0.378 0.018 0.049 0.110 0 81.54
37 2.69 8.2 6.6 0.064 0.035 18.4 2.788 0.355 0.018 0.049 0.112 0 0
38 1.68 8.8 5.1 0.052 0.035 18.6 3.777 0.309 0.013 0.030 0.058 0 75.01
39 0.95 9.4 5.0 0.049 0.035 19.8 1.315 0.527 0.000 0.072 0.180 0 6.78
40 2.29 31 264 0.137 0.040 11.6 6.322 0.103 0.019 0.051 0.115 0 0
41 2.29 24 324 0.158 0.035 212 6.830 0.179 0.019 0.051 0.115 0 0
42 2.29 24 419 0.176 0.035 341 6.071 0.259 0.019 0.051 0.115 0 0
43 3.61 45 6.5 0.087 0.040 7.9 2.764 0.202 0.017 0.047 0.105 0 0

Table 1. D-CASCADE inputs per reach. The drainage area is calculated with outlet at the end of the reach. Tributaries are assumed with no initial sediment.



3.3 Model setup

3.3.1 Simulation period and time step

The simulation covers 1 September 2015 to 12 December 2024, i.e., slightly over 9 years, driven
by daily mean discharges available at the Bobbio station. The model time-step is 1 day,
consistent with the temporal resolution of the hydrological downsizing and the D-CASCADE

input structure.

3.3.2 River-network configuration

The river network comprises 43 reaches: 18 in the Trebbia River, 8 in the Aveto River, and the
remaining 17 representing tributaries to both rivers. Reach attributes (slope, length, hydraulics)

follow the D-CASCADE/CASCADE reach parametrization used for network-scale routing.

3.3.3 Sediment transport capacity formulas and Fractional Computation Method

To model mixed-size sediment, D-CASCADE categorizes riverbed material into size classes based
on the Krumbein (¢) logarithmic scale (Krumbein and Sloss, 1963). The number and width of
these classes are user-defined. For this study, we defined 12 classes ranging from ¢ = 3.5
(~0.088 mm, very fine sand) to ¢ =-8.5 (~362 mm, boulders) at intervals of 1 ¢. We also
included two boundary classes to capture sediment finer than 0.088 mm and coarser than 362
mm. The representative diameter for each regular class is set to its upper bound; for example,
the class ranging from ¢ =-1.5 to -2.5 is assigned a diameter of ¢ =-2.5 (~5.6 mm). As a special
case, the open-ended coarsest class (>362 mm) is assigned an arbitrary representative diameter

of @ =-9.5 (~724 mm).



D-CASCADE converts the D16, D50, and D84 percentiles (extracted via digital photo-sieving) into
a grains-size frequency distribution by fitting the data to a Rosin distribution curve (Shih and
Komar, 1990). Using the volume of each class, the model iteratively applies sediment transport
capacity equations. We utilized six equations available within the framework: Parker and
Klingeman (1982), Wilcock and Crowe (2003), Engelund and Hansen (1967), Yang (1984), Wong

and Parker (2006), and Ackers and White (1973).

While the Parker and Klingeman and Wilcock and Crowe equations compute fractional transport
natively, the remaining four calculate total sediment transport capacity. To partition this total
load, we applied the Transport Capacity Fraction (TCF) approach (Wu et al., 2003). The TCF
approach is particularly advantageous for widely graded gravel-bed rivers because it explicitly
accounts for extreme hiding and exposure effects. In these morphologies, finer fractions are
sheltered within the interstitial matrix of larger clasts, while coarse fractions experience

disproportionate flow exposure (Wilcock, 2001; Bui et al., 2019).

Although all six equations were applied to allow cross-comparison of results, Wilcock-Crowe
(WC) was considered a priori the most theoretically suitable formulation for the TAR system
conditions, based on the following characteristics. As a surface-based bedload transport model
developed for mixed sand-gravel rivers, WC incorporates the full surface GSD in estimating
transport (de Linares and Belleudy, 2007; Cui, 2007; Gaeuman et al., 2009; Vazquez and
Menendez, 2015; Cordier et al., 2016; Jones et al., 2025) and is naturally coupled to the active-
layer concept (Church and Haschenburger, 2017) implemented in D-CASCADE. In the current
setup, the DFSP was incorporated into D-CASCADE as part of the active layer, representing
material immediately available for mobilization. The remaining equations present additional

