
 

 

 

 

 
WP5 Report 

 

 

Sediment transport monitoring 
 
 
 
Work Package Lead: 
Helmut Habersack1 
 
Authors: 
Aigner1 J., Habersack1 H., Rindler1 R., Blamauer1 B., Wagner1 B., Schober1 B. 
Comiti2 F., Dell’Agnese2 A., Engel2 M. 
Liebault3 F., Bel3 C., Bellot3 H., Fontaine3 F. 
Piegay4 H., Benacchio4 V., Lemaire4 P., Ruiz-Villanueva4 V., Vaudor4 L. 
Cavalli5 M., Marchi5 L., Crema5 S., Brardinoni5,10 F. 
Bezak6 N., Rusjan6 S., Mikoš6 M.  
Abel7 J., Becht7 M., Heckmann7 T., Rimböck8 A., Schwaller8 G., Höhne8 R. 
Cesca9 M., Vianello9 A. 
Krivograd Klemenčič11 A., Papež12 J. 
Lenzi M.A.13, Picco L.13, Moretto J.13, Ravazzolo D.13 

Jäger G. 14, Moser M.14 

Hübl J. 15, Chiari M.15 

 
 
  



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

Institutions:  
1 BOKU, University of Natural Resources and Life Sciences Vienna, Institute for Water Management, Hydrology 

and Hydraulic Engineering, Dep. Water- Atmosphere-Environment 
2 Free University of Bozen-Bolzano, Faculty of Science and Technology 
3 Irstea, Grenoble regional center, Snow avalanche engineering and torrent control research unit 
4 CNRS, National Center of Scientific Research, Lyon 
5 CNR, National Research Council - Research Institute for Geo-Hydrological Protection 
6 UL FGG, University of Ljubljana, Faculty of Civil and Geodetic Engineering 
7 KU, Katholic Universitiy of Eichstätt-Ingolstadt, Chair for Physical Geography, Eichstätt 
8  LfU, Bavarian Environment Agency,  Augsburg 
9 ARPAV - Regional Agency for Environmental Protection and Prevention of Veneto, Italy 
10 University of Milano-Bicocca, Department of Earth and Environmental Sciences 
11 Institute for Water of the Republic of Slovenia 
12 HIDROTEHNIK Water management, Slovenia 
13 UNIPD, University of Padova, Dept. Land, Environment, Agriculture and Forestry 
14 BMLFUW - Federal Ministry of Agriculture, Forestry, Environment and Water Management, Dep. IV/5 Torrent 

and Avalanche Control Service, Fachbereich „Wildbachprozesse“ 
15 BOKU, University of Natural Resources and Life Sciences Vienna, Institute of Mountain Risk Engineering (IAN), 

Dep. of Civil Engineering and Natural Hazards 

 

 

 

Project partner within WP5:  
 
LP – BMLFUW  
PP 1– Province of Bolzano 
PP 2 – ARPAV  
PP 3 – UNIPD 
PP 4 – CNR 
PP 5 – Region Piemonte 
PP 6 – LfU 
PP 7 – Irstea 
PP 8 – CNRS 
PP 9 – UL FGG 
PP 11– BOKU (IWHW) 
PP 12 - IzVRS



1 

 

 

 

Contents 
 

Executive Summary 3 

1 Introduction 6 

2 Aims 7 

3 Overview of pilot sites 8 

4 Results 11 

4.1 Protocol on standardized data collection methods in sediment transport 
monitoring for transboundary exchange (1st Milestone– Action 5.2) 11 

4.1.1 Introduction 11 

4.1.2 Executive summary of the 1st Milestone 12 

4.1.3 Suitability of monitoring methods 14 

4.1.4 Monitoring methods used in SedAlp pilot sites 21 

4.1.5 Geophone and Gauge database query 25 

4.2 Dataset on sediment and wood transport rates and volumes for different regions 
in the Alps – Action 5.1 28 

4.2.1 Monitoring results 28 

4.2.2 Dataset of WP5 results 77 

4.3 Spatio-temporal variability in sediment transport – Action 5.3 83 

4.3.1 Evidence of spatio-temporal variability 83 

4.3.2 Consequence of spatio-temporal variability for practical usage of monitoring 
data and application 119 

4.4 Opportunities and challenges in improving equations and models for predicting 
sediment and wood transport rates based on SedAlp results – Action 5.4 122 

4.4.1 Introduction 122 

4.4.2 Executive summary of the 3rd Milestone 123 

4.4.3 Software tool for hydraulic and bedload transport computation 125 

4.5 Evaluation of restoration projects with respect to measured sediment fluxes – 
Action 5.5 126 

4.5.1 Selection and description of River restoration sites 126 

4.5.2 Analysis of the functionality and sustainability of the River restoration 
measures, role of sediment input and output, link of restoration to catchment 
processes and sediment supply 132 

5 Summary and Conclusions 142 



2 

 

 

 

5.1 Suspended load 142 

5.2 Bedload 143 

5.3 Debris flow 144 

5.4 Wood transport 146 

6 Recommendations 147 

7 References 150 

8 Directory 156 

8.1 Figures 156 

8.2 Tables 162 

9 Annex 164 

9.1 Other Activities 164 

9.2 Description of pilot sites 181 

9.3 Annex Directory 250 

1st milestone  

3rd milestone  

 

 

  



3 

 

 

 

Executive Summary 

The SedAlp project contributes to an integrated management of sediment transport in 
Alpine basins. It is directed to an effective reduction of sediment-related risk while 
promoting the enhancement of Riverine ecosystems and reducing the impacts of 
hydropower plants (balancing the implementation of EU Directives and national law e.g. 
RES, WFD, NGP etc.). SedAlp includes pilot actions in various representative Alpine River 
basins of five countries and contributes in particular to monitor sediment and wood 
transfer in a large set of Alpine catchments. A major goal of the project was to understand 
spatial and temporal variability of processes and to provide planning, warning and 
predictive tools but also sediment and wood management recommendations for protecting 
people. Furthermore the project includes strategy policy development and implementation 
actions for the improvement of sediment continuity in Alpine River basins. SedAlp regards 
the geological and climatic variability across the Alps that generate complex patterns of 
sediment transfer, whereas management conflicts are similar. To reach the ambitious 
goals of the project, it is essential to understand the key processes of sediment and wood 
transport.  

Workpackage 5 with the title “sediment transport monitoring” was focused to enhance the 
knowledge about these transport processes by conducting the first standardized 
transnational monitoring of sediment and wood transport in Alpine basins. WP5 
concentrated on monitoring and assessing fluxes of sediment and wood at the local scale. 
Measured fluxes are strongly depending on the supply from the catchment and on the 
connectivity to source areas, analysed in WP4. The output of WP5 feeds WP6 which 
studied the interferences between structures and sediment/wood fluxes and forms the 
basis for WP7 which linked the catchment with channel processes. Finally, the results of 
WP5 contribute to policy recommendations in WP8. 

Within WP5, monitoring activities on 28 different pilot sites in Austria, Germany, France, 
Italy and Slovenia have been conducted between 2012 and 2015. The monitored transport 
processes covered woody debris, debris flow, bedload and suspended load. The different 
pilot sites showed a great diversity in catchment size, channel slope and hydraulic 
parameters and covered the whole bandwidth from small, high alpine catchments (e.g. 
Strimm: 5 km² catchment size, 2427 m elevation a.s.l) to large catchments in the alpine 
valleys (e.g. Drau/Dellach: 2131 km² catchment size, 600 m elevation a.s.l). With the 
results of the monitoring activities, a database using different parameters regarding the 
transport process has been established and reflects the big diversity of the different pilot 
sites. The coordinated sediment transport monitoring outlined the links between the 
various processes responsible for sediment delivery at catchment scale and stresses out 
the need for a closer integration between the monitoring of various sediment transport 
processes in Alpine headwaters. 

Due to the wide range of different measurement methods used within the project, one 
focus of this work package was to standardize the measurement procedures and 
harmonize data analysis. This led to the 1st milestone “Protocol on standardized data 
collection methods in sediment transport monitoring for transboundary exchange”. These 
protocols were intended to describe the used monitoring techniques and data processing 
methods for debris flows, wood transport and bedload transport. Furthermore, the 
protocols work also as guidelines to assist in choosing the appropriate monitoring method 
for supporting prospective monitoring efforts. 
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An important aspect of the project was to understand spatial and temporal variability of 
the monitored processes. The observed appearance of clockwise and counter clockwise 
hysteresis effects between sediment and discharge, showed the significant role of the 
location of the active sediment source in the temporal variability of sediment transport. 

Analysis of the spatial distribution showed an evolvement of the bedload transport width 
with increasing discharge which provides vital information for an improved planning of 
River related measures. To determine these process related variability, the use of 
appropriate monitoring methods as well as their right application is of great importance. 
Indirect monitoring methods (e.g. geophone devices) pointed out their potential in the 
automatic and continuous detection of these transport processes. The presented data 
reflect a high spatial and temporal variability in the occurrence of bedload, suspended load 
debris flow and wood transport and reveal significant consequences for the practical usage 
of monitoring methods, data and application. 

Many River engineering tasks require detailed information about the extent of sediment 
transport and wood mobility, which are provided by sediment and wood transport relations 
and equations. The 3rd milestone “First set of practically applicable bedload/wood transport 
relations and models” gives an overview about the most common transport relations and 
formulas. Furthermore it presents the difficulties and challenges in the application of these 
relations and shows the last developments in improving transport equations. The 
comparison between measured and calculated specific bedload transport rates showed 
substantial differences in the derived results. For the practical use of these relations it is 
strongly recommended to select, calibrate and validate the sediment and wood transport 
equations using monitored field data. 

The evaluation of River restoration projects showed the need of an improved process 
understanding between sediment transport an engineering measures. The functionality 
and sustainability of River restoration measures are, beside the hydrologic and hydraulic 
conditions, mainly depending on the superior sediment regime and thus the sediment 
input into the reach. By increase or decrease of the mean sediment input, the hydraulic 
and thus morphological conditions of the reach need to rearrange to the given input by 
e.g. lateral and vertical adjustments of the River bed or by changing the River type.  

 

Main Achievements:  
• First time coordinated sediment and wood monitoring in the alpine region 
• Large new set of sediment transport data, including suspended, bedload and debris 

flow processes 
• First time standardization of methods and data collection on sediment and wood 

transport in the Alpine Space 
• Increased awareness in the proper use of sediment and wood transport formulas 

and included parameters 
• Improved automatic detection of wood transport in Rivers based on video imagery  
• Computation tool for the standardized application of three bedload equations 
• Improved understanding and estimation of wood discharge/wood raft 

Main implications: 
• New insights into spatial-temporal variability of sediment and wood transport 

processes 
• New insights into triggering conditions for debris flows 
• Better basis for improved planning and design of flood risk prevention structures 

and risk management of hydropower plants and River restoration works 
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Key findings: 
• There exists a strong spatio-temporal variability of sediment and wood transport 

rates at the local scale 
• The temporal variability of bedload flux is determined by sediment availability, 

natural boundary conditions (e.g. glacial activity, history and sequence of floods), 
anthropogenic influences (e.g. hydropower plants, torrent control works), and 
hydraulic conditions (e.g. coherent structures, roughness) 

• Suspended sediment concentration show significant clockwise and counter 
clockwise hysteresis effects which reflect the importance of the location of the 
active sediment source for the temporal variability of suspended load 

• The spatial variability of bedload transport depends on the transport capacity and 
thus shear stress or stream power, whereby transport width increases from very 
narrow “bedload streets” to the full River bed width. This information is important 
for planning of structures 

• The connection between the flow history of a River reach and the related changes 
in the availability of transportable sediment in small or strongly anthropogenic 
influenced catchments determine sediment and wood fluxes monitoring and 
calculation 

• The various processes responsible for sediment delivery at catchment scale are 
strongly linked and stress out the need for a closer integration between the 
monitoring of various sediment transport processes in Alpine headwaters. 

• The initiation of motion is of central importance for sediment transport calculation, 
thus the monitoring revealed the need to determine the beginning of sediment 
transport with adequate monitoring techniques (e.g. geophones) 

• Only an integrated sediment monitoring system, consisting of continuous 
measurements (e.g. by indirect techniques) and direct monitoring methods (e.g. 
basket samplers) leads to the needed transport parameters (e.g. specific bedload 
transport, bedload transport, bedload yield) 

• Sediment transport formulas need a calibration and validation based on field data 
to better fit measured data; eventually improvements of existing formulas should 
be made 

• Sediment fluxes are underlying long term trends (e.g. caused by land use change, 
melting of glaciers), thus a long term sediment monitoring program in the Alps 
should be established 

• Structural measures (e.g. hydropower plants) affect sediment flux and thus 
monitoring reveals transport changes over time 

• The detection of debris flows and the measurements of its parameters (e.g., 
velocity, flow depth, hydrograph, volume) through field monitoring is of primary 
importance for the development of early warning systems, the quantification of 
sediment transport in steep channels, and for the management of debris flow 
hazards 

• Strong temporal variability of debris-flows suggests considering different scenarios 
with different combinations of debris-flow parameters (e.g., rheology, volume, 
peak discharge) for practical applications 

• Automatic video monitoring of wood transport with recently developed detection 
algorithms is a promising monitoring technique for the future and should be applied 
on a larger set of reaches to evaluate its potential and transferability 

• Wood buoyancy and wood characters are variable in time on given catchments 
according to flow magnitude and spatial conditions of events; this affects the 
temporal variability of wood transport and therefore the transport prediction  
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1 Introduction 

 

Large European Rivers such as the Rhone, Rhine, Po and Danube are fed to a significant 
extent by the Alps and form the basis of life for millions of people. In addition, the Alps are 
the main source of sediment transported by these Rivers. The correct functioning in the 
transport of sediments and woody elements is the key for a good hydromorphological 
status of Rivers, in turn crucial for the functionality of aquatic and riparian ecosystems.  

