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Abstract 

In mountainous catchments, the quantification of sediment yield is of paramount relevance for land-use planning and design of 
sediment control structures. However, deciphering the contribution of the different sediment transport processes (debris flows, 
debris floods and bedload transport) is often challenging as they are strongly controlled by basin morphometry, hydrological 
regime, and sediment supply. Therefore, long-term instrumental monitoring through catchment-scale sensor networks can provide 
precious information, especially if coupled with high-resolution topographical surveys. The Gadria catchment, located in the eastern 
Italian Alps, offers the possibility to perform a systematic monitoring of sediment transport processes. This catchment typically 
features several low-magnitude flood episodes and a few debris-flow events per year, from late spring to early fall. Starting from 
2011, various instruments mainly devoted to debris-flow detection (geophones, video cameras, flow stage sensors) have been 
installed along the main channel, just upstream of a retention basin. High-resolution topographical surveys of the retention basin 
are carried out each year, at the beginning and at the end of the summer season and after debris-flow events. Rainfall is measured 
in the intermediate part of the catchment and in the headwaters, while PIT-tracing of bedload was performed in the main channel. 
In this work, we present the reconstruction of the sediment dynamics at the catchment scale during the 2014 and 2015 monitoring 
seasons. Instrumental monitoring was used to estimate the contribution of the different flow processes, and data from topographical 
surveys to quantify the transported volumes. Results show that (i) coarse sediment yield is driven by sporadic debris flows while 
flood events allow the continuous fine-sediment migration along the channel network; (ii) volume estimations may be significantly 
different – up to 30% lower - if performed through a DEM of Difference (DoD) analysis of the retention basin or by analysing 
monitoring data; (iii) a multi-parametric monitoring is needed to decipher sediment dynamics at catchment scale. 
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1. Introduction

In Alpine valleys, the sediment supply to the channel network is typically episodic and it is controlled by the
interaction between geomorphic conditions and hydrological processes (Benda and Dunne, 1997). The upstream edge 
of the fans acts as bedload traps, creating longitudinal discontinuities in sediment transport and causing large-scale 
aggradation of sediment (Hoffman and Gabet, 2007). Massive, impulsive sediment inputs – typical of debris flows and 
floods occurring in steep channels – can alter water and sediment continuity along the channel network, by determining 
large-scale bed aggradation, confluence migration, and channel obstructions with the formation of temporary lakes 
and fan-delta systems (Brardinoni et al., 2018). Understanding the effect of debris flows and bedload on channel 
topography and the quantification of sediment yield is of paramount relevance for hazard assessment and design of 
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mitigation measures. However, the sediment cascade associated with debris flows and bedload events and their relative 
yields at the catchment scale has been rarely addressed.  

In recent years, the increase of topographic instrument automation and resolution significantly improved the cost-
effectiveness of multi-temporal analysis of Digital Elevation Models (DEMs). The geomorphic changes associated 
with erosion/deposition processes can be quantified through DEM of Difference (DoD) grids, where the elevation 
difference between old and new surfaces represents a measure of net sediment transport (Schürch et al., 2011; Theule 
et al., 2015; Cavalli et al., 2017). However, discriminating the contribution of the different sediment transport processes 
(namely debris flows vs bedload) and the effects of multiple flow events is often challenging. Thus, long-term 
instrumental monitoring of sediment fluxes through catchment-scale sensor networks can provide precious 
information, especially if coupled with high-resolution topographical surveys (McCoy et al., 2010; Comiti et al., 2014). 
To this aim, the Gadria catchment (eastern Italian Alps) offers the opportunity to understand the main processes driving 
the sediment supply at the catchment scale thanks to the intense, ongoing monitoring activities. In this paper, we focus 
on two years (2014-2015) for which frequent field surveys were available.  

2. Methods

2.1. The study site 

The Gadria catchment is located in the Venosta Valley, eastern Italian Alps, and belongs to the Adige river basin. 
At the retention basin, it has a drainage area of 6.3 km2 and ranges in elevation from 1,394 to 2,945 m a.s.l. The Gadria 
is underlain by paragneiss and ortogneiss lithologies, result of Permian and Cretaceous matamorphisms. Sediment 
produced by the weathering of these highly fractured rocks and thick Quaternary deposits fills the channel networks 
through a number of mechanisms including shallow debris slides, rockfalls, and dry raveling on the steep slopes 
(Figure 1a). These colluvial processes dominate the upper and intermediate sections of the basin, and the presence of 
steep channels sets the perfect conditions for chronic debris-flow activity. The Gadria catchment is characterized by 
dry inner-Alpine climate, with mean annual precipitation of 480 mm in the Venosta valley floor (station of Laas-Lasa, 
863 m a.s.l., period 1989–2012), due to the sheltering effect of the mountainous ranges to southerly and northerly 
winds. Mean annual precipitation increases with altitude, with 662 mm measured at a rain gauge located at 1,754 m 
a.s.l. (period 1993–2012). 