limitations relative to the TAR system conditions: Engelund-Hansen and Ackers-White were



calibrated using uniform sand and fine gravel under flume conditions, placing the coarser
fractions of the TAR bed material and DFGSP outside their valid calibration ranges; Parker-
Klingeman, while applicable to gravel-bed rivers, is a subsurface-based formulation calibrated
exclusively for flows capable of fully mobilizing the armor layer (Monsalve et al., 2020), a
condition not representative of the full flow range modelled in D-CASCADE; and Wong-Parker is
strictly applicable to plane-bed conditions, which are not representative of a gravel-bed river
subject to episodic sediment pulse inputs. For these reasons, Wilcock-Crowe was adopted as
the primary equation for the TAR system in this study, while all six equations were retained for

the initial cross-comparison of results.

3.3.4 Sediment sources and initial conditions

Two sources of sediment are represented within the model: initial deposit volumes already
present in the main channel and the discrete sediment inputs generated by the 2015 debris-

flow events (referred to as debris-flow sediment pulse, DFSP).

Initial deposit volumes per reach (main channel of the TAR system)

Initial deposit volumes for the main channel of the TAR system were calculated as the product
of the average deposit thickness, reach length, and maximum active channel width (Wac MAX).
The average deposit thickness for each reach was derived from cross-sectional transects
extracted from a 1 m x 1 m LiDAR DEM, augmented by an estimated 1 to 2 m of subsurface
sediment beneath the active riverbed (Figure 9). The Wac MAX represents the channel width
observed during the 2015 debris-flow triggering storm, which was interpreted from

orthophotos generated a few days after the events.
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Figure 9. Sediment thickness estimation example. a) extraction of the maximum active channel width (Wac MAX)
from a rectified orthomosaic acquired a few days after the 2015 DF event. b) 1Im x 1 m liDAR-derived DTM used to
generate the Wac MAX cross-sectional profile. c) Wac MAX profile showing the estimation of sediment thickness.
Representative sediment thickness values were extracted along the reach, averaged, and multiplied by the reach
length to obtain the sediment volume per reach.

Main-channel tributaries (i.e., tributary reaches) were initialized with no sediment (Table 1). The
fluvial morphologies of these tributaries (i.e., cascade and step-pool systems) are characterized
by lower sediment transport power throughout the year than the main channel. Cascade and
step-pool channels typically dissipate flow energy over and around large clasts, maintain high
transport-capacity-to-supply ratios, and are resilient to changes in discharge and supply except
during infrequent, high-magnitude events (Montgomery and Buffington, 1997; Church and
Zimmermann, 2007). Bed material in such reaches is immobile most of the time, becoming
mobile only under extreme conditions (e.g., =£100-year events) when armor or step structures
are partially undermined. This is consistent with observations that stochastic sediment pulses
from hillslope failures often accumulate in low-order channels for years to centuries, transferred
intermittently downstream by debris flows rather than by routine floods (Benda and Dunne,
1997). Check dams installed along many small streams in the basin further limit bedload
conveyance by fixing bed profiles and trapping sediment, reducing peak bedload and volumes
transported during individual events (Piton and Recking, 2017). Small, continuous hillslope
supplies were excluded from both scenarios because they are minor relative to DFSP inputs.

Dense vegetation cover on Trebbia hillslopes (Ciccarese et al., 2020) further supports this



simplification by decoupling slopes from channel bedload under normal hydrologic conditions,
with structurally disconnected or only functionally connected sources contributing little to the

reach-scale bedload budget except under extremes (Fryirs, 2012).

2015 Debris-flow sediment pulse volumes and GSD

As described in Section 2.4, only a fraction of the total DF-derived sediments from the 2015
events entered the reaches of the TAR network (Figure 7) and became available for fluvial
transport, with the remainder deposited on slopes or along minor creeks. In the absence of

direct measurements, a conservative estimate of the DFSP volume was made as follows.

The total volume of DF-mobilized debris was estimated by multiplying the mapped planform
area of each individual DF-affected area (based on mapping by Ciccarese et al., 2020; Figure 5
andFigure 7) by a mean vertical thickness, a method shown to be suitable for shallow mass
movement processes (Jaboyedoff et al., 2020). Here, a representative thickness of 1 m was
adopted as a conservative, expert-based estimate informed by post-event field observations of
DF deposits. From this total volume estimate, the DFSP volume entering the TAR network was
estimated by assuming that 50% of the total DF-mobilized debris volume reached the TAR

network.