The transport of sediment is highly dependent on hydrological and sedimentological 
conditions, variable in space and time. Human-induced variations in hydrological regime, 
sediment supply and channel geometry and can lead to serious large-scale impacts on 
River systems. In addition, the observed and foreseen climate change – quite relevant in 
the Alpine region - is expected to increase sediment-related issues, posing a challenging 
task for River managers.  

In the last decades, a high number of protection measures have been built to reduce the 
effects of debris flows, flash flood with large wood transport and sediment deposition at 
vulnerable sites (e.g. settlements and commercial/industrial areas). Those measures often 
reduce or eliminate the longitudinal connectivity of sediments between the upper 
catchment and the lower River reaches. Furthermore, a great number of hydropower 
reservoirs represent important and widespread interruptions of the sediment continuum, 
and are subject to fast siltation problems, with severe economic consequences. 
Widespread River training measures (i.e. check-dams, bank protections, channel 
modifications) have been deployed in the past decades in various Alpine streams and 
Rivers, which increased greatly the sediment transport capacity. The combination of 
sediment deficit (through reduced sediment connectivity) and increased transport capacity 
led to substantial Riverbed degradation in many Alpine Rivers.  

Anthropogenic changes in sediment dynamics are not limited within the boundaries of the 
Alpine region forming an important basis for many issues related to hydraulic engineering, 
risk assessment and economy worldwide. Indeed, transnational sediment and large wood 
management actions are required to pursue in an integrated way flood risk mitigation and 
ecological preservation or restoration of River corridors. 

However, due to the intrinsic nature of sediment and wood transport processes, their 
understanding and prediction capabilities are still very scarce almost no systematic 
transport data are available in the Alpine region, especially in a harmonized, standardized 
and quality-assured form.  

Workpackage 5 aimed to fill this gap by conducting the first standardized transnational 
monitoring of sediment and wood transport in Alpine basins.   



7 

 

 

 

2 Aims 

The aim of WP5 was in general to perform sediment and wood transport monitoring in 
selected study sites during the project period. In order to do this, the following detailed 
aims can be mentioned: 

 

• Definition of appropriate sediment monitoring techniques for the selected study 
sites 

• Installation of the monitoring equipment in study sites 
• Performance of the monitoring throughout the WP 
• Analysis of the spatio-temporal variability of transport processes  
• Harmonization of the monitoring programs and protocols 
• Comparison of field data with bedload and wood transport equations 
• Analysis of the interaction of sediment flux with River restoration interventions 

 

This lead to the following actions:  

• Sediment transport monitoring (suspended load, bedload, debris flows, large 
wood), using existing monitoring sites (through direct and surrogate techniques) 

• Standardisation of methods and data collection on sediment transport 
• Analysis and assessment of the spatial and temporal variability of sediment fluxes 

at the monitoring sites 
• Evaluation and improvement of sediment transport equations and of available 

numerical models 
• Sediment transport monitoring in and evaluation of River restoration projects 

aimed at enhancing sediment and wood continuity 

 

Based on these actions, the following outcomes were targeted within WP5: 

• Dataset on sediment and wood transport rates and volumes for different regions in 
the Alps 

• Protocol on standardized data collection methods in sediment transport monitoring 
for transboundary exchange (1st Milestone) 

• Report on spatio-temporal variability in sediment transport 
• Report on opportunities and challenges in improving equations and models for 

predicting sediment and wood transport rates (3rd Milestone) 
• Report on the results of the evaluation of restoration projects with respect to 

measured sediment fluxes 
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3 Overview of pilot sites 

Within SedAlp WP5, monitoring activities on 28 different pilot sites in Austria, Germany, 
France, Italy and Slovenia have been conducted. Figure 1 show the location of these pilot 
areas, where monitoring activities concerning woody debris, debris flow, bedload and 
suspended load have been undertaken in the project. The different pilot sites show a great 
diversity in catchment size, channel slope and hydraulic parameters and cover the whole 
bandwidth from small, high alpine catchments (e.g. Strimm: 5 km² catchment size, 2427 

m elevation a.s.l) to big catchments in the alpine valleys (e.g. Drau/Dellach: 2131 km² 
catchment size, 600 m elevation a.s.l). It is worth noting that other monitoring stations for 
these processes are present in the Alpine region (e.g. for bedload and debris flows in 
Switzerland, for suspended sediment in Austria) but being not part of the SedAlp project 
they are not included in the map. 

A detailed overview about the basic topographical and hydrological characteristics is 
presented in Table 1 and reflects the big variety of the SedAlp study sites.  

 

 
Figure 1: Map of all SedAlp-WP5 monitoring stations (Frédéric Liebault) 
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Table 1: Overview about basic data of the monitored pilot sites 

River (R.) / 

Creek (C.) / 
Torrent (T.)  

Station 
name/ 

location 

Monitored 
process 

Project 
partner 

Catchment 
area 

[km²] 

Mean 
channel 

slope 
[mm-1] 

Mean 
annual 

flow 
[m³s-1] 

Elevation 
[m a.s.l.] 

Suggadin T.  Suggadinbach Bedload LP 75 0.08 NA 1033 

Saldur R. Saldur USG  Bedload PP1 11.2 0.07 0.4 2350 

Saldur R. Saldur LSG  
Bedload + 
suspended 

PP1 18.6 0.06 0.7 2150 

Sulden R. 
Stilfserbrücke/
Ponte Stelvio 

Bedload + 
suspended 

PP1 130 0.04 NA 1150 

Gadria C. Gadria  Debris flow 
PP1 and  

PP4 
6.3 0.16 NA 1394 

Strimm C. Strimm US  Bedload 
PP1 and 

PP4 
5.0 0.04 0.19 2427 

Strimm C. Strimm LS Bedload 
PP1 and 

PP4 
7.5 0.10 0.35 1830 

Cordon C. 
Rio Cordon 

station 

Suspended 
load and 
bedload 

PP2 and 
PP3 

5.0 
0.136 

(mean) 
0.26 

1763 (at 
monitoring 

station) 

Chiesa T. Chiesa Debris flow PP2 0.95 
0.45 

(mean) 
- 

1570 (at 
monitoring 

station) 

Piave R. Belluno Large wood PP3 4126.8 0.0045 130 350 

Tagliamento 
R. 

Forgaria nel 
Friuli 

Large wood PP3 2580 0.0036 70 170 

Cordevole R. Saviner Wood/Bedload PP3 843 0.022 5.5 1030 

Moscardo T. 
Moscardo 
Torrent 
station 

Debris flow PP4 PP4 4.1 0.116 NA 

Isar 

3rd sill 
downstream 

the 
Sylvenstein 
reservoir 

Bedload -
Artificial 
inserted 
sediment 

PP6 NA - ~0.148 725 

Isar 
“Steinbock 
monument” 

Bedload - 
Artificial 
inserted 
sediment 

PP6 NA - ~0.148 710 

Isar 
Mouth of 
Arzbach 
torrent 

Bedload PP6 16.8 - ~0.203 680 - 1700 

Isar 
Moth of 

Hirschbach 
torrent 

Bedload PP6 11.5 - ~0.203 689 - 1600 
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*gauge Saalfelden 
 
  

Isar 
Mouth of 

Jachen torrent 
Bedload PP6 85.34 - ~0.17 692 - 1559 

Isar 
Mouth of 

Schwarzenbac
h torrent 

Bedload PP6 18.7 - ~0.17 691 - 1450 

Manival T. Manival S1 Debris flow PP7 2.1 0.218 NA 850 

Réal T.  Réal S1 Debris flow PP7 1.3 0.195 NA 1450 

Réal T.  Réal S2 Debris flow PP7 1.7 0.123 NA 1340 

Réal T.  Réal S3 Debris flow PP7 2.0 0.095 NA 1254 

Moulin T.  
Moulin Ravine 

at Draix 
Bedload PP7 0.089 0.04 

intermitt
ent 

850 

Rhône R. Génissiat Wood PP8  10910 0.005 356 335 

Drôme R. Allex Wood PP8 1600 0.031 20 146 

Ain R. Ain  Wood PP8 3600 0.013 120 220 

Gradaščica R.  Gradaščica 

Suspended 
load, channel 

hydro-
morphology 

PP9 78.8 0.027 2.27  
343 (at 

monitoring 
station) 

Kuzlovec T.  
Kuzlovec  

(Gradaščica 
tributary) 

Suspended 
load, channel 

hydro-
morphology, 

bedload 

PP9 0.71 0.235 0.011 
406 (at 

monitoring 
station) 

Drau R. Drau at Lienz Bedload PP11 668 0.0025 13.4 680 

Isel R. Isel at Lienz Bedload PP11 1198.7 0.0035 38.9 667 

Drau R. 
Drau at 
Dellach 

Bedload PP11 2131 0.0018 62.6 600 

Urslau R. Maria Alm Bedload PP11 55 0.0243 4.41* 830 

Bistričica T. 
Štrancar's 

retention dam 
Bedload PP12 9.4 0.18 ~0.48 428 - 1228 
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4 Results 

4.1 Protocol on standardized data collection methods in sediment 
transport monitoring for transboundary exchange (1st 
Milestone– Action 5.2) 

4.1.1 Introduction  

The main objective of the SedAlp project is to develop tools and strategies for an 
integrated sediment management. To reach this ambitious goal, it is elementary to 
understand the behaviour and characteristics of sediment and wood transport. The 
knowledge about this complex natural process is still limited; therefore field observations 
and data on sediment and wood transport are needed. Work package 5 (WP5), with the 
title “Sediment transport monitoring”, basically aims on providing this data to expand the 
understanding of sediment transport, debris flows and wood transport.  

Throughout the whole Alpine Region, a lot of different monitoring methods in sediment 
transport are currently in use. The presented first SedAlp Milestone, with the title “Protocol 
for data collection method in sediment transport”, aims on ensuring the comparability of 
the collected monitoring data.  

Therefore, three standard protocols on bedload transport, debris flow and wood transport 
monitoring have been developed. These protocols are intended to describe the used 
monitoring technics and data processing methods. Furthermore, the protocols work also as 
guidelines to assist in choosing the appropriate monitoring method for supporting 
prospective monitoring efforts.  

The tremendous amount of monitoring data, derived by indirect bedload measurement 
devices like geophones, revealed the necessity of standardized data storage. Based on this 
requirement, a geophone and gauge database tool had been developed by BOKU-IWHW 
which automatically imports, stores and provides monitoring data by surrogate devices. 
The program is built up to handle both, geophone and gauge data. The source code of the 
user interface is available to all partners in the SedAlp project by contacting project 
partner 11, BOKU-IWHW.  
 

• Document of the 1st Milestone can be found in the Annex 
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4.1.2 Executive summary of the 1st Milestone 

4.1.2.1 Bedload transport 

Field-derived knowledge data of bedload transport is required to adequately plan flood 
protection and torrent control systems, waterway management and in general River 
engineering works. Furthermore, quantification of bedload transport is needed for issues 
concerning ecosystem dynamics and hydropower management. From relatively low to 
flood flows, bedload transport features a dramatic spatio-temporal variability and a fairly 
stochastic behaviour. Therefore, field measurements are essential to select, apply and 
calibrate bedload transport formulas and numerical models. Nonetheless, measuring 
bedload transport in natural Rivers is still a challenging task. 

Several different methods are currently used for bedload monitoring worldwide. They all 
have advantages and disadvantages, thus in many instances it is recommended to 
combine different methods to achieve the desired goals.  

The protocol on bedload transport monitoring give an overview about the different 
methods, with a focus on those deployed within the Project SedAlp. A suitability table 
provides information, whether or not a method is suited to measure a certain parameter. 
The protocol also provides harmonized field forms, which enable for the first time 
standardized monitoring activities in the Alpine region. Furthermore, the protocol assist in 
choosing the appropriate monitoring method and provide support in the definition of 
requirements for a newly build bedload monitoring station. 

4.1.2.2 Debris flow 

The protocol on debris-flow monitoring aims at describing minimal requirements for a 
debris-flow monitoring site and characterizing the existing sensors and methods of data 
collection. Within SedAlp Project, several catchments are instrumented for debris-flows 
monitoring: Gadria by the Autonomous Province of Bozen-Bolzano (PP1) and CNR-IRPI 
(PP4), Chiesa by ARPAV (PP2), Moscardo by CNR-IRPI (PP4), Manival and Réal by Irstea 
(PP7). Monitoring concepts of these pilot areas have been used to draft the document; 
devices and measurements methods implemented in European debris-flow monitoring 
sites outside the project were also considered in order to provide a broad view of existing 
methods for debris-flow monitoring. 