Fig. 1. The Gadria instrumented catchment, the adjacent Strimm catchment and the alluvial fan; the black frames highlight the location of the 
upper and lower monitoring sites at Gadria. (a) View of the main sediment source areas monitored with the upper station; (b) the retention basin 
located at the outlet of the catchments. 
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The catchment is characterized by a high degree of sediment connectivity and a sediment yield of about 5,200 m3 
km−2 y−1 was estimated for the period 2005-2011 (Cavalli et al., 2017). A retention basin was constructed in the 1970s 
to protect settlements located on the Gadria fan (Figure 1b). This basin is periodically emptied, but some residual risk 
still exists as extremely large debris flows could exceed its capacity. 

2.2. Instrumental monitoring 

At Gadria, the first downstream monitoring station (lower station) was equipped in 2011 close to the alluvial fan 
apex, at an elevation of about 1,400 m a.l.m. (Comiti et al., 2014). This installation was designed for the measurement 
of basic debris-flow variables, the characterization of flow dynamics, and the development of early warning systems. 
The station is composed of three video cameras framing channel and retention basin, four vertical geophones (10 Hz) 
placed along the left channel bank, two in the ground and two on the wing of the check-dam, and two stage sensors at 
the same cross sections where the geophones are installed (Figure 2). In 2013, the geophone array was extended in the 
upstream direction with three additional geophones (Coviello et al., 2015). This latter geophone network recorded the 
seismic data that are analyzed in the present work. One rain-gauge and an additional stage sensor are located about 
500 m upstream, at an elevation of 1500 m a.s.l.. The video footage has been used to assess the surface velocity of 
debris flows through the application of the large-scale particle image velocimetry technique (Theule et al., 2018). 

The upstream monitored area (upper station) is located in the upper basin, at an elevation of about 2,200 m a.l.m., 
with the objective of monitoring initiation conditions and triggering processes. A number of instruments have been 
installed during the last years: rain-gauges, rain-triggered video cameras, piezometers, and erosion probes. Recently, 
a new geophone network composed of three 4.5 Hz vertical sensor was installed on a ridge separating two steep 
channels of the upper basin to detect incipient sediment motion related to debris flow initiation. 

Fig. 2. The lower station of Gadria: (a) view of the channel in the upstream direction, two stage sensors, and one video camera are visible; (b) 
geophone recording unit and channel conditions right after a debris flow; (c) detail of one of the vertical 10-Hz geophones.  

2.3. Topographical surveying and PIT-tracing 

Repeated topographic surveys of the retention basin at the beginning of the debris-flow season and after each debris 
flow were carried out by terrestrial laser scanning (TLS) from 2011 to 2013. Afterwards, the Structure from Motion 
(SfM) photogrammetry (using Agisoft Photoscan Professional) was adopted because of its field efficiency and spatial 
coverage. From 2013 to 2015, an operator took photos from a 6-m extendable pole at 1 frame per second while walking 
along the channel banks (Figure 3a). Since 2015, photos are taken from helicopter covering the retention basin, 
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channel, and source areas and also from a drone for just the retention basin. Painted reference points were appropriately 
distributed around the sediment trap and channels and were surveyed with the total station and differential GPS 
(dGPS). For DoD analysis, CloudCompare freeware was used to further align both TLS and SfM point clouds by 
using the iterative closest point algorithm. This was applied to unchanged permanent features resulting in root mean 
square errors of 21 cm for older TLS comparisons (volume uncertainty for the retention basin of ±740 m3), 2 cm for 
extendable pole SfM (±100 m3) and 9 cm for helicopter SfM (±450 m3) for the general retention basin area. 10-cm 
DEMs were developed and their differences were used for measuring the volumes in the retention basin (Figure 3b). 

In the main channel, 280 passive integrated transponders (PITs) were installed in 2014 and their positions measured 
using dGPS, with the aim to contrast incipient motion and transport distances between debris flows and bedload events. 
Their grain-size ranges from small cobbles to boulders and their percent embeddedness were estimated in the field. 
They were distributed throughout the channel from entrainment reaches, transport reaches and the reach before the 
sediment trap. Field checks and antennae surveys took place after floods with bedload transport and after debris flows. 

Fig. 3. (a) Photogrammetric surveying of the main channel with the 6-m extendable pole; (b) DoD of the retention basin from two 
photogrammetric surveys carried out in April and August 2014. 