For implementation in D-CASCADE, DFSP per reach (Table 1) was calculated by aggregating the
previously estimated fractional volumes of all individual DF events entering a given reach,
regardless of their specific entry point along the reach. These estimated DFSP per reach were

treated as discrete, single-time-step pulses (one day).

The grain-size distribution (GSD) of DFSP was assumed uniform across DF events, given that all

flows shared the same geological and geomorphological setting and field comparisons of



deposits supported this assumption. Using the digital grains-size recognition method applied to
DF-derived deposits, the grains-size percentiles for DFSP are defined as D16= 0.0179 m, Dsp =

0.0486 m, Dgs = 0.1096 m.

3.3.5 Upstream sediment supply

Upstream boundary conditions were specified separately for the Trebbia and Aveto rivers
because of their contrasting controls. In the Trebbia River, reaches 26 and 27 were assigned an
initial channel-stored sediment volume. During the modeled period, mobilization of this
in-channel storage is expected to partially or fully meet the upstream sediment influx, thereby
limiting the need to prescribe additional supply at the domain boundary. In the Aveto River,
reach 19 is immediately downstream of Boschi Dam (Figure 7). Because the dam operation data
were unavailable, we adopted a sediment-starved boundary downstream of the dam—
assuming negligible bed-material transfer across the structure—while allowing water flow. This
configuration reflects common downstream effects of sediment trapping by reservoirs and

provides a conservative representation in the absence of flushing or sediment-release events.

3.3.6 Scenario-based comparison.

System response to the 2015 debris flows was assessed through a counterfactual, scenario-
based analysis. Two scenarios were compared: a 'With-DFSP' scenario, which includes the debris
flow sediment pulse inputs, and a baseline 'No-DFSP' scenario that excludes them. Using the
sediment transport capacity equations implemented in D-CASCADE (Table 2), the DFSP was
tracked through the TAR river network as the difference in sediment volume between scenarios
(With-DFSP minus No-DFSP). This difference was computed at each time step and cumulatively

over the full study period, both at the reach scale and as total sediment export at the basin



outlet. This counterfactual subtraction is a standard attribution approach in network-scale
sediment-connectivity studies and has been used to evaluate the impacts of disturbances and

management strategies (Schmitt et al., 2016; Schmitt et al., 2018; Tangi et al., 2023).

All routing and capacity computations employ the transport-capacity routines available in D-
CASCADE (Tangi et al., 2022), consistent with the CASCADE framework and its reach-scale

hydraulics and connectivity (Schmitt et al., 2016; Tangi et al., 2019).

4 Results

4.1 DFSP exports

We first ran D-CASCADE using all sediment-transport equations available in the package and
compared their outcomes in terms of total sediment exports at the study area outlet (Bobbio
St.) over the studied period (2015-2024) for both scenarios (With-DFSP and No-DFSP). The
inter-scenario difference in exported volume — that is, the With-DFSP minus No-DFSP
difference — was then taken as the total DFSP exported (output) from the study area. This
exported volume was subsequently compared with the DFSP input, estimated at 562,756 m?3, to
assess the fraction of the initial sediment pulse evacuated from the basin over the study period

and the volume of sediment pulse that remains within the study area (Table 2).



Table 2. Sediment volumes exported at the basin outlet (Bobbio St.) over the study period (2015-2024) for each
transport equation under both scenarios (With-DFSP and No-DFSP). The DFSP exported at the outlet represents the
inter-scenario difference (With-DFSP minus No-DFSP) and is expressed as an absolute volume and as a percentage
of the total DFSP input.

Total sed. Total sed. DFSP .
Sediment Transport export export DFS; ::E;rted exported [%] DFSP store;gr;n the study
Equations With-DFSP No-DFSP 3 of total DFSP 3
] ] [m?] input [m?]
PARKER-
KLINGEMAN 970,660 915,100 55,560 9.87 507,196
WILCOCK-CROWE 145,168 139,941 5,227 0.93 557,529
ENGELUND-HANSEN 115,872 114,522 1,350 0.24 561,406
YANG 4,761,395 4,806,458 -45,063 -8.01 607,819
WONG-PARKER 364,204 361,612 2,592 0.46 560,164
ACKERS-WHITE 66,958 66,770 188 0.03 562,568