The protocol stresses the importance of debris-flow monitoring devices and methods as a 
non-structural measure needed to cope with debris-flow risks in the framework of a 
warning system. Among the principal investigated parameters, rainfall, flow 
characteristics, peak flow depth and ground vibration are analysed along with the proper 
measuring devices. As an elaboration of the obtained raw information, the protocol 
stresses the importance of deriving reliable and accurate debris-flow hydrographs, mean 
flow velocities, peak discharges and volumes relying on the most comprehensive 
approaches found in literature. Finally, some suggestions on the acquisition parameters for 
the main devices applied to debris-flow monitoring are provided, in order to meet the need 
of standardization in data collecting and analysis for a better investigation and 
comprehension of the examined phenomena. 
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4.1.2.3 Wood transport 

The protocol on wood monitoring tested on the SedAlp program is based on monitoring 
wood flux at-a-station using ground camera to detect evolution of wood raft within a 
reservoir or from video to detect flux of individual wood pieces. Within SedAlp Project, two  
River catchments are instrumented for wood monitoring: the Rhône at Génissiat, and the 
Ain at Chazey, both in France. A third one is in progress on the Drôme River, still in 
France. It is still operating at an experimental level but innovative results have been 
provided within this project. There are a few difficulty to handle with : equip as much as 
possible camera vertically to the channel mirror to minimise difference in resolution from 
the front to the bottom of the image (choose a high elevation point to install the camera 
with maximal flow current in front), calibrate the resolution which varies in space and in 
time (due to changes in water level), account for potential reflection on images (e.g., 
standing riparian trees) due to sun orientation which reduce the accuracy of raft versus 
water separation on photos, collect 5 to 10 images per s for optimising the detection 
probability of wood pieces on video.  

Furthermore, the protocol on wood monitoring has been tested along the Piave and 
Cordevole Rivers (Northeastern Italy). Within the SedAlp Project, along these channels, 
three different types of instrumentation were applied in order to obtain results on Large 
Wood tracking. Besides the use of the common tag (RFID tag), it was tested the reliability 
of the active and passive GPS tracker devices. These instruments allow the tracking and 
the registration of LW position along the channel during the displacement. The active 
trackers, unlike the passive ones, have the ability to send in real time several informations 
(i.e. time, position, battery life time). Despite these characteristics, the passive GPS 
trackers have the capacity to provide more data during the log entrainment, allowing more 
accurate information on log entrainment and velocity during flood events. These kinds of 
investigations contribute to increase the knowledge of the complex process of LW 
transport during flood events, such as the entrainment thresholds and the trajectories of 
the transported logs. All these information can be useful for a better managing approach 
where it is necessary. 
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4.1.3 Suitability of monitoring methods  

4.1.3.1 Suspended load monitoring 

Table 2 shows an overview about the suitability of the suspended sediment measuring 
techniques. An overview of suspended sediment measurement techniques is provided by 
Wren et al. (2000), whereas Gray and Gartner (2009) presented the technological 
advances being made in surrogate monitoring. Based on the advantages and 
disadvantages of the each measuring technology shown in Table 2 one can select the 
appropriate measuring technique for the specific task because not all techniques are 
suitable for all specific conditions of the individual measuring sites.   

  



15 

 

 

 

Table 2: suitability classification of suspended sediment monitoring devices concerning specific 

parameters. The point classification is as follows:  highly suited for measuring this parameter, 
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4.1.3.2 Bedload monitoring 

Several different methods are currently used for bedload monitoring worldwide. They all 
have advantages and disadvantages, thus in many instances it is recommended to 
combine different methods to achieve the desired goals. Table 3 gives an overview about 
the different methods, with a focus on those deployed within the Project SedAlp and 
provides information, whether or not a method is suited to measure a certain parameter. 
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Table 3: suitability classification of bedload monitoring devices concerning specific parameters 

(modified from Habersack et al., 2010). The point classification is as follows:  highly suited for 

measuring this parameter,  suited for measuring this parameter,  partially suited for measuring 
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4.1.3.3 Debris flow monitoring  

A number of devices and methods have been developed for monitoring debris flows. Table 
4 presents a classification in terms of suitability of debris-flow monitoring devices 
concerning the most important parameters for debris-flow investigation. 
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Table 4: suitability classification of debris flow monitoring devices concerning specific parameters 

The point classification is as follows:  highly suited for measuring this parameter,  suited for 

measuring this parameter,  partially suited for measuring this parameter, - not suited for 

measuring this parameter 
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4.1.3.4 Wood transport monitoring 

Table 5 shows the different monitoring methods available for wood transport and the 
parameters which can be acquired from them. 

 
Table 5: suitability classification of wood monitoring devices concerning specific parameters The 

point classification is as follows:  highly suited for measuring this parameter,  suited for 

measuring this parameter,  partially suited for measuring this parameter, - not suited for 

measuring this parameter 
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4.1.4 Monitoring methods used in SedAlp pilot sites 

4.1.4.1 Suspended load monitoring  

Table 6 shows the measuring methods for the suspended load monitoring in SedAlp pilot 
sites. In all the pilot sites where suspended sediment loads are being observed the 
turbidity sensors are used to observe the suspended sediments.  

 
 
Table 6: Measuring methods for the suspended load monitoring in SedAlp pilot sites 
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4.1.4.2 Bedload transport monitoring 

Table 7: used bedload monitoring methods in SedAlp pilot sites 
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4.1.4.3 Debris flow monitoring  

Table 8: used debris flow monitoring methods in SedAlp pilot sites 
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4.1.4.4 Wood transport monitoring  

 
Table 9: used wood monitoring methods in SedAlp pilot sites 
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4.1.5 Geophone and Gauge database query 

4.1.5.1 Introduction 

Action 5.2 has dealt with the standardization of the various used methods for 
measurement and data collection, leading finally to the 1st SedAlp Milestone, “Protocol on 
standardized data collection methods in sediment transport monitoring for transboundary 
exchange”.  

During that task the tremendous amount of monitoring data, derived by indirect bedload 
measurement devices like geophones, revealed the necessity of standardized data 
storage. Based on this requirement, a geophone and gauge database tool had been 
developed by BOKU-IWHW which automatically imports, stores and provides monitoring 
data by surrogate devices. The automatic procedure is less error-prone than usual 
manual-based methods and assures a long term data storage and management. The 
storage tool consists of site individual data transmission and feeding programs (written in 
C), an SQL database which stores the data and a HTML based database query program 
which accesses the monitored data providing a standardized user interface (Figure 3). The 
program is built up to handle both, geophone and gauge data. The source code of the user 
interface is available to all partners in the SedAlp project by contacting project partner 11, 
BOKU-IWHW.  

 

The main features of the geophone and gauge database query are: 

• visualisation (Figure 2) and export of time series of geophone and gauge data for 
predefined time scales and intervals 

• multiple selection of sensors 
• calculation of time series mean values  
• 2 dimensional and 3 dimensional plot of geophone data for the whole cross section 
• interval analysis of geophone data  
• check of database integrity for data gaps 

 

 
Figure 2: automatic visualisation of geophone and gauge data using the geophone data query 
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Figure 3: Screenshot of geophone and gauge database query  
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4.1.5.2 Construction of the SQL geophone database 

The geophone SQL database structure is presented in the following table. The field ‘time’ 
holds the number of seconds since the epoch (January 1, 1970) and comprises the 
primary key of the table. The fields ‘imp’, ‘int’ and ‘amp’ hold the number of impulses, the 
voltage integrals and the maximum voltage amplitude per measurement interval (1 
minute), respectively. These fields are composed as arrays since they need to store the 
information for each geophone. 
 

Table "public.geophone" 

 Column |   Type    | Modifiers  

--------+-----------+----------- 

 time   | integer   | not null 

 imp    | integer[] |  

 int    | real[]    |  

 amp    | real[]    |  

Indexes: 

    "geophone_pkey" PRIMARY KEY, btree ("time") 

 

In addition to geophone measurement data, hydrographic data is stored in further tables, 
exemplified by the waterlevel in the following table. Here, the ‘time’ value is again defined 
as number of seconds since the epoch, ‘waterlevel’ is the corresponding gauge reading 
and ‘quality’ allows various datasets for a specific time to be distinguished (e.g. raw gauge 
data vs. cross-checked gauge readings by a hydrographic service). The database engine is 
configured to always return the value with the highest ‘quality’ parameter associated with 
it. 

 

     Table "public.waterlevel" 

   Column   |   Type   | Modifiers  

------------+----------+----------- 

 time       | integer  |  

 waterlevel | real     |  

 quality    | smallint | 
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4.2 Dataset on sediment and wood transport rates and volumes for 
different regions in the Alps – Action 5.1 

4.2.1 Monitoring results  

4.2.1.1 Suspended load  

4.2.1.1.1 Italian sites 

Saldur River 

 The lower monitoring station of the Saldur River (LSG) permitted to collect 
interesting data on suspended sediment transport in a small glacierized basin, thanks to 
the installation of a turbidimeter (plus conductimeter) and to several direct samples to 
relate turbidity to suspended sediment concentration (SSC). The temporal pattern of air 
temperature, rainfall, water discharge, electrical conductivity (EC) and suspended 
sediment concentration (SSC) in the Saldur River for the 2012 as an example is shown in 
Figure 4. 

 
Figure 4: Temporal variations measured in the Saldur River (LSG station) from June to September 

2012 in terms of air temperature, rainfall rates, water discharge (upper panel), electrical 

conductivity (mid panel), and suspended sediment concentration (lower panel). 

From Figure 4 (and Figure 5) marked daily cycles in water discharge, EC and SCC are well 
visible, ultimately driven by variations in air temperature. In addition, SSC response to 
rainfall events can be observed.  
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Figure 5: Typical daily variations occurring during warm August days in water discharge and turbidity 

in the Saldur River (LSG station). 

 
Remarkably, much higher SSC were measured during glacier melt (SSC > 8 gl-1 vs max 2 
gl-1 during snowmelt, see section 4.3). Unfortunately, the turbidimeter used (stand-alone, 
battery-powered due to logistical constraints) can read up to 3000 NTU only, 
corresponding in the Saldur to about 8-9 gl-1. As visible in the graph, in some August days 
the peaks in SSC were most likely higher than this limit, we cannot have a reliable 
measure for these. Overall, in 2012, suspended sediment yield amounted to about 1·104 t 
(500 t km-2), of which about 85% due to glacier melt.  

Differences in the relationship between suspended sediment concentration (SSC) and 
water discharge in the Saldur River are illustrated in Figure 6, where it is clearly visible 
how SSC increases through the summer for similar values of flow rates. As already 
mentioned in section 3, this can be ascribed to the shift from snowmelt to glacier melt 
occurring in July, Interestingly, this parallels what observed for bedload (see section 
4.1.1.2.2). 

 
Figure 6: Variations in the relationship between water discharge and SSC from June to September 

2012. 
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Sulden River 

The Sulden station (see Annex for its description) started its recording of suspended 
sediment transport in May 2014. Turbidity data were converted to sediment concentration 
based on manual bottle samples collected near the instrument in the different spring and 
summer months. Due to the limited number of samples collected so far, the SSC values 
displayed in Figure 7 have to be considered preliminary and subject to possible variations 
after further sampling in 2015.    

 

 
Figure 7: Water discharge and suspended sediment concentration measured in the Sulden River 

from May to October 2014. Reliable turbidity values during the 13th August flood peak are not 

available for an instrument malfunctioning due to fine sediment deposition around it. 

 

 

Cordon Creek 

The suspended sediment transport recording is carried out by two turbidimeters 
continuously measuring (time step 5 min) water turbidity (Annex). The inlet channel 
turbidity data are recorded in NTU (Nephelometric Turbidity Units), and then converted 
into the corresponding values of SSC (suspended sediment concentration, in mg/l) using 
two different equations are used depending on turbidity levels (threshold = 240 NTU). 

          

Annual budgets of the suspended sediment load and bedload for the period 1986–2013 are 
reported in Table 10. 
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Table 10: Annual characteristics of sediment production in the Rio Cordon (Lenzi et al., 2003 (1986-

2001) and Garcìa-Rama et al., 2015 (2002-2014)). (1) Annual suspended sediment load calculated 

only for summer and autumn (1 Jul - 30 Nov) – no data availability about turbidity during spring; (2) 

annual suspended sediment load calculated only for summer and autumn (1 Jul – 30 Nov) – no data 

availability about turbidity and water discharge during spring; (3) annual suspended sediment load 

under calculation. 

 
 

From Table 10 it results that 78% of the total sediment load which occurred over 28 years 
(1986 – 2013; 13553.3 t) was in the form of suspended transport. However, a large part 
of this volume was supplied during only two single floods — September 1994 and May 
2001 — with 24 and 15%, respectively. The sediment relative density used for converting 
bedload data—that are volumetric—into weight values is 2.65 t m-3, and the porosity of 
the bedload heap adopted to obtain void-less volumes is 35%. The data for the period 
2002-2014 are still under valuation and elaboration by the University of Padua and the 
analysis will be published in Garcìa-Rama et al. (2015).  

 

 

 

  

Suspended 
sediment 
load (t)

Bedload 
(t)

Total 
sediment 
load (t)

1986 806.9 0.0 806.9 100%
1987 792.1 85.6 877.7 90%
1988 312.7 0.0 312.7 100%
1989 251.8 145.6 397.4 63%
1990 302.1 0.0 302.1 100%
1991 86.9 67.2 154.1 56%
1992 50.6 15.5 66.1 77%
1993 175.4 17.2 192.6 91%
1994 2521.5 1543.4 4064.9 62%
1995 110.8 10.3 121.1 91%
1996 436.2 94.7 530.9 82%
1997 73.9 0.0 73.9 100%
1998 744.7 516.8 1261.5 59%
1999 73.4 32.7 106.1 69%
2000 641.6 92.2 733.8 87%
2001 1568.5 174.0 1742.5 90%
2002 615.5 183.4 798.9 77%
2003 1.9 1.7 3.6 52%
2004 180.2 7.9 188.1 96%
2005 232.8 1.6 234.4 99%
2006 (1) 45.9 1.2 47.1 97%
2007 (1) 25.3 0.0 25.3 100%
2008 (1) 7.0 0.0 7.0 100%
2009 (1) 11.2 3.1 14.3 78%
2010 (1) 95.4 1.4 96.8 99%
2011 167.0 0.9 167.8 99%
2012 (2) 8.1 24.5 32.5 25%
2013 189.3 3.8 193.1 98%
2014 (3) - 113.0 - -

10528.7 3024.6 13553.3 78%

Year

total 
(1986-2013)

Suspended 
load/sediment 

load
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4.2.1.1.2 Slovenian sites 

Gradaščica River and Kuzlovec torrent  

Turbidity measurements in the Kuzlovec torrent were performing continuously during 
specific events. 21 complete events were recorded in period from March 2013 to May 
2014. Events were defined based on the precipitation events, which were separated by 6 
hours dry inter-event period. Table 1 shows basic descriptive statistics values for some of 
the measured event characteristics. All measured events are summarized in Figure 8.  