3. Results and discussion

3.1. Catalog of flow events 

Several flow processes occurred at Gadria in 2014 and 2015 (Table 1). Complete information on the debris flows 
that occurred in this period was already available (Theule et al., 2018). We constructed the event catalog of floods 
featuring bedload transport analyzing the seismic dataset gathered at the lower monitoring station. Compared to debris 
flows, seismic signals produced by floods present significantly longer durations and lower amplitude peaks (Coviello 
et al., 2015; Mao et al., 2009; Bel, 2017). Flood events were identified by analyzing 140 days of continuous seismic 
recordings from the geophone network installed at the lower station. In two years, nine flood events were detected 
using an intensity-duration threshold (amplitude above the long-time-average of the seismic signal for at least 10 
minutes). The event detection was validated through the manual inspection of the video frames, when available, and 
with the analysis of rainfall events recorded at the upper station. An image every 5 minutes was recorded by the video 
camera framing the channel in the upstream direction (from 4 June to 18 July 2014 and from 1 May to 23 October 
2015). In addition, four additional flood events with bedload transport were identified by inspecting the images 
recorded in the periods of time lacking seismic records. Finally, two snow-melt induced bedload events (20 and 21 
May 2015) were directly observed in the field (with bedload measured by portable traps). 
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Table 1. Debris flows and flood events with bedload transport detected at the lower station of Gadria in 2014 and 2015 and dates of topographic 
surveys of the sediment trap carried out during the monitoring seasons (in italics). Peak times correspond to the amplitude peaks of the seismic 
signal. Bedload events identified only with images and rainfall data are marked with *. 

Date (dd.mmm.yy) Typology Peak time (hh.mm UTC) Duration (min) 

9.May.14 PIT survey - - 

10.Apr.14 topographic survey - - 

05.Jun.14 bedload 05:00* > 120 

09.Jun.14 bedload 05:00* > 120 

29.Jun.14 bedload 18:00 360 

2.Jul.14 PIT survey - - 

08.Jul.14 bedload 14:55 360 

13.Jul.14 bedload 20:30* > 180 

15.Jul.14 debris flow 17:13 26 

19.Jul.14 PIT survey - - 

21.Jul.14 bedload 07:45 360 

24.Jul.14 bedload 13:32 120 

13.Aug.14 bedload 12:00 180 

18.Aug.14 topographic survey - - 

18.Apr.15 topographic survey - - 

20.May.15 bedload - > 600 

21.May.15 bedload - 600 

06.Jun.15 bedload 15:23 > 240 

08.Jun.15 debris flow 17:16 50 

10.Jun.15 topographic survey - - 

16.Jun.15 bedload 8:30* > 240 

29.Jul.15 bedload 15:00 180 

04.Aug.15 bedload 18:40 > 300 

07.Aug.15 bedload 21:20 > 180 

Fig. 4. Geophone signals of the debris flow that occurred on 15 July 2015 (a) and of the flood event that occurred on 8 July 2015 (b). Amplitude 
and duration of the debris flow are one order of magnitude greater than the ones of the flood event. 
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3.2. Particle motion 

In 2014, three surveys of PITs positions were carried out on 9 May, 2 July and 19 July. In the time interval 9 May 
- 2 July three flood events featuring bedload transport were observed, while in the following time interval (2 - 19 July) 
two floods and one debris-flow event occurred (Table 1). Therefore we can surely attribute the displacement lengths 
measured in the first time interval to bedload transport. The log-log plot of travel distance versus grain size diameter 
shows an inverse correlation for the particles transported during the first, bedload-only period (Figure 5). On the 
contrary, no clear relationship can be detected for the second period when a debris flow occurred, as it could be 
anticipated based on the transport en masse of sediment by debris flows (Theule et al., 2015). Thus, in second time 
interval, the longer displacement lengths are produced by the debris flow of 15 July 2014. Indeed, PIT-tags 
measurements in debris-flow channels are probably mainly useful to analyze the variability in clast entrainment (e.g., 
based on clast position along cross-sections and thus on the experienced shear stress) rather than transport distances. 
In addition, PIT-tracing installation is very resource-intense, as well as their manual surveying is time-consuming and 
the recovery rate can be very low. The 2014 debris flow had a 29 percent recovery rate due to the depth of the pit tag 
deposits, which we assume are mostly buried in the sediment trap. However, more significant results could be achieved 
if the travel distance of the tagged particles is measured in a debris-flow channel which is not ending in a sediment 
trap like the Gadria (see Bel, 2016). In fact, here the maximum travel distance (slightly smaller than 1400 m) is close 
to the distance between the most upstream transect equipped with PIT tags and the retention basin (Figure 5). 

Fig. 5. PIT-tracing at Gadria in 2014, from 9 May to 2 July (only bedload transport observed) and from 2 July to 19 July (one debris flow). The 
upper travel-distance limit (dashed-line) is the distance between the most upstream transect equipped with PIT tags and the retention basin. 