Across transport equations and over the ~10-year study period, the fraction of DFSP exported
from the study area is small: below 1% for all equations except Parker-Klingeman, which
approaches ~10%. The Yang equation is excluded from this comparison and further analysis
because it produced a negative DFSP export value, indicating greater sediment export under the
No-DFSP than under the With-DFSP scenario. This physically inconsistent result is attributed to
the tendency of the Yang equation to overestimate transport capacity for coarse sediments
beyond its calibration range (Yang, 1973), which is particularly problematic in steep, coarse-
grained mountain channels such as those of the TAR system. For all remaining equations, the

vast majority of the DFSP therefore remains stored within the basin over the study period.

4.2 Spatial distribution of DFSP stored

Because most DFSP is stored inside the study area, we next examined where it accumulates. By
calculating the inter-scenario differential of the total sediment content on each reach, we
obtained the DFSP storage fraction on a reach by the end of the study period. Figure 10 shows

that most equations agree on the general spatial pattern of DFSP storage. The two primary



storage locations are Reach 13 and around Reach 24, with a secondary accumulation zone

around Reach 4.
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Figure 10. DFSP storage fractions per reach, calculated using each of the evaluated sediment transport capacity
equations.

Since most equations yield broadly consistent spatial patterns of DFSP storage, the choice of a
single equation for subsequent analysis does not fundamentally alter the spatial conclusions.
Wilcock-Crowe was therefore selected for all subsequent analysis, given its theoretical
suitability for the TAR system conditions as discussed in Section 3.3.3. Figure 11 and Figure 12

show the spatial distribution of DFSP storage across the TAR network based on the Wilcock-



Crowe results.
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Figure 11. Spatial distribution of DFSP storage per reach in the study area by the end of the study period (Sept 2015
- Dec. 2024). The segmented rectangles “a)”, “b)” and “c)” refer to the location of the detailed images in Figure 13.



Table 3. Detailed DFSP storage per reach by the end of the study period (Sept 2015 - Dec. 2024).

Reach, R 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sto?aFgSeP[%] 0 251 377 8.14 234 197 222 1.02 1.23 3.52 218 8.00 14.97 1.88
Reach, R 15 16 17 18 19 20 21 22 23 24 25 26 27 28 -43
Sto?aFgSeP[%] -016 007 009 -0.02 002 125 3.61 1189 922 1490 505 0.01 0.26 0
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Figure 12. DFSP storage distribution per reach on a longitudinal profile (Thalweg) of the TAR system by the end of
the study period (Sept. 2015 - Dec. 2024). Under the reach labels, the percentage of the DFSP storage in the
corresponding reach is indicated. The percentage in parentheses indicates the average riverbed slope of the reach.

Figure 11 shows large DFSP storage immediately downstream of DF sources by the end of the

study period. In the upper Trebbia River, the largest deposit is in reach 4, directly downstream

of reaches 32 and 35, which received major DF inputs. In the Aveto River, the largest deposits

are found in reaches 22, 23, and 24, downstream of reaches 36, 34, and 31, which received

major DF inputs. A downstream mobilization of DFSP from these large storage zones is

observed. Below reach 4, reaches 5-9 together accumulate 8.7% of DFSP. Below reach 24,



reaches 25, and 12 accumulate 5.1% and 8.0%, respectively, without receiving substantial direct

DF input — indicating secondary re-entrainment and redeposition of DFSP (Table 3).

Figure 12 suggests that the riverbed slope acts as a secondary control on DFSP storage. The
reaches with the highest slopes, reaches 19 and 20, receive a combined 14% of DFSP directly —
slightly more than 75,000 m3 (Table 1) — yet only 1.2% of DFSP remains stored by the end of
the study period, entirely within reach 20. The DFSP evacuated from these reaches appears to
contribute to the large storage zones in reaches 21-24 downstream, where the reduced
riverbed slope promotes deposition. A similar process may occur at the confluence of the
Trebbia and Aveto rivers. Downstream of the confluence, the lower Trebbia exhibits a slight but
perceptible reduction in riverbed slope relative to the upper Trebbia and Aveto rivers, which
may contribute to the large DFSP storage observed in reach 12 — a reach that does not receive
significant direct DF input. An additional morphological factor contributing to the large DFSP

storage in reaches 12 and 13 is the widening of the Trebbia valley.