 
Figure 8: Dependence characteristics between pairs of variables, namely accumulated precipitation 

(P), peak discharge (QMAX), hydrograph volume (m3), suspended sediment concentration peak 

(SSCMAX) and suspended sediment load (SSL). 

 

Total rainfall sum of measured events was 570 mm, which represents about 37 % of mean 
annual rainfall for the selected area. During these events approximately 2 t of suspended 
sediment load (SSL) were transported where the suspended sediment concentration peaks 
(SSC) ranged from 14 to 850 mg/l and discharge peaks varied between 7 to 125 l/s.  

 
Table 11: Descriptive statistics values for some of the measured variables in the period from March 

2013 to May 2014. 

Statistics P [mm] Qmax [/s] V [m3] SSCmax [mg/l] SSL [kg] 

Minimum 1.6 6.7 223.7 14.5 0.4 

Maximum 63 125.9 6974.5 857.3 470.3 

Mean 27.2 31.1 1296.2 290.6 94.3 

Standard 
deviation 

16.4 29.7 1579.6 272.3 136.5 
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Figure 9 shows the results of the continuous suspended sediment concentration 
measurements presented as the resulting suspended sediment transport rates during 
some of the flood events in the Kuzlovec torrent. 

 
Figure 9: Continuous measurements of the suspended sediment load (SSL) in the Kuzlovec torrent. 

Table 12 shows Kendall’s correlation coefficients for pairs of variables, namely 
accumulated rainfall (P), peak discharge (Qmax), hydrograph (flood event) volume (V), 
suspended sediment concentration peak (SSCmax) and suspended sediment load (SSL) for 
the period March 2013 to May 2014. One can notice that calculated correlation coefficients 
are quite similar (about 0.7) for most of the pairs of variables. However, the Kendall’s 
correlation coefficient between peak discharge and suspended sediment concentration 
peak was 0.5, meaning that the use for Q-SSC curve for the estimation of missing SSC 
values can be questionable. Therefore, Copula model (description can be found in the 
Annex) was used for the estimation of SSL values based on measured Q and P values. 
These means that additional information (variable) was used for the estimation of the SSL 
values for events, when the turbidity observations were not performed.  
Table 12: Kendall’s correlation coefficients for pairs of variables for events shown in Figure 4. 

 P [mm] Qmax [l/s] V [m3] SSCmax [mg/l] SSL [kg] 

P [mm] 1 0.70 0.61 0.57 0.70 

Qmax [/s] 0.70 1 0.80 0.5 0.79 

V [m3] 0.61 0.80 1 0.37 0.66 

SSCmax [mg/l] 0.57 0.51 0.37 1 0.70 

SSL [kg] 0.70 0.79 0.66 0.70 1 
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The methodology described in the Annex was used for the estimation of the SSL values 
based on the recorded Qmax and P values. The completely dataset of measured events was 
used for the estimation of the marginal distribution functions and copula parameters 
(Annex). The measured rainfall amounts were supplemented by the data from Črni Vrh 
nad Polhovim Gradcem gauging station, which is operated by the Slovenian Environment 
Agency (ARSO). For days with snow, the recorder rainfall values were checked and if 
significant differences were observed the rainfall amounts were corrected based on the 
data from Črni Vrh nad Polhovim Gradcem station. 

 

In October 2014 the turbidity sensor was moved to the Dvor gauging station at the 
Gradaščica River. Figure 10shows discharge and suspended sediment load (SSL) 
measurements for October and November 2014. During this period in total about 21,000 t 
of SSL material was transported, which yields specific sediment yield of about 2.6 t/ha. 
One relatively extreme event occurred at the end of October. Furthermore, if bedload is 
estimated as 20 % of the suspended sediment load, the specific sediment yield for this 
period is approximately 3.2 t/ha.  

 

 
Figure 10: Discharge and suspended sediment load (SSL) measurements for October and November 

2014 flood events. 
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4.2.1.2 Bedload transport 

4.2.1.2.1 Italian sites 

Saldur River 

In the Saldur River, during the Sedalp project it was possible to analyse bedload data 
collected by the Japanese acoustic pipe sensor in 2011 (the instrument did not work 
properly in the following years due to sediment aggradation), by the stationary PIT 
antennas in the period 2011-2014, and by the use of portable “Bunte” traps in the period 
2011-2014 at two cross-sections (USG and LSG). In parallel, hydrologic tracers (electrical 
conductivity and stable isotopes of water) were used in the basin to understand the timing 
and formation of the different runoff processes, in particular snowmelt vs glacier-melt 
(Figure 11a). Also, a morphological monitoring of the main Saldur channel was carried out 
from 2011 to 2014 by repeated cross-section surveys to detect changes in sediment 
storage within the channel. Finally, a high-resolution ALS DTM was performed in 
September 2013, which allowed estimating morphological changes at the basin scale as 
well as the glacier mass budget 

  

Figure 11: Hydrographs showing the main runoff sources (left) and bedload rates (right) derived for 

“Bunte” traps in the Saldur River at the LSG site from 2011 to 2014. 

 

Bedload rates measured by deploying Bunte traps ranged from values close to incipient 
bedload motion (i.e. negligible transport) up to >1 kg s-1, but the relationship between 
bedload rate and water discharge (coefficient and exponent of the relative power function) 
is clearly season-dependent (Figure 11b), as it will be explained in section 3.3.1. A similar 
pattern can be observed from data collected at section USG (not shown).  

Incipient motion conditions were studied by the sediment size within bedload samples and 
by the passage of the PIT-tagged clasts over the stationary antennas (Figure 12a). Both 
methods indicate a high degree of equimobility in the size range 40 mm – 200 mm, but 
the latter method shows also how the magnitude of antecedent flows affects the threshold 
at which a certain clast is entrained (Figure 12b). The influence of antecedent flows on 
incipient motion was investigated dividing the maximum discharge recorded between each 
PIT placement and its entrainment by the critical discharge which mobilized it (ratio 

Snowmelt Glacier melt 
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Qmax/Qc). It results that only 45% of tracers moved at Qmax /Qc ~ 1, 70% of tracers moved 
at Qmax / Qc < 1.5, and that coarser particles need higher Qmax/Qc ratio to be entrained and 
transported (Figure 12). Higher antecedent flows may be needed for destabilizing the bed, 
likely at the scale of sediment clusters. 

 

a 

 

b 

Figure 12: Critical discharge for the motion of clasts of different size as measured by the PIT system 

(a, left) and the Qmax/Qc ratio associated to each transported clast binned in size classes (b, right). 

Finally, data collected from the Japanese acoustic pipe sensor were used uncalibrated to 
analyse hysteretic cycles and seasonal variations in the relationship between water and 
bedload transport (Mao et al. 2014, see section 3.3.1), and they were also calibrated 
through the direct bedload measurements collected by the Bunte trap (Dell’Agnese et al., 
2014). 

 

Strimm Creek 

Within the Sedalp project, PIT-tagged clasts were deployed to investigate bed mobility and 
clast travel distances in the upper and lower Strimm Creek, in collaboration with PP4 (in 
particular with Univ. Milano-Bicocca). In the whole channel, a total of 489 clasts were 
released over the observation period, with 231 tagged clasts deployed in the lower reach 
(LS), and 258 released in the upper reach (US).  The monitoring of PIT-tagged clasts was 
carried out by a portable PIT antenna from spring to autumn (Figure 13). 

 

Figure 13: Hydrograph of the Strimm Creek showing the PIT-tagged clasts survey times in the 2011-

2014 period (from Dell’Agnese et al., 2015). 
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The relative position of each clast was measured from a series of georeferenced control 
points along the topographical network created during 2010-2012 surveys, so that, after 
each survey, it was possible to derive the absolute position of the clasts, their travel 
distances and their virtual velocity (based on their actual time of travel estimated from 
incipient motion thresholds).  All movements < 0.5 m were considered as no motion for 
subsequent analysis (tolerance due to instrumental errors).   

The resulting virtual velocities are plotted against clast weight class (Figure 14) for 
selected periods (weight classes were observed to provide better results than b-axis 
particle diameter). Data from the upper reach feature a large scatter, over at least two 
orders of magnitude, with in general low velocities (range between 0.001 and 1.50 cm 
min-1) which tend to be higher for the larger size classes (size-selectivity behaviour). In 
contrast, the lower reach presents evidence of near-equimobility conditions for the 
analysed size range, as virtual velocities of each period are very similar for all the size, 
apart from the largest elements (Dell’Agnese et al., 2015). 

Finally, virtual velocities were used to estimate the total sediment transported during the 
survey period, assuming an active sediment layer corresponding to the median bed 
particle size.  As expected, seasonal maxima for transported values were recorded during 
the snowmelt periods, with almost no transport occurring winter-early spring time. 
Bedload volumes for the lower reach result to be more than an order of magnitude greater 
than those recorded in the upper reach for the same periods et al., 2015).. Over the entire 
survey period, bedload volumes amount to < 10 m3 vs 800 m3 for US and LS, 
respectively).  

 

Figure 14: Virtual velocities of PIT-tagged clasts in the lower (above) and upper (below) Strimm 

reach (from Dell’Agnese et al., 2015). 
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Sulden River 

For the Sulden River station, operational from spring 2014 (see Annex), the relationship 
between water discharge and number of impulses recorded by the acoustic pipe from April 
to mid-August is shown in Figure 15. The water discharge at which bedload transport 
seems to be incipient is about 4 m3s-1 (~0.4 m2s-1). Large variations in bedload intensities 
are visible for similar water discharges, especially in May and June. In August 2014, a 
flood event estimated with a recurrence interval of about 10 yr occurred in the basin, and 
large boulders (up to 1m in diameter) damaged the pipe sensor. However, the geophone 
plates worked properly (Figure 16) and allowed to monitor the bedload flux during the 
event which reached very high intensities, estimated to have been up to 2000-3000 kg m-1 

min-1 (based on the calibration curve between bedload rate and number of impulses at the 
geophones obtained at lower discharges and bedload rates).   
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Figure 15: left; water discharge and bedload rates (derived from the amplification channel 5 of the 

pipe sensor) in the Sulden River from late April to mid-August (when the pipe got damaged by a 

boulder). right; relationship between water discharge and bedload rates in the same period. 

 

 

 

Figure 16: Flood hydrograph and bedload rates measured in the Sulden River during the 2014 event.    
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Cordon Creek 

At the Rio Cordon monitoring station bedload transport is separated from the finer 
sediments (< 20 mm) through a grid located at the end of the inlet channel (Annex). So, 
the coarse sediment is recorded continuously (time step 5 min) by a set of 24 ultrasonic 
sensors fixed over the depositional place. 

The database on continuously recorded hydraulic and hydrological data of Cordon Creek 
makes possible hydraulic and sediment analyses on mountain streams dynamics, as 
reported in the Table 13, where the main flood events occurred in the last 29 years are 
compared to other hydraulic parameters and to sediment transport amounts and 
dynamics. 
Table 13: Characteristics of the floods recorded by the Rio Cordon monitoring station, since 1986 

(elaboration: University of Padua). (*) Data regarding flood occurred in the period 2009-2014 are 

still under valuation and elaboration by the University of Padua and the analysis will be published in 

Garcìa-Rama et al. (2015). 