3.3. Sediment volumes 

The volume of sediment deposited in the retention basin by each debris flows was determined by two topographic 
surveys carried out at the beginning of the debris-flow season and after the debris flow (Table 2). Video recordings 
and post-event observations, show that the trapping efficiency of the basin (ratio of sediment volume retained to the 
total incoming sediment) is below 100% (Comiti et al., 2014). We estimate that from 10% to 20% of sediment flowed 
through the slit opening of the retention check dam. In addition, also bedload transport contributes to the sediment 
yield, as well as to the erosion of deposits, in both the retention basin and the channel network (Figure 6). In particular, 
eight flood events occurred in the Gadria catchment in the period between the two surveys in 2014, and three in 2015. 

We calculated the volume of debris flows using data from the monitoring station. The velocity of each debris-flow 
surge was estimated considering the mean propagation velocity of each front as the ratio of the distance between two 
equipped cross-sections (75 m) to the time interval between the arrival of the debris-flow surge at the two stations 
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(Arattano et al., 2015). The discharge of each debris flow wave is computed as the product of surge velocity by the 
flow’s cross-sectional area, estimated using the flow stage measurement. This is the main source of uncertainty of this 
method, as the cross-sectional area may change during a single debris flow due to erosion/deposition processes. The 
method is also very sensitive to the choice of the hydrometric zero adopted to perform the calculations. Finally, the 
bulked volume carried by each surge was calculated as: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑚𝑚𝑒𝑒 = 𝑣𝑣 ∙ ∑ 𝐴𝐴(𝑡𝑡)𝑡𝑡𝑒𝑒
𝑡𝑡0  (1) 

where 𝐴𝐴(𝑡𝑡) is the cross-sectional area at the time t; v is flow velocity of the surge; 𝑡𝑡0 and 𝑡𝑡𝑒𝑒 represent the initial and 
final time of the surge, respectively. 

Table 2. Debris-flow events that occurred at Gadria from 2011 to 2015, volumes computed using stage sensor measurements integrated in time 
are compared with DoD of the retention basin. 

Date 
(dd.mmm.yy) 

Debris-flow peak 
discharge (m3/sec) 

Debris-flow 
volume (m3) 

Time interval DoD DoD (m3) Reference 

05.Aug.11 11 2 400 June - September 2011 2000 Comiti et al., 2014 

18.Jul.13 80 10 000 June 2011 (empty trap) - 
August 2013 

8100 Arattano et al., 2015 

15.Jul.14 26 11 600 April - August 2014 10400 This study 

08.Jun.15 27 12 600 April - June 2015 9850 This study 

Fig. 6. Channel and retention basin conditions on 1 July, 15 July (after three flood events) and 16 July 2014 (after a debris-flow event). Erosion of 
fine to medium-size material due to floods and coarse deposits produced by the debris flow in the main channel are highlighted. 

Volume estimations may significantly differ if performed through the DoD of the retention basin or with 
instrumental measurements carried out with the use of flow stage data (Table 2). Estimates deriving from topographic 
surveys resulted constantly lower, with differences that may reach 30% of their value. This is consistent with the 
observed outflow of the suspended sediment through the check dam during the tail of each debris-flow events. In the 
neighboring Strimm catchment, a bedload yield of 200 m3 yr−1 was observed during two years of PIT-tracing carried 
out from 2011 to 2013 (Dell’Agnese et al., 2015), which also contributes to the filling-up of the retention basin. 
Neglecting the contribution of the Strimm, a sediment yield of about 1,900 m3 km−2 y−1 was calculated based on DoD 
analysis in the period of time 2014-2015, which is largely dominated by debris-flow processes considering both 
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preliminary estimates for bedload virtual velocities and debris-flow volumes stemming from Eq. 1. The sediment yield 
value is significantly lower than the estimation made for the time period 2005-2011 (5,200 m3 km−2 y−1), during which 
much larger debris-flow events were observed (Cavalli et al., 2017). 

4. Conclusions

We constructed the event catalog of debris flow and flood events with bedload transport by analyzing the 
monitoring dataset (geophone data, video images) gathered at Gadria, eastern Italian Alps. Topographic surveys of 
debris-flow deposits provide volume estimations significantly lower - up to 30% - than those obtained through 
instrumental measurements carried out with the use of hydrograph data. Sediment yield of about 1,900 m3 km−2 y−1 is 
estimated for the investigated period (2014-2015), a value significantly lower than the one previously estimated in a 
wider time interval affected by larger events. Sediment yield is dominated by debris flows, whereas the contribution 
of flood events featuring bedload transport is apparently very minor and mostly relative to the gravel and small cobbles 
fractions only, based on preliminary data from travel distances of PIT-tagged clasts. Longer periods of observations 
are nonetheless needed to identify the factors (e.g., climate) that control sediment yield variability over time. 
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