D-CASCADE does not directly account for valley width, but does so indirectly through the active
channel width, Wac(Q), as illustrated by the WacMAX in Figure 13 (segmented red line). While a
wide valley does not necessarily produce a wide channel — as other factors such as discharge,
sediment supply, and bank resistance also control channel width — a narrow valley imposes a
hard upper limit on channel width, since the channel cannot exceed the valley floor width. This
asymmetric relationship is broadly consistent with observations in the TAR system, where valley
narrowing in the lower Trebbia River coincides with a progressive reduction in Wac(Q).
However, since Wac is calculated as a reach average, localized valley constrictions within a reach
may not be adequately represented. Figure 13b shows the terminal sections of reaches 11 and

25 with WacMAX values of 47 m and 57 m, respectively, increasing to 158 m in reach 12.



Beyond reach 12, the average WacMAX per reach progressively decreases from 150 m in reach
12 to 100 m in reach 13, and further to 88 m and 86 m in reaches 14 and 15, respectively (Table
1). This progressive reduction in WacMAX is broadly consistent with a narrowing of the Trebbia
valley, although reach-averaged width values do not perfectly capture localized valley
constrictions; together, these factors appear to produce a funnel effect that may limit further
DFSP transport downstream, contributing to the low DFSP storage observed from reaches 15 to
17. This funnel effect is likely underrepresented in our D-CASCADE setup, as localized valley
constrictions are averaged out at the reach scale. This is the case for reach 25, which contains
localized constrictions that narrow the channel but are insufficient to reduce the reach-
averaged width significantly (Figure 13c). A similar situation occurs between reaches 14 and 15,
where the valley constricts, limiting the channel width to 49 m (Figure 13a). A finer reach
discretization isolating these localized valley constrictions would enable D-CASCADE to better

account for their effect on sediment transport and deposition.
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Figure 13. Detailed 1 m x 1 m LiDAR-derived elevation maps of TAR system sections. The maximum active channel
width (WacMax) observed during the 2015 events is delineated by a red dashed line with black arrows indicating
representative width measurements at specific locations. a) Lower Trebbia River, downstream of Marsaglia,



showing reaches 13, 14, the upper portion of reach 15, and the valley constriction that limits DFSP transport
downstream. b) Trebbia-Aveto confluence area, showing the terminal sections of reaches 25 and 11, reach 12, and
the upper portion of reach 13, illustrating the valley widening associated with large DFSP storage in reach 12. c)
Reaches 24 and 25 of the Aveto River, illustrating the localized valley constrictions within reach 25 that are not
captured by the reach-averaged WacMAX.

4.3 Temporal evolution of DFSP storage

Evaluating the DFSP storage at each timestep reveals three characteristic temporal behaviors
among reaches: (i) sustained increase (reaches 3, 6, 9,11,12,13, 17, 21, and 23); (ii) sustained
decrease (reaches 2, 5, 10, 14, 15, 19, and 20); or (iii) a peak followed by decline within the
study period (reaches 4, 7, 16, 22, 24, and 25) (Figure 14, 15 and 16). Further discussion of DFSP
storage evolution for each of the three sections of the TAR system (Upper Trebbia, Aveto, and

lower Trebbia) is provided in the following sections.

4.3.1 Upper Trebbia section (Reaches 2—11)

Overall, the upper Trebbia contains four reaches that show sustained depletion of DFSP storage
(reaches 2, 5, 8, and 10), followed immediately downstream by an equal number of reaches
that show sustained increase in DFSP storage (reaches 3, 6, 9, and 11), with reaches 4, 7, and 8
representing special cases (Figure 14). Reach 4, which holds the largest DFSP storage in the
upper Trebbia, exhibits a sharp increase in storage reaching a peak of ~15% of total DFSP within
a few months of the 2015 DF events; thereafter, storage declines slowly but consistently until
the end of the study period. Reach 7 also presents a peak, though broad in character, driven by
successive intense rainfall events that produce a gradual overall increase in DFSP storage.
However, following the most recent intense rainfall in 2021, storage began a gradual decline
that became more pronounced after the 2024 rainfall events. Reach 8 presents a contrasting but
related pattern: in general, it shows sustained depletion of DFSP storage: however, following the

intense rainfall events of 2021, storage begins a slight tendency toward recovery, a trend that



becomes more pronounced after the 2024 rainfall events.
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Figure 14. Temporal evolution of the DFSP storage in the Upper Trebbia reaches during the study period (2015 to
2024).