 
 

On 14th September 1994, an intense flood featuring a peak water discharge of 10.4 m3/s 
and a peak bed-load transport rate of approximately 157 kg/s was recorded (Lenzi et al., 
2004). Such a high-magnitude event features the typical flash flood pattern i.e., a very 
high peak flow rate, a very short duration (4 h), and 900 m3 as total bedload volume. The 
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11 October 1987 5.15 5.6 54.8 1.8 3.8 8 79.9 6.85 — — — —
15 July 1988 2.43 1.6 1.0 — — 1 — — — — — —

3 July 1989 4.39 3.9 85.0 2.2 2.7 27 103.4 3.15 54 103 207 242
22 May 1990 0.85 1.0 1.0 — — 1 — — — — — —

17 June 1991 4.00 3.3 39.0 2.0 2.4 20 57.9 1.95 30 51 100 135
5 October 1992 2.91 2.0 9.3 1.9 2.1 10 21.5 0.93 22 43 111 162
2 October 1993 4.28 3.7 13.7 2.3 3.7 6 30.7 2.28 29 61 135 186

18 May 1994 1.79 1.2 1.0 1.6 1.6 12 5.4 0.08 21 33 52 62
14 September 1994 10.42 52.6 900.0 1.8 3.3 4 26.6 225.00 65 116 226 281

13 August 1995 2.72 1.8 6.2 1.8 2.0 1 1.8 6.20 — — — —
16 October 1996 2.96 2.0 57.0 1.8 2.0 15 22.0 3.80 40 79 143 163

27 June 1997 1.46 1.1 1.0 — — 1 — — — — — —
7 October 1998 4.73 4.6 300.0 2.0 2.5 17 91.8 17.65 40 78 157 188

20 September 1999 3.65 2.8 19.2 1.7 2.0 6 10.4 3.00 32 54 98 117
13 October 2000 3.28 2.3 55.6 1.2 1.6 35 110.6 1.59 39 61 111 123

11 May 2001 1.46 1.1 80.0 1.1 1.3 13 8.5 6.15 33 48 69 77
20 July 2001 1.98 1.4 20.9 1.6 1.6 5 15.0 4.45 — — — —

 04 May 2002 2.29 1.5 27.4 1.5 1.6 20 29.4 1.37 39 59 99 119
16 November 2002 2.35 1.5 10.0 1.6 1.6 15 18.9 0.69 — — — —
27 November 2002 2.77 1.9 69.1 1.6 1.8 30 70.3 2.30 26 44 78 89

03 May 2003 1.02 1.0 1.0 — — 1 — — — — — —
12 June 2004 2.22 1.5 4.6 — — — — — 25 38 62 77

6 October 2005 1.68 1.2 0.9 — — — — — 18 30 55 71
19 May 2006 1.28 1.0 0.7 — — — — — — — — —

24 May 2009 (*) 1.67 1.2 1.8 — — 13 5.2 0.14 — — — —
5 May 2010 (*) 1.82 1.3 0.8 — — 11 3.7 0.07 — — — —
8 June 2011 (*) 1.15 1.0 0.5 — — — — — — — — —

11 Nov. 2012 (*) 2.10 1.4 14.2 — — 6 4.6 2.29 23 38 70 79
17 May 2013 (*) 1.96 1.3 2.2 — — 16 10.2 0.13 33 44 90 110
9 June 2014 (*) 2.06 1.4 65.6 — — 10 7.8 6.46 24 41 64 76
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coarsest boulders (approx. 1 m) of the bed surface were entrained and transported to the 
station. Most sediment was supplied by the channel bed after the bed armour layer was 
removed, and channel banks, plus some point sources on the catchment slopes (Lenzi et 
al., 2004). Such a high-magnitude, low-frequency event has represented a 
geomorphological threshold for the Rio Cordon basin, since it has altered the stream bed 
geometry (Lenzi, 2001) and the sediment supply characteristics of the basin as a whole 
(Lenzi et al., 2004) and there was a consequent increase in bed-load transport after the 
1994 low-frequency event. 

 

During ordinary flood events, bedload showed intensities of up to 30 kg/s, but most bed-
load rates ranged from 0.1 to 3 kg/s (see Lenzi et al., 2004, for a more detailed 
description of bed-load intensities for different durations and recurrence intervals floods). 
From 2007 to 2011, only low small floods (up to 1.2 m3/s) were recorded with very small 
associated bed-load volumes (lower than 1 m3) (Picco et al., 2012). 

Finally in 11th of November 2012 and 9th of June 2014 occurred the last 2 important 
floods; the last floods occurred in the period 2009-2014 are still under valuation and 
elaboration by the University of Padua and the whole analysis will be published in Garcìa-
Rama et al. (2015). 

 

4.2.1.2.2 French site 

Moulin Torrent 

During the SedAlp project, a continuous bedload transport monitoring was carried out in 
the Moulin Torrent at Draix, using a Birkbeck or Reid-type (Reid et al., 1980) slot sampler 
deployed at the outlet of the catchment.  

Before the deployment of the slot sampler, bedload transport of the Moulin Ravine was 
only known from event-based surveying of a 215-m3 sediment retention basin built at the 
outlet of the catchment. The 26-yr record gave a specific bedload yield of 2809 t km-2 yr-1, 
representing about half of the total sediment yield, including suspended sediment 
transport. Drawbacks from such time-integrated surveying are well known. The mass of 
sediment which is trapped in the retention basin includes some fine particles which have 
not been transported as bedload during the flow. Some decantation deposits in the distal 
part of the trap are regularly observed after flow events, and they cannot be easily 
separated from coarse deposits during the topographic survey. Therefore, bedload yields 
derived from this equipment must be viewed as overestimates of the true bedload mass 
export of the catchment.  

 

The deployment of the slot sampler gave the possibility to collect for the first time at Draix 
a database on instantaneous bedload flux in conditions of very high suspended sediment 
concentrations. The example of the 3rd June 2013 bedload recording is presented in 
Figure 17. This summer flow event is the highest recorded by the slot sampler since the 
onset of bedload monitoring in September 2011. It has been triggered by a short duration 
convective storm event. The peak discharge recorded by the gauging station of the Moulin 
(Parshall flume) reached 1.4 m3 s-1, which is just above the 20-yr recurrence-interval 
peakflow discharge of the Moulin, estimated at 1.3 m3 s-1 (Mathys, 2006). The maximum 
water depth above the sampler reached 60 cm only 10 minutes after the onset of the flow, 
which illustrates the very flashy nature of this kind of summer flow event. Water samples 
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taken the flow (n=4) gave a mean suspended sediment concentration of 250 g l-1, with a 
maximum value of 319 g l-1. 

 

Bedload fluxes were computed for 10-s time intervals from the cumulative pressure 
response of the slot sampler. Major break lines of this cumulative curve were used to 
separate 8 successive periods of bedload transport during the event (referred as P1 to P8 
in Figure 17). During the first three periods, the bedload response follows remarkably well 
fluctuations of the water depth. The maximum bedload flux is recorded during P2, with a 
spectacular value of 37.3 kg m-1 s-1. This rate is quite close to the maximum ever reported 
instantaneous bedload flux in the literature (Laronne and Reid, 1993). During P4 and P5, 
the bedload response stops to follow the rising of the hydrograph, and bedload fluxes are 
lower than expected. It is very likely that the bedload recording during these two periods 
was affected by a partial closure of the upstream cross-section of the slot by coarse 
particles. This is confirmed by the cessation of bedload recording during the following 
period (P6), which occurs even though the inner box of the sampler was not full of 
sediment. The cumulative curve of bedload deposition indicates a cumulative mass of 380 
kg for a full capacity of 440 kg. The closure of the slot can be explained by the deployment 
of vanes along the lateral sides of the slot, to avoid lateral bedload sampling (Figure 18). 
During this flow event, the slot opening was set at 4 cm, and we enlarged to 8 cm after 
this flow event to avoid trapping of coarse particles. A last period of bedload recording 
appears during the recession limb of the flow (P7), likely under the effect of a sudden 
reopening of the slot. This recording lasted only one minute and stopped when the trap 
was full of sediment. 

 

 
Figure 17: Stage hydrographs (in blue), cumulative pressure responses (in black), and bedload flux 

(in red) observed during the 03/06/2013 flow event in the Moulin Ravine; periods have been 

manually determined from breaklines of the pressure response curves. 
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Figure 18: Picture of the slot sampler showing lateral vanes and their trapping effect of large 

particles during flow events. This picture was taken just after the 3rd June 2013 flow event, during 

which the slot opening was fixed at 4 cm. To avoid this effect, the slot opening was fixed at 8 cm 

after this event. 

 

Data collected during the June 2013 flow event were used to look at the effect of shear 
stress on 10-s bedload fluxes (Figure 19). Data points were classified according to the 
periods delimited with breaklines of the cumulative pressure response of the slot sampler. 
This diagram clearly shows that most of the bedload fluxes recorded during P4 and P5 
stands well below the general trend including the other periods, supporting a possible 
partial closing of the slot during these two periods. If these two specific periods are 
excluded, the mean bedload response can be fitted with a power law, with a coefficient of 
determination of 0.57. The minimum shear stress at which bedload starts to enter the 
sampler is 49 N m-2, corresponding to a critical adimensional shear stress (or critical 
Shields number, τ*c) of 0.47. This value is one order of magnitude higher than typical 
values reported for gravel-bed Rivers. This can be related to the very high suspended 
sediment transport conditions, which explain the presence of fine sediment in the bed, 
reinforcing the resistance of the bed to entrainment. Another observation which can be 
made on this diagram is the position of points recorded during P7 (recession limb of the 
hydrograph), which stand generally above the mean response. This is in agreement with a 
counter-clockwise hysteresis of the bedload response to shear stress, which can be likely 
attributed to changing channel conditions during the flow, under the effect of channel 
aggradation. This is attested by data from scour chains, showing net sediment deposition 
during this event (mean fill depth: 11.5 cm +/-1.5 cm; mean scour depth: 5 cm +/-0.9 
cm, n=63). 
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Figure 19: Bedload flux as a function of shear stress during the 03/06/2013 flow event. The power 

law fit only consider periods during which the bedload recording was not affected by partial closure 

of the slot opening (P1-2-3-7). P1 to P7 correspond to the periods determined from breaklines of the 

cumulative pressure response of the slot sampler, as shown in Figure 17. 

The grain-size distribution (GSD) obtained after the 3rd June 2013 flow event is shown in 
Figure 20 and compared to curves obtained for 3 other summer flow events. Between 15 
and 22% of the accumulated mass of sediment are fine particles (clays and silts, below 
0.063 mm), which was not transported as bedload and must be removed for the 
computation of bedload fluxes. The GSD analysis of the June 2013 flow event shows a 
bedload D50 of 4.8 mm. The dominant fraction of the bedload mass was composed of fine 
pebbles (42% of the mass between 2 to 16 mm). The sand fraction (between 0.063 and 2 
mm) and the coarse pebbles (between 16 and 45 mm) represented 14% and 21% of the 
mass, respectively. The comparison with other summer flow events clearly shows a 
coarser GSD during the June 2013 flow event, in agreement with the higher shear stress 
recorded during this event. 

 

 
Figure 20: Grain-size distribution curves obtained from bedload samples collected by the slot 

sampler during 4 summer flow events in 2013 and 2014. 
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4.2.1.2.3 Slovenian site 

Gradaščica 

The Terrestrial Laser Scanning (TLS) was used to construct a digital terrain model (DTM) 
with a 5 cm grid cell. Two TLS measurements were performed, one in April 2013 and the 
other one in August 2014. The idea was to construct a DEM of Difference (DoD) maps and 
to observe the changes in sediment budgets (net change) between both DTMs (April 2013 
and August 2014). In both cases, the point clouds consisted of several million points, 
which were pre-processed in order to obtain a digital terrain model. An important step of 
the DTM production was large wood (LW) removal (Grigillo et al., 2014). This decision 
(about scanning smaller section) was made, because after the flash flood, which happened 
in the night from 4th to 5th of August 2014, an engineering works were carried out in 
lower section and therefore the measured results would not represent the primary 
conditions after the previously mentioned flash flood.      

 

 
Figure 21: DoD [meters] using DTMs from 2014 and 2013 (negative-erosion; positive-deposition) 

In the night from 4th to 5th of August 2014 an extreme flash flood occurred in the 
investigated area. Three tipping bucket rain gauges and one disdrometer, which are 
located in the Gradaščica River catchment, measured from 110 to 185 mm of rainfall in 
less than 10 hours. Two rain gauges measured about 110 mm, one rain gauge (the closest 
to the Kuzloved torrent) recorded approximately 140 mm of rainfall, while the disdrometer 
at the Črni Vrh nad Polhovim Gradcem measured 185 mm of rainfall. The estimated return 
period of this rainfall event (based on the rain gauge data) was between 100 and 250 
years, however based on the disdrometer observations the return period was larger than 
250 years. The Gumbel distribution was used in order to construct the intensity-duration-
frequency (IDF) relationship and the data from 1976 to 2008 was used for this purpose. 
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Furthermore, the maximum one minute rainfall intensity measured by the disdrometer 
was 288 mm/h. This high rainfall intensities triggered several shallow landslides and 
caused intense soil erosion processes, especially large bedload and suspended load 
movement along the stream channel network. 

 

Based on the two DTMs, which were constructed based on the TLS in April 2013 and 
August 2014 (after the flash flood), a DoD map (DTM 2014 – DTM2013) was composed 
(Figure 21). A mean difference in the elevation between the DTM 2014 (after flash flood) 
and DTM 2013 (before flash flood) was -0.104 m with a corresponding standard deviation 
0.359 m. Based on the grid cell size (0.05 m) and number of cells (~ 1.93 106) a net 
erosion of about 500 m3 was calculated.  

 

 
Figure 22: Histogram showing number of cells (y-axis) with positive or negative DoD values (x-axis) 

 

Figure 22 shows the number of cells with positive (deposition) and negative (erosion) DoD 
values. One can notice that the maximum erosion value was -2.27 m and maximum 
deposition change was 1.94 m. The specific net erosion change was calculated based on 
the channel length (~180 m in the scanned area) and was ~2.8 m3/m.  

 
 
 
Bistričica: 
Actual data on the amount and intensity of rainfall are useful information for the 
assessment of the conditions increased likelihood of sediment transport (intense rainfall 
result in increased discharge what normally leads to a higher tractive force that could 
move and transport sediments). On next graph is shown analyses of data from two 
significant precipitation station for the catchment of Bistričica (Figure 23, Figure 24)  
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Figure 23: Monthly data (time period: 1.1.2013-28.2.2015) from precipitation station "KAMNIŠKA 

BISTRICA" (lon=14.6, lat=46.3, alt=601m) – significantly Nr. 2 for Bistričica 

Figure 24: Monthly data (time period: 1.1.2013-28.2.2015) from precipitation station "AMBROŽ POD 

KRVAVCEM" (lon=14.5, lat=46.3, h=975m) – significantly Nr. 1 for Bistričica 

Sediment transport monitoring in test bed of Bistricica torrent was made with the method 
of “expert field observation and measurements of key retention check dam" and key’s 
triggering and deposition areas in unregulated upstream section of headwater. The 
recapitulative results are presented in graph (Figure 25). 