4.3.2 Aveto section (Reaches 19 —25)

This area is the most affected by the 2015 DF events. As discussed in Section 4.2, reaches 19-20,
despite receiving a substantial volume of DFSP, export most of it downstream due to the high
riverbed slopes that promote sediment transport (Figure 15). The DFSP storage of reach19 is
completely depleted within a couple of years while reach 20 shows consistent decrease in its
storage. The DFSP storage of reach 19 is fully depleted within approximately two years, while
reach 20 shows a consistent decrease in storage throughout the study period. In contrast, reach
21, which receives a relatively small DFSP input (Table 1), begins the study period with negligible
storage but rapidly accumulates DFSP fed by material remobilized from upstream reaches 19
and 20. Continuing downstream, reach 22 shows a broad peak around 2019, followed by a slow

decline in DFSP storage. Reach 24 follows a similar temporal evolution to reach 4 —



coincidentally, both are the reaches with the largest DFSP storage in their respective sections.

Reach 24 shows a sharp peak of ~20% of total DFSP, followed by a slow but consistent depletion

of its storage. Reach 25, similarly to reach 22, shows a broad peak that occurred later in the

study period. The peak of reach 25 appears to be triggered by the 2021 rainfall events,

consistent with the behavior observed in reach 7.
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Figure 15. Temporal evolution of DFSP storage in the Aveto section reaches during the study period (2015 to 2024).

4.3.3 Lower Trebbia section (Reach 12 —17)

Downstream of the confluence of Trebbia and Aveto Rivers, reaches 12 and 13 show large DFSP

storage with a steady increase over time, while reaches 14 and 15 store relatively small

volumes, with reach 15 depleting its DFSP storage following the rainfall events of winter 2019—

2020 (Figure 16). This steady increase in DFSP storage in reaches 12 and 13 reflects the

morphological control on DFSP transport discussed in Section 4.2, which limits further DFSP

transport to downstream reaches. Reach 16 shows a peak in DFSP storage by the late 2017,

possibly reflecting the deposition of the small fraction of DFSP able to bypass reach 15. This

transported material is likely composed predominantly of relatively fine sediment, resulting

from hydraulic sorting of bedload due to the differential transport capacity of varying grain

% of DFSP storage



sizes. Such fine material is readily transported during moderate flood events after 2018. The
negligible DFSP storage in reach 17 is a direct consequence of the retention of most DFSP in

upstream reaches.
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Figure 16. Temporal evolution of DFSP storage in the lower Trebbia reaches during the study period (2015 to 2024).

The occurrence of peaks throughout the TAR system suggests that DFSP is continuously being
transported and deposited along the main channel. The temporal offset between peaks may
indicate that DFSP mobility is expressed as a series of discrete bedload pulses, possibly
reflecting the combined influence of hydrogeomorphological controls on bedload transport and
hydraulic sorting. Reaches that show a continuous increase in DFSP storage may eventually
reach a maximum expressed as a broad peak, before entering a phase of gradual depletion —
suggesting a long-term bedload pulse that may reach the basin outlet over timescales exceeding

those of the present study.
5 Discussion

5.1 DFSP export results

Across all transport formulations in D-CASCADE, our network-scale simulations show that only a

small fraction of the DFSP was exported at the basin outlet (generally < 1% with ~10% as the



highest), implying that in-basin storage dominates over decadal timescales. This pattern is
consistent with previous research: landslide/debris-flow pulses commonly accumulate in
headwater and mid-order channels and near tributary junctions and are released intermittently
through subsequent events—often over centuries rather than years (Benda and Dunne, 1997;
Korup et al., 2004; Lancaster and Casebeer, 2007). Likewise, studies of bed-material waves show
that coarse inputs tend to disperse and attenuate rather than translate long distances,
constraining downstream delivery and outlet export (Lisle et al., 2000). Sediment-connectivity
frameworks for mountain basins highlight how structural barriers (e.g., knickpoints,
confinement, and confluences) create bottlenecks and sinks that limit through-routing (Bracken
et al., 2015) from DFSP source zones—controls whose influence is suggested by the spatial

patterns of DFSP storage identified across the TAR network.