The test bed was regularly monitored, especially during and after significant rainfalls 
(expert estimations, comparison of series of photos, levelling of cross and longitudinal 
profiles and surveys using total stations). The data set of multi-annual observations show 
the speed of filling of individual retention's facilities and bed-load discharge associated 
with the torrents, which is also important for the design phase of new objects and actions 
in the present stream.  

Figure 25: Bedload measurements- monthly data (time period: 1.1.2013-28.2.2015) status of 

fulfilment and emptying of Bistričica retention check dam's basin (lon=14.5, lat=46.3, h=975m) 
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Months of recorded empting of bedload deposit in the main retention basin in test bed 
during the project period were on May 2013 (650 m3 of bedload) with documented, 
January 2014 (240 m3), May 2014 (550 m3), September 2014 (130 m3). In contrast to 
these two years they have been in the past also larger events that caused sediment 
transport in the middle and lower populated areas. For time period 2007-2012 was 
estimated also the data from intervention activities and rough estimation about possible 
sediment delivery of Bistričica in recipient Kamniška Bistrica 

The established data base shows clear the important added value of information from 
activities carried out in WP4 (locations and status of sediment sources and monitoring of 
channel characteristics of upper part - headwater of torrent with all gullies and erosion 
prone areas) on onsite and results of analysis of WP6 activities – influence of additional 
series of 5 check dams above the retention dam on sediment transport and findings from 
survey of possible negative impact of sediment removal on middle and lower sections of 
the torrent. Instead that in last half of year was not been documented events with 
discharges greater than HQ5, the forces have been big enough to trigger and transfer of 
fine bedload sediment dominated with smaller grain size distribution (sand and fine gravel, 
< 2 cm). An important finding was, that the main observed channel reach in natural 
condition (no bedrock section!) in the length of 400 m above the retention basin remain 
morphologically practically unchanged regarding the recorded status from 1 year (43 
monitored cross-sections). Step-pools and sediment cascades which consist from larger 
coarse sediments (with some exposed boulders even > 2 m, with footer boulders and 
sediments very different sizes and interstitial fill with sand, gravel, cobble), and woods. It 
is documented, that the woody debris is important to channel structure at 7 locations 
(natural forming dams from 0.5 – 2 m height). It is the fact that extremely intensive 
weathering and erosion processes on step and high dolomite hill slopes on the whole 
observed channel reach provides practically unlimited sediment supplies. 

During the SedAlp project, sediment transport monitoring was upgraded in front of a 
retention check dam in Bistričica, field observation of key’s triggering (characteristic 
profiles above the retention check dam) and additional deposition areas in the 
watercourse. At the same time acquisition and editing of archival data from various 
sources, including through analysis of past events (2007, 2010, 2012) and creation of a 
database of the obtained data from different historical data of documented sediment 
removals from retention basins and sediment depositions (dunes) have been conducted. 
The work performed contributes to knowledge about spatial-temporal variability of bedload 
transport in an alpine catchment (filling and empting of reservoirs and deposition - dunes), 
better natural processes understanding and to the standardisation of methods and data 
collection and documentation of sediment transport, which could give valuable input (field 
"sediment management") for current establishing of systematic data set as part of 
Cadastre of water infrastructure through cooperation with the Slovene Environmental 
Agency, responsible for Water management (described in Annex). 
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4.2.1.2.4  Austrian Sites 

Drau at Lienz 

Within the SedAlp project, direct and indirect bedload measurements have been conducted 
at the stations Lienz/Drau, Lienz/Isel and Dellach/Drau (Figure 1/Table 1). All monitoring 
stations are equipped with plate geophone devices for the continuous indirect detection of 
bedload transport. Direct bedload sampling was carried out occasionally by basket 
samplers (LHS; TIWAG, modified Bunte sampler) as well as bedload traps (Dellach/Drau). 
More information on the used monitoring equipment can be found in the 1st Milestone 
(3.2) 

The hydrograph at the station Lienz/Drau is strongly influenced by the hydropower plant 
Strassen Amlach which causes high daily discharge fluctuations (Figure 26). Due to the 
difficult condition for the direct measuring of bedload transport at the station the number 
of conducted basket sampler measurements is limited. In November 2012, the biggest 
flood event (110 m³s-1) in the past decade occurred, triggering heavy bedload transport at 
the station. Due to this event, a lot of bedload material was mobilized in the upstream 
residual flow stretch, leading to intense bedload transport even after the event. A basket 
sampler measurement one day after the flood peak (58 m³s-1) shows specific bedload 
transport rates up to 3.7 kg m-1s-1 (Figure 27). 

 
Figure 26: time series of discharge and geophone impulses at the station Drau/Lienz 2012 

 

 
Figure 27: repeated bedload measurements with Vent basket sampler at Lienz/Drau 
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Isel at Lienz 

Direct bedload measurements at this station are conducted with the so called TIWAG 
sampler. With this monitoring method, interval (repeated) measurements of bedload 
transport at discharge condition up to the yearly flood have been undertaken. The results 
(Figure 28a) show specific bedload transport rates up to 0.33  kg m-1s-1 with a temporal 
variability in the order of one magnitude. In combination with the spatial distribution of 
bedload transport, gained by the geophones (chapter 3.3), bedload transport rates (kg s-1) 
have been calculated. Furthermore, a bedload rating curve was established (Figure 28b) 
and used to calculate bedload yields based on the hydrograph. Due to the mesh size 
limitation of the basket sampler, the presented rating curve is valid for bedload material > 
8 mm.   

a

 

b 

 
Figure 28: specific bedload transport and bedload texture of an interval bedload measurement at the 

station Lienz/Isel (a); bedload rating curve at Lienz/Isel for bedload material bigger D>8 mm (b) 

 
In autumn 2014, a basket sampler measurement had to be aborted because of safety 
reasons. Intensive organic transport at discharge conditions about 5 yr recurrence interval  
clogged the basket sampler seconds after the insertion. This experience highlights the 
importance of the accessibility and functionality of sediment monitoring equipment during 
high floods.  
The average geophone impulse respond at a given discharge, allows the definition of the 
initiation of motion for bedload material large enough to trigger geophone impulses. 
Rickenmann & McArdell (2007) define the minimal bedload particle size which cause 
geophone impulses with D=10-30 mm. Figure 29a shows the initiation of motion at the 
station Lienz/Isel for D=10-30 mm at around 55 m³s-1.   

The 32 geophones, which are installed over the whole River cross section, allow detailed 
analyses about the spatial distribution of bedload transport (chapter 3.3). The calculation 
of the mean transport width provides information about the cross section width where 
bedload transport occurs at a certain discharge. The results (Figure 29b) show a maximum 
transport width of 25-30 m, already reached at a discharge of around 220 m³s-1. Even at 
higher discharge rates, the transport width at the station is not increasing any further. 
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a 

 

b 

 
Figure 29: sum of average geophone impulses by discharge at the station Lienz/Isel for the period 

2012-2014 (a); average transport width by discharge per year at the station Lienz/Isel, profile width 

40 m (b) 

 

Drau at Dellach 

The bedload monitoring station Dellach/Drau is equipped with 40 geophones and 3 slot 
samplers which enable bedload transport measurements even at high discharge rates. 
Furthermore, basket sampler measurements using a LHS-sampler are conducted 
periodically.  

Within the SedAlp project, several slot sampler measurements, targeting high discharge 
events, have been made. Figure 30 shows the result of a slot sampler measurement in 
2013 at a discharge of 265 m3s-1. Presented are the mass increase inside the slot sampler 
and the sum of recorded geophone impulses, which is located in front of the slot sampler. 
The data of both devices indicate a good agreement between those two independent 
monitoring devices which is further used for the calibration of the geophone device. Up to 
a filling level of 80 %, slot samplers have a high hydraulic efficiency (Habersack et al. 
2001).    

 

 
Figure 30: mass increase and sum of recorded geophone impulses for a slot sampler measurement 

at Dellach/Drau, 19.6.2013 
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Contrary to basket samplers, slot samplers are not limited by a mesh size and collect the 
whole spectrum of the transported bedload particles. Figure 31a presents the grains size 
distribution of several slot sampler measurements at the station with a d50 between 10 
and 20 mm.  

The combination of direct and indirect bedload monitoring devices enables the calibration 
of the geophone sensors. Within the Sedalp project, geophone calibrations have been 
conduceted on all PP11 study sites and is shown in Figure 31b for the station 
Dellach/Drau. The calibration uses bedload transport rates measured  either from LHS 
basket sampler or slot sampler measurements.  

a 

 

b 

 
Figure 31: grain size distribution of several slot sampler measurements at Dellach/Drau (a); 
geophone calibration using direct bedload transport data derived from LHS basket samplers and slot 
samplers, Dellach/Drau (b)  
 
Bedload yields have been calculated for all PP11 study sites using two independent 
methods which highlight the big advantage in the combination of direct and indirect 
monitoring technics:   

• the common method using a rating curve and a hydrograph (Figure 28b)  
• an alternative method using geophone time series and a geophone calibration 

function (Figure 31b) 
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Suggadin Creek 
 
Several small bedload transporting events were detected by the monitoring station since 
the installation. The peak over threshold criteria for the geophone and the acoustic plate 
were used to analyse the beginning of motion (Figure 32). The average discharge for the 
beginning of bedload transport is 2.7 m³/s for the acoustic plate and 3.4 m³/s for the 
geophone sensor. The difference can be explained by the sensor type, as the acoustic 
plate is able to detect smaller grain-sizes. The beginning of motion criteria is not constant 
over time and increased over the year. However, during the measuring period the channel 
bed has been modified by construction works, and longer time series are required to 
investigate the seasonality of the beginning of motion criteria.  

 

 

Figure 32: Initiation of bedload transport for the geophone and acoustic plate system at Suggadin 

Creek 

 

During the measuring period water and sediment flows occupied only the lower part of the 
cross-section. Therefore the distribution of bedload pulses recorded by the geophone 
sensors is shown in Figure 33 for the lower portion of the section. The distribution of 
bedload transport was not homogeneous over the year, but on average least transport 
was on the left side (inner bend). Higher transport rates were recorded on the right half of 
the cross section (outer bend). Surprisingly slightly reduced transport rates were recorded 
in the middle (geophone Nr. 4). This can be attributed to the increased roughness in front 
of the sensor, as one boulder is protruding a bit higher out of the channel bed. A three 
dimensional view of the situation can be seen in Figure 34. The yellow area indicates the 
mean distribution over the cross-section. The protruding boulder is indicated by the red 
circle. 
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Figure 33: Distribution of geophone pulses over the cross-section (view in flow direction). 

 

 

Figure 34:3-d Overview of the monitoring station with distribution of the mean bedload transport. 

 

During the measuring period no major events were recorded, but some smaller 
thunderstorms resulted in increased flow conditions and therefore bedload transport was 
recorded in the summer month of 2014. The impulses per minute recorded by the 
geophone and acoustic plate sensors in the middle of the channel (geophone 4 and 
hydrophone 2) and the discharge measured at the station Planetsch (Vorarlberger 
Illwerke) below the monitoring station are shown below. Figure 35 shows the time period 
from 29.07 - 03.08. 2014. The peak discharge was about 13 m³s-1. Figure 36 shows the 
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time period from 11 - 15.08. 2014. For this period the peak discharge was about 17 m³s-1. 
For both events the hydrophone sensor records more peaks per minute, but both sensors 
show the same pattern. 

 

 

Figure 35: Water discharge and number of impulses per minute for the event 29.07. – 03.08. 2014. 

 

 

Figure 36: Water discharge and number of impulses per minute for the event 11. – 15.08. 2014. 
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4.2.1.2.5 German sites 

Bedload delivered from tributaries 

Tributaries are important as a provider for bedload and a natural regulation of a potential 
lack of sediment, in this context due to the Sylvenstein reservoir which holds back nearly 
all bedload since 1958. As a consequence, four tributaries of the Isar River were surveyed 
using TLS. For their location please come back to the overview map of PP6 in the annex. 
The most important results are presented in the following. 

 

 
Figure 37: Discharge at the flood event in June/July 2013 (HND Bavaria, 2013) 

In 2013 a flood event with a return period of five to ten years, depending on the different 
stations (Figure 37), occurred. This was the only notable event in the project period and 
exemplary of the development of the tributary mouths. The torrents Arzbach and 
Hirschbach (fig. 34) were analysed regarding their bedload delivery.  

 

 
Figure 38: Research area at the mouth of Arzbach (A) and Hirschbach (B) torrent (own image, 2015) 

 

 



57 

 

 

 

Arzbach torrent 

Figure 38 shows the extent of the gravel bar at the mouth of Arzbach torrent before the 
event in October 2012 and after the flood event in July 2013.  

 
Figure 39: Extent of the gravel bar at the mouth of Arzbach torrent (own image, 2014) 

On the basis of these two DEMs, a DEM of Difference (DoD) was calculated. Figure 40 
shows the spatial distribution of erosion (negative elevation changes, red) and 
accumulation (positive elevation changes, blue). For more information about this method 
please refer to the 1st WP5 Milestone report, which contains a protocol of data collection 
methods. 

 

 
Figure 40: DoD of the gravel bar at the mouth of Arzbach torrent after flood event in 2013 (own 

image, 2014) 
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The overall balance reveals that mainly during the flood event about 422.05m³ of bedload 
have been deposited, primarily delivered from Arzbach torrent. This value only represents 
the accumulation above the water level and doesn’t contain any information about bedload 
introduced in and taken away by the River Isar. 

 

Hirschbach torrent 

Figure 41 shows the extent of the gravel bar at the tributary junction of Hirschbach torrent 
at three different time steps, in October 2012, in April 2013 and in July 2013 (after the 
flood event). 

 

 
Figure 41: Extent of the gravel bar at the mouth of Hirschbach torrent (own image, 2014) 

 

Due to low water in the winter period there haven’t been significant changes between 
October 2012 and April 2013. The overall balance shows that only 25.28m³ bedload were 
deposited between October 2012 and April 2013 as a consequence of missing extreme 
events and low water. 

 

Following Figure 42 shows the spatial deviation of accumulation and erosion, the colours 
have the same meaning as at figure 36. Gaps result from the shift of the course of 
Hirschbach torrent. 

At the mouth of Hirschbach torrent between April 2013 and July 2013 about 851.13m³ 
bedload were deposited, not including any data from below the water surface or material 
deposited or eroded by the River Isar. Additionally it has to be taken into account, that the 
DoD could be calculated only for the area for which data from both time steps exist. The 
extent covered by LIDAR increased until July 2013, as seen in fig. 37, but only the extent 
of the gravel bar in April 2013 could be used for the calculation. A realistic estimation of 
the total deposition amounts up to 2000m³. 
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Figure 42: DoD of the gravel bar at the mouth of Hirschbach torrent after flood event in 2013 (own 

image, 2014) 

 

These results underline the importance of tributaries as bedload deliverer, showing even 
small events like the one in June/July 2013 with a returning period of 5 years lead to a 
high rate of bedload delivery.  
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4.2.1.3 Debris flows  

4.2.1.3.1 Italian sites 

Moscardo Torrent  

During the SedAlp project, two debris flows occurred in the Moscardo Torrent on 24th and 
27th September 2012. Additionally, data from a third event which occurred on 14th 
September 2011 were analysed.  Mean flow velocity, peak discharge and volumes 
computed for the 2011 and 2012 debris flows in the Moscardo Torrent are reported in 
Table 18 in section 4.2.2.3. 

The bulk volumes were calculated as: 

 

  𝑉𝑉𝑉 = 𝑣 ∙  ∑ 𝐴(𝑡)𝑡𝑒
𝑡0  ( 1 ) 

 

where Vol is the discharged volume during a surge (m3); A(t) is the cross-sectional area at 
the time t (m2); v is flow velocity of the surge (m s-1); t0 and te represent the initial and 
final time of the surge (s), respectively. Assumptions and approximations of this approach 
to debris flow peak discharge and volume estimation (e.g., variations in flow velocity 
during the surge transit) are discussed in Marchi et al (2002).  

Hydrographs recorded by the ultrasonic sensors during the three debris-flow events are 
shown in Figure 43. The characteristic sharp rising limb can be observed, denoting a well-
defined wave with a steep front, followed by secondary smaller waves which are features 
commonly observed in debris flow hydrographs, including those recorded in the Moscardo 
Torrent (Marchi et al., 2002). 

During the 2011 event both sensors were operating for the first part of the event, 
therefore calculation of mean front velocity from lag time between the detected peaks was 
possible, and corresponded to 3.6 m s-1. After approximately 600 seconds from the first 
surge a malfunctioning of the downstream sensor prevented the correct monitoring of the 
entire event, hence volumes calculations are definitely underestimated because a 
complete volume estimation was not possible. For the 2012 events only the upstream 
sensor was operating, because as the downstream one was damaged afterwards a 
previous thunderstorm. For those events, peak discharges and discharged volumes were 
assessed from a range of velocities going from 3 to 4 m s-1, which are average values 
estimated from the 1989-1998 dataset in the Moscardo Torrent (Marchi et al., 2002). 
Cross-section geometry, required for volume computation, was obtained from TLS 
surveys. 

The two debris flows of September 2012 are amongst the largest occurred since the 
beginning of monitoring activities in early 1990s (Marchi et al., 2002; Arattano et al., 
2012). Field observations were consistent with the magnitude of these results: the 
confluence with the But River was completely obstructed before the receiving stream could 
erode the debris flow deposits. On the main sediment source area the underlying bedrock 
was exposed by the scouring effect of the flow, and several areas along the Moscardo 
channel were interested by severe erosional processes. Moreover, the northernmost 
portion of the basin, usually a relatively stable area, was interested by intense channelized 
erosional processes; a large part of transported material overflew a secondary converging 
channel in mid basin, spreading through the wood and a forest road. 
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Figure 43: Debris-flow hydrographs recorded on the Moscardo Torrent by ultrasonic sensors during 

the years 2011 and 2012. 

 

Gadria Creek basin 

Three debris flows were recorded at the monitoring station in the period 2011-2014, on 
August 5th, 2011, July 18th, 2013, and July 14th, 2014 and analysed during the SedAlp 
project. If compared to the debris flows of the last decades in the Gadria, the event of 
August 5, 2011 can be rated of small magnitude, whereas the debris flows of 2013 and 
2014 have volumes close to the mean and median values of the historic record (cf. Table 
24).  

The radar sensors placed in sections D2 and D3 (at D4 it was not installed at the time of 
debris-flow occurrence) (see section on the Gadria monitoring site in the description of 
pilot area in the annex for sensors locations) provided reliable measurements of the flow 
depth. A closer assessment of the characteristics of the debris flow monitored in the 
Gadria Creek was possible thanks to video recordings, which proved to have fundamental 
importance to interpret data measured by radar sensors and recognize the features of the 
surges (Comiti et al., 2014).  

Figure 44 plots average rainfall intensity versus duration of the rainstorms that triggered 
the three debris flows and compares them with critical rainfall thresholds for other 
catchments instrumented for debris-flow monitoring in the Alps. Rainfall data for the 
August 2011 event are available for the rain gauge R1 only. 
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Figure 44: Plot of mean rainfall intensity versus rainstorm duration for the three debris flows 

recorded in the Gadria catchment and comparison with rainfall thresholds in other Alpine 

catchments. 

The rainstorms that caused debris flows in the Gadria are associated to spatially-limited 
convective cells and are characterised by short duration and large differences in rainfall 
amounts between neighbouring rain gauges. In the case of the debris flow of August 5th, 
2011, the very small cumulated precipitation depth (9.4 mm, from 2.25 pm to 7.40 pm, 
local time), the moderate intensity and the almost negligible rainfall in the two hours 
before the debris flow (2.4 mm) might indicate that the rain gauge R1 was outside the 
area featuring the most intense precipitation during that event. The debris flow of July 
2013 was also triggered by a quite limited cumulated rainfall, as the event rainfall depth 
amounts to 23 mm (in 33 min, at R1), but considering the time when the debris flow front 
passed at the monitoring station this reduces to 17.2 mm in only 15 min, with a mean 
intensity of 69 mm hr-1, which is well above the intensity-duration threshold curves 
determined in other monitoring sites of the Alps (Figure 44). Remarkably, the total 
precipitation measured at the other Gadria rain gauge (R3) during the July 2013 event 
was slightly above 5 mm for a very similar duration, thus plotting well below the 
threshold. Such a strong spatial gradient in the precipitation field within the Gadria-
Strimm basins is confirmed by the weather radar data obtained from the Valluga peak 
(Comiti et al., 2014). Data from three rain gauges are available for the debris flow of July 
14, 2014: remarkable differences between the rainfall intensity are observed also for this 
event. The rainstorm duration was approximately one hour, with cumulative rainfall 
ranging from 4.2 to 15.2 mm.  

The hydrographs in the Gadria Creek recorded by the radar sensors (Figure 45), feature 
sharp rising limb, quick recession and short durations, as is typical of debris flows. The 
August 2011 debris flow consisted of three, relatively small surges, the first one being 
slightly more severe. In contrast, the July 2013 event was characterized by a deep (about 
2 m), boulder-rich front followed by a sequence of much smaller and more liquid surges. 
However, isolated boulders were observed also during these secondary surges (Figure 45). 
Remarkably, the flow before the arrival of the initial front in 2013 was steadily low and 
very clear. 
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The debris flow of July 14, 2014 consisted of multiple surges of moderate flow depth, the 
first one displaying only slightly higher flow depth than the following ones. Video 
recordings show that, differently from the event of July 18, 2013, the debris-flow front 
was preceded by a fluid and turbulent precursory surge, which corresponds to the initial 
rise of the hydrograph.  

 
Figure 45: Hydrographs of the debris-flow recorded from 2011 to 2014 in the Gadria Creek: a) 

August 5th, 2011, debris flow; b) July 18th, 2013, debris flow; c) July 14th, 2014, debris flow. 

 

Debris-flow velocity for the August 2011 and July 2013 events was calculated using two 
different approaches. The first computed the mean propagation velocity of the front as the 
ratio of the distance between the instrumented cross-sections (80 m) to the time interval 
between the arrival of the debris flow surge at the two gaging stations. The surge arrival 
was detected using the hydrographs recorded by the two radar sensors.  

The second approach computed the average propagation velocity of each debris-flow 
surge by a cross-correlation analysis (Arattano and Marchi 2005). For the August 2011 
event, the two approaches give identical velocity values for the 1st and the 3rd surge (Table 
14), whereas cross-correlation provides a slightly lower velocity (1.3 ms-1 vs. 1.7 ms-1) for 
the second surge. The difference is within the variations expected by the application of 
different velocity assessment methods.  
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The July 2013 event presented an initial boulder-rich front moving at a high velocity (5.7 
ms-1), whereas the following surges, even if more liquid, feature lower velocities (ranging 
approximately from 1 to 4 ms-1) probably as a result of much smaller depths. For this 
event, cross-correlation analysis provides a mean propagation velocity of the whole debris 
flow of 5.0 ms-1.  

The debris-flow front of the July 14, 2014 debris flows features strikingly low velocity (1.4 
ms-1); the following surges show large variability of mean propagation velocity, with 
values varying from 1.5 and 5.3 ms-1.  

Peak discharge of the debris flows was computed as the product of surge velocity by the 
flow´s cross-sectional area, surveyed by a total station after the event at station D2. Peak 
discharge and debris-flow volume have been computed separately for the three surges of 
the 2011 event. The results are reported in Table 14. The total volume of the August 2011 
event turns out to be about 2,400 m3 (neglecting the inter-surge periods, likely 
transporting relatively little sediment, which velocity assessment would hardly be 
possible).The sediment accumulated in the retention basin was determined by two 
topographic surveys carried out with a RIEGL LMS-Z620 terrestrial laser scanner (TLS) 
before (June 21st, 2011) and after (September 15th, 2011) the August 2011 debris flow. 
Sediment volume accumulated in the debris basin resulted to be approximately 2,000 m3.  

As to the July 2013 event, this featured a much larger peak discharge than the August 
2011 debris flow, as it was estimated about 80-90 m3s-1 (depending whether the pre- or 
post-event D2 cross-section is used) compared to approximately 11 m3s-1 of the previous 
event (Table 14). The total debris-flow volume applied to 8 surges identified within the 
hydrographs with the corresponding mean velocities – results to be about 10,000 m3 at 
section D2 (using both pre- and post-event cross-sections). The topographical assessment 
of the sediment volume trapped in the retention basin during the 2013 event was carried 
out applying the same TLS methodology described for the 2011 event, i.e. by subtracting 
pre- and post-event surveys, and the result is about 8000 m3. The assessment of the 2014 
debris flow deposits in the debris retention basin, performed by means of the comparison 
of TLS measurements taken before and after the event, resulted for this event in a volume 
of about 10,500 m3. 
 
Chiesa Torrent  

For a complete rainfall analysis of the  Chiesa catchment, data collected by means of two 
additional rain gauges were taken into account in addition to those recorded by the HEWS 
(Hazard Early Warning System) rain gauge: one installed by the University of Padua 
(TeSAF Department), located close to ST1 (funnel’s mouth area 400 cm2; bucket capacity 
0.5 mm - see Fig. V in the Annex), and another one close to the village of Arabba (4 km 
west of the Rio Chiesa catchment) belonging to the ARPAV meteorological network 
(funnel’s mouth area 1000 cm2; bucket capacity 0.2 mm). Rainfall events occurred during 
the period 2011-2013 was analysed for “TESAF” and “Arabba” rain gauges data availability 
before 2012. Dataset includes the maximum rainfall events and the average value for 
every interval time considered (5 – 45 min); for each event the assessed sediment volume 
deposited in the retention basin and the event duration are also reported (Table 14). 
Sediment volumes related to 2011 events were estimated by the Regional Forestry Service 
during the sediment removal operations. Other values were estimated during field surveys 
carried out by ARPAV technicians. The deposited volume is underestimated because a 
large amount of fine sediments systematically flows downstream the selective check-dam. 
The correlation between debris flow magnitude and rainfall intensity does not demonstrate 
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a consistent pattern. Indeed similar rainfall intensities have triggered sediment transport 
events with a variable amount of sediments (from less than 100 m3 up to 450 m3); 
irregular spatial rainfall distribution within the basin during summer thunderstorms, 
influenced by wind intensity, may cause this non-linear behaviour. Furthermore, the 
considered rain gauges have different dimensions (funnel’s mouth area and bucket 
capacity): “HEWS” and “Arabba” are the more suitable pluviometers for high rainfall 
intensities monitoring.  