5.2 Armoring, active-layer assumptions, and implications for decadal transport

In mountainous gravel-bed rivers such as the Trebbia River, the bed commonly develops a
persistent armored surface that limits sustained transport of finer sediment even during
energetic flows (Wilcock and DeTemple, 2005; Ferdowsi et al., 2017). Armor break-up requires
high-magnitude floods; otherwise, the protective surface persists and constrains bedload
mobility (Houbrechts et al., 2012). D-CASCADE does not explicitly model armoring, instead, it
routes sediment through the active-layer concept based on grains-size distribution and flow
transport capacity (Tangi et al., 2022). While effective during extreme events that partially break

armor, this formulation may lose precision as armoring reforms over years to decades.

Given the magnitude of the September 2015 event, flows likely exceeded thresholds for partial

armor break-up, promoting mixing of riverbed material with DFSP inputs. Subsequent re-



armoring would tend to bury portions of DFSP beneath the new coarse surface, limiting
transport during later, less intense floods (Wilcock and DeTemple, 2005; Mao, 2012; Ferdowsi et

al., 2017).

An additional source of uncertainty concerns the GSD sampling strategy. Photo-sieving of bar
surfaces may under-represent coarse fractions at the riverbed, potentially lowering the reach
GSD that drives transport capacity. Spatial variability in surface GSD due to local bedforms and
sediment-supply controls represents a known source of error when sampling is restricted to

bars (Billi, 1994; Venditti et al., 2017).

Together, these factors suggest that long-term DFSP transport may be overestimated if re-
armoring, burial, and patch-scale heterogeneity are not fully represented in the model,
reinforcing the interpretation that basin-scale DFSP export is limited and that storage hotspots

dominate the decadal sediment budget.

5.3 Grain-size recognition biases

As noted in Section 3.2.5, the optical resolution of the orthophotos (~2.5-3.0 mm px~") sets a
practical detection threshold near 5-6 mm, meaning sand, silt, and clay fractions are not
directly resolved. They must be estimated by D-CASCADE, introducing additional uncertainty in
transport capacity and routing. However, in steep armored channels, fine fractions supplied
during extreme events tend to be efficiently through-routed downstream as traveling bedload
over an immobile coarse surface (Schuech et al., 2006; Piton and Recking, 2017); consequently,
underestimating sand in the GSD may be less critical for decadal outlet budgets. Conversely, the
Wilcock-Crowe transport function explicitly accounts for sand content in gravel mobility. If sand

is under-represented in the input GSD, transport capacity may be systematically biased in sand-



influenced reaches. Post-peak hydrograph studies further suggest that fines dominate the
immediate export signal while coarse fractions remain stored (Mao, 2012), partially offsetting

the impact of fine-fraction underestimation on decadal storage estimates.

For the coarse end of the distribution, pyDGS inputs were capped between 500 and 800 mm to
respect D-CASCADE's maximum grain class of ~724 mm (¢ = —9.5). Post-2015 orthophotos
indicate that large clasts remained largely immobile over the study period, consistent with
coarse-patch persistence in armored gravel beds, suggesting that exclusion of the coarsest
fraction has limited impact on transport estimates. Finally, pyDGS performance degrades under
bimodality, sub-pixel grain conditions, or non-ideal imaging geometry, introducing systematic
uncertainty that should be considered when interpreting transport diagnostics derived from

image-based GSD (Buscombe, 2013; Buscombe, 2015).

5.4 Rainfall distribution and hydrographs

The rainstorm that triggered the 2015 debris flows occurred in a localized sector of the Trebbia
Basin and was characterized by high intensity over a narrow time window (Ciccarese

et al., 2020). The basin’s hydrological response was accordingly flashy, with sharp rises and
short-lived peaks. In D-CASCADE, we employed a daily time step, so discharges were provided
as daily mean values. On the event day, the outlet discharge averaged 546.99 m3s™ (daily

mean), whereas the hourly peak reached approximately 3,000 m®s™ for a few hours.

This temporal aggregation smooths hydrograph peaks and can underrepresent brief
exceedances of entrainment thresholds, particularly for coarse fractions. Short-duration,
high-magnitude flows can mobilize larger clasts and greater volumes of medium gravel that

would not be entrained under daily-mean conditions. While at decadal scales this difference



may dampen in terms of cumulative export, it can set distinct initial conditions for post-event
evolution (e.g., the thickness and sorting of the active layer, spatial patterns of deposition),

which in turn may affect long-term trajectories in the model domain.