 
Table 14: Maximum rainfall events, average rainfall intensities, deposited sediment volume and 

event duration for the period 2011-2013 within the Chiesa catchment. 

 

 

 

 

  

13.07.2011 17.09.2011 09.07.2012 19.07.2013 04.08.2013 19.08.2013

Arabba 5.6 2.4 2.0 2.0 5.4 10.6

TESAF -- 7.5 5.5 4.5 7.5 9.5

HEWS -- -- 6.8 8.2 6.2 5.0

Arabba 9.4 4.0 3.8 3.8 10.4 18.2

TESAF -- 10.0 9.5 7.5 11.5 12.0

HEWS -- -- 10.9 12.4 10.8 9.0

Arabba 11.6 4.6 4.6 4.8 14.8 22.0

TESAF -- 10.0 13.5 9.5 15.5 14.0

HEWS -- -- 12.1 13.8 15.6 10.2

Arabba 11.6 4.6 6.0 6.6 20.4 25.4

TESAF -- 11.0 17.0 11.0 23.0 16.0

HEWS -- -- 12.9 14.8 21.0 11.8

Arabba 11.6 4.8 6.4 8.2 23.0 27.6

TESAF -- 12.0 17.0 11.0 28.0 17.0

HEWS -- -- 12.9 14.8 25.0 13.4
Deposited 
sediment 

volume (m3) 
≈ 250 ≈ 400 ≈ 200 < 100 < 100 < 100

Event duration 
(h) 0.3 0.8 0.4 0.9 1.2 0.7

Rain gauge

mm/5’

mm/10’

mm/15’

mm/30’

mm/45’

Event date Average 
value 

(mm/')

5.9

9.5

11.8

14.2

15.5
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4.2.1.3.2 French sites 

Réal Torrent 

During the SedAlp project, Irstea Grenoble operated four debris-flow monitoring stations 
which have been deployed in late 2010 and 2011 in the Réal and Manival torrents, 
respectively (Theule 2012; Navratil 2012). The main features of the field sites are 
presented in the annex of the report. Since summer 2012, several debris-flows have been 
captured by the stations, as summarized in Table 18, with recording of 15 debris-flows in 
the Réal, and 3 intense bedload transport floods in the Manival. Examples of the most 
significant recorded events are presented here.  

On 30th March 2013, a multi-surge event in the Réal was initiated by a long-lasting and 
low-intensity rainfall characterized by duration of more than 7 hr, a mean intensity of 2-
3 mm/h, and a 5-min maximum intensity of about 5 mm/h (Figure 46). The pre-saturated 
soil (cumulative rainfall: 19.7 mm) associated with the presence of snow before the event 
(Figure 46 A and B) has likely played an important role on debris-flow triggering. This 
debris-flow reached the station S2, located 615 m downstream of S1, but not station S3, 
located near the outlet of the catchment (see annex of the report for a map of monitoring 
stations). Images taken by the digital camera of the station S1 during debris-flow passing 
highlight well-formed steep fronts associated to very high fine sediment concentration and 
composed of relatively small boulders with homogeneous size (around 20-30 cm in 
diameter). The front propagated with a mean velocity of about 1 m/s. The number of 
surges has decreased from the station S1 to the station S2, as already observed in this 
torrent (Navratil et al., 2013). This can be likely attributed to the coalescence of surges as 
the debris-flow propagates. 

The 10th June 2014 multi-surge event in the Réal was initiated by a typical short duration 
(2 h) and intense convective rainfall event, with a mean intensity of about 10 mm/h, and 
a 5-min maximum intensity of about 70 mm/h (Figure 47). This debris-flow reached the 
station S3 and the outlet of the catchment. Contrary to the March 2013 event, data from 
the digital camera does not show a well-formed front, but a more fluid flow propagating 
faster (2.4 m/s). The post-event field observations (RFID tracking) show that this debris-
flow mobilizes boulder bigger than 1 m in diameter. 
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Figure 46: Debris-flow of March 30, 2013 in the Réal Torrent (from Bel et al. 2014). 
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Figure 47: Debris-flow of June 10, 2014 in the Réal Torrent. 

 

Rainfall data and debris-flow occurrences recorded on the Réal from 2011 to 2014 were 
analysed for determining the debris-flow triggering conditions. The most common 
representation of debris-flow triggering rainfall is the graph of rainfall intensity (I) versus 
duration (D). It discriminates rainfall events with and without debris-flow through a 
threshold, but this depends on the site and on the size of the sample used to define it. It 
could be objectively defined by the frequentist method proposed by Brunetti et al. (2010). 
A specific analysis was done for the definition of the rainfall event, which depends on the 
minimum duration of the rainfall interruption used to discretize the continuous rainfall 
time-series into a succession of elementary rainfall events. This analysis shows that above 
a 180-min minimum duration of rainfall interruption, the slope of the ID threshold 
stabilizes, and this value was therefore retained for the data processing of rainfall data. 

The 4-yr record of debris-flow activity in the Réal Torrent, which can be seen as very short 
as compared to the 30-yr record of the Moscardo Torrent, is nevertheless long-enough to 
implement a robust statistical analysis and to propose an objective ID threshold equivalent 
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to the ones already proposed in the literature combining historical records of debris flow 
events and rainfall data from national meteorological institutions (Figure 48). Above the 
threshold, it remains extreme rainfall events without debris-flows. This variability of 
responses for conditions above the rainfall threshold is a crucial issue for the 
understanding of debris-flow triggering, and more research is needed for a better 
understanding of this variability. 

 
Figure 48: Intensity-Duration scatter plot showing rainfall events from 2011 to 2014 without and 

with sediment transport (debris-flow, immature debris-flow, bedload) in the monitoring station Réal 

S1 (drainage area 1.3km²). The features of the rainfall events with debris-flow or immature debris-

flow correspond only to the event part before main debris-flow surge passing at the station. The 

black point size is proportional to the maximum front height. The threshold corresponding to the 

best fit shifted with 25% exceedance probability (frequentist method) is represented is red and 

compared to thresholds from literature. 

 

Manival Torrent 

The 7th July 2014 event in the Manival (Figure 49) was initiated by a small (3.6 mm) and 
short-duration (1/2 h) rainfall event, with a mean intensity of about 5 mm/h, and a 5-min 
maximum intensity of about 15 mm/h. This event did not reach the sediment retention 
basin located at the catchment outlet but it stopped 500m-further the monitoring station 
(see annex of the report for a map of monitoring stations). Although minor compared to 
previous recorded events (Theule 2012), it was morphogenetic. The photos A and D show 
the channel before and after the flood while the photos B and C show the channel during 
the flood. Before the flood, the channel consisted of a large bedload transport deposit 
formed on October 2013 (several meters of sediments with narrow grain-size distribution 
and without fine matrix). During the flood, the flow passed on the left and on the right 
side and scoured the bedload deposit. At the end of the flood, the scoured area on the 
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right bank was refilled by bedload transport. This observation emphasizes the importance 
of RFID tracers monitoring in addition to DoD to identify not only the scoured or filled area 
after the event but also to catch the morphological change dynamics.  During this event, 
both debris-flow (photo B: debris-flow front visible on the left bank) and bedload transport 
processes occurred as confirmed by post-event field observations of the deposits. This 
situation arises probably because of sediment supply fluctuations. Indeed, during this 
event there was an undercutting of the left bank likely to supply fine sediment necessary 
to the debris-flow matrix formation which was not availed in the past channel deposit. 

 

 
Figure 49: Photos of the flood event of July 7, 2014 in the Manival torrent catchment. 
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4.2.1.4 Wood transport  

4.2.1.4.1 Italian site 

Piave and Tagliamento River  

Overall, 15 active GPS tracker devices were installed in logs of different size in the Piave 
River study area. The devices have dimensions of 143 x 76 x 38 mm. The active GPS 
tracker differs from the 42 passive GPS trackers, used in the past along the Tagliamento 
River, for the capacity to send in real time Short Message Service (SMS) over GSM 
communications network (i.e. time, position, batteries lifetime). Both active and passive 
devices allow obtaining the instantaneous GPS position which allows analysing 
displacement length and velocity of moving logs. The devices were waterproofed with 
plastic boxes and then fixed to trunks using a steel chain. Has been measured the GPS 
position for each log, before and after every flood event. The volume of each woody 
element was calculated using its mid-diameter and length taken by a tree caliper and 
tape, respectively. 

 
Table 15: Summary of the characteristics of the transported logs in Piave and Tagliamento Rivers 

  TAGLIAMENTO R. PIAVE R. 

ID GPS_T1 GPS_T2 GPS_T3 GPS_T4 GPS_T5 GPS_P1 

Tree X X 
 

X 
 

X 

Trunk 
  

X 
 

X 

 Diameter (m) 0,21 0,17 0,15 0,45 0,20 0,17 

Length(m) 20,50 12,50 1,00 30,00 18,00 10,50 

Wide (m) 4,10 1,50 
 

4,50 
 

3,00 

Volume (m3) 0,71 0,28 0,02 4,77 0,57 0,24 

Travel distance (m) 12479,52 32344,02 51131,78 7022,38 27,58 2518,00 

Mean velocity (m/s) 1,44 0,34 2,33 1,55 1,55 2,32 

Max velocity  (m/s) 1,79 0,87 3,07 2,55 1,55 3,48 

Time (sec) 13080,00 95880,00 27060,00 21540,00 3300,00 1020,00 

 

Five and one tagged logs were transported along the Tagliamento and the Piave Rivers, 
respectively, over the length of the study period (from April to November 2013 for Piave 
River and from June 2010 to October 2011 for Tagliamento River). Figure 50 shows an 
example of GPS positions recorded by the active GPS tracker transported along the Piave 
River. 
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Figure 50: GPS positions recorded from the transported log in Piave River (GPS_P1). 

 

The mean travel distance and velocity recorded in Piave River were approximately 2.5 km 
and 2.3 m s-1, respectively. On the other hand, 13 km and 1.8 m s-1 was the mean travel 
distance and velocity of the logs in the Tagliamento River. 

Figure 51 shows that the mean velocity of the tagged log with GPS_P1 in the Piave River 
(tree of about 10.5 m long, 3 m wide considering the branches, and diameter of 0.17 m) 
was the same than a smaller transported log with GPS_T3 in Tagliamento River (trunk 
with 1 m long and diameter of 0.15 m). Overall, in Tagliamento River the transported logs 
collected a lower and irregular trend of mean velocity than the transported log in Piave 
River. It is worth noticing that in both, the Piave and Tagliamento Rivers, the log velocity 
was higher shortly after the entrainment threshold and decreased during the transport. In 
addition, logs were entrained during the rising limbs of hydrographs, and were deposited 
on bars at or shortly after the peak of the floods. 



73 

 

 

 

 

Figure 51: Cumulated transported distance and mean velocity of log with GPS_P1 (A) and GPS_T3 

(B) of Piave and Tagliamento River, respectively. 

 

Because the explored floods are very comparable in terms of peak discharge (around 60% 
of bankfull stage) and duration (around 150 h), the different mobility characteristics of 
logs are likely due to the different morphological pattern of the Piave and Tagliamento 
Rivers. The high natural dynamicity of Tagliamento River and the frequent shifts of the 
main channel during flood events, are probably related to the fact that logs tend to be 
transported above the bars with higher probability to be temporally stopped on bars or 
pioneer islands or crashing against the banks, decreasing the mean velocity and increasing 
the probability of log retention. On the other hand, in less dynamic Rivers (i.e. the Piave 
River) the logs tend to follow the main channel, probably along the thalweg, with less 
chances of being trapped or stranded on gravel bars. This fact produced higher mean 
travel velocity of logs than what observed in the braided Tagliamento River.  

 

4.2.1.4.2 French sites 

Genissiat Reservoir  

Wood transport in Rivers impact sediment transport, Riverine habitat and human 
infrastructures. Quantifying it, in particular large woods on fairly large Rivers where it can 
move easily, would allow us to improve our knowledge on fluvial transport processes. 
There are several means of studying this phenomenon, amongst which RFID sensors 
tracking, photo and video monitoring.  

We explored the use of automatic imagery to quantify the wood delivery from the 
upstream Rhône River catchment (France). An Axis 211W camera was installed to capture 
oblique images of the Genissiat dam reservoir every 10 minutes. Pieces of wood are 
trapped by the dam and a raft grows up through time. Wood is mechanically removed 3 to 
4 times per year so volumes transiting from upstream can be compared to the raft surface 
observed on pictures.  

A method to automate image processing was developed based on a linear 
discriminant analysis performed on images for distinguishing wood and water pixels 
according to their radiometric properties. The LDA provided very positive results in most 
cases, with 93% of good classification in 31 images chosen randomly in the dataset. A 
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preliminary model between observed and predicted wood pixels gave very good results, 
with R² > 0.90 in the case of two predicted classes (Figure 52). Some images did not fit to 
the predictive model, notably the ones where reflects or shadows were clearly visible and 
produced an overestimation of the wood raft surface pixels. This method seems to be 
efficient to monitor a wood raft surface evolution: first results show that periods of wood 
removal are well identified on time series. Wood raft area increases progressively during 
summer and fall 2013, after mechanical extractions events (Figure 53). 

Images must now be orthorectified to allocate to each pixel a surface proportional 
to its real surface and to estimate the raft area. Orthorectification will allow studying the 
raft area instead of number of pixels. A statistical relationship between the volume 
extracted and the raft extent prior to the extraction will be then established, so we could 
predict the wood volume on each picture. Volumes will be calculated with a comparison 
between extractions