In this study, we treat the event as a pulse-driven disturbance: the daily time step is appropriate
for inter-event storage and routing, but it likely underestimates the initial peak-driven
mobilization. Future work could bracket this uncertainty applying an effective-discharge or

peak-over-threshold weighting to better capture the contribution of brief peaks to bedload.

6 Conclusion

We assessed the dynamics of the debris-flow sediment pulse (DFSP) in the Trebbia-Aveto River
network using a scenario-based comparison — with and without debris-flow sediment pulses —
both implemented in D-CASCADE. Five sediment transport equations were tested, and after
nearly a decade of simulation, all but one showed that less than 1% of the DFSP was exported
from the study area, with only the Parker-Klingeman equation approaching ~10%. These results

indicate that in-basin storage dominates over decadal timescales.

Spatially, DFSP storage is concentrated in three settings: immediately downstream of debris-
flow source zones in the Trebbia and Aveto rivers, at locations where riverbed slope decreases,
and downstream of the Trebbia-Aveto confluence, forming persistent storage hotspots. The
temporal analysis revealed reaches where DFSP storage monotonically increased or decreased
over the study period, while other reaches exhibited distinct peaks within the decade. These
patterns are consistent with slow, pulse-driven downstream transport and intermittent

remobilization of DFSP.



Several simplifications were required to apply D-CASCADE successfully, and are theoretically
defensible within the geomorphic context of the TAR system. Among the most significant
sources of uncertainty are: the expert-based DFSP volume estimate, which relies on a uniform
deposit thickness that could not be field-verified across all events; the daily timestep, which
smooths hydrograph peaks and likely underestimates initial peak-driven mobilization during the
2015 event; and the reach-averaged active channel width, which conceals localized valley
constrictions that act as transport bottlenecks. Additional uncertainties inherent to this type of
modeling exercise — including GSD sampling bias, armoring dynamics, and tributary coupling —

are acknowledged but considered secondary given the exploratory nature of the analysis.

Looking ahead, model performance could be improved primarily by adopting a finer,
hydromorphologically based river network segmentation that better captures localized valley
constrictions and their effect on sediment transport; by incorporating sediment inputs from
tributaries, hillslopes, and other external sources (e.g., landslides) where structural or functional
connectivity is demonstrated; and by refining surface GSD sampling beyond bar surfaces to
capture patch-scale heterogeneity. Secondary improvements, including sub-daily hydrological
inputs during peak conditions and sensitivity analyses for active-layer thickness and re-armoring
dynamics, would further strengthen inference on DFSP storage hotspots. Together, these
advances would enhance the transferability of this methodology to other mountain basins

where debris-flow pulses shape the decadal sediment budget.
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Abstract

Debris flows can dominate sediment budgets in mountain basins, yet their basin-scale routing,
residence times, and outlet export remain difficult to quantify. We analyze the Trebbia-Aveto
River (TAR) network in northern Italy following the September 2015 event, which produced
localized, high-intensity rainfall and multiple debris flows. Using D-CASCADE, a dynamic
sediment (dis)connectivity model, we compare two scenarios — with and without debris-flow
inputs — to quantify the downstream routing, storage, and basin-scale export of the debris-flow
sediment pulse (DFSP) through the TAR river network over nearly a decade. Simulations with
five sediment transport equations indicate that less than 1% of the DFSP was exported at the
basin outlet in most cases, with in-basin storage dominating over a decadal timescale. Storage
hotspots concentrate downstream of debris-flow source zones in the Trebbia and Aveto rivers,
at locations of riverbed slope reduction, and downstream of their confluence. Reach-scale time
series reveal three characteristic behaviors — monotonic increase, monotonic decrease, and
pulse-driven peaks within the study period — consistent with slow, intermittent DFSP
remobilization driven by successive rainfall events. Although results are subject to uncertainties
inherent to model-based approaches, the spatial and temporal patterns of DFSP storage are
broadly consistent with theoretical understanding of sediment dynamics in armored gravel-bed
mountain rivers. This work demonstrates that network-scale sediment connectivity modeling
offers a tractable and reproducible framework for reconstructing debris flow-derived sediment

dynamics at the basin scale.
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Highlights

e D-CASCADE model isolates debris-flow impacts on the Trebbia—Aveto sediment budget.
e Debris-flow pulses dominate decadal storage with only 0.93% exported at the outlet.
e Storage hotspots occur at confluences and reaches below high-density source areas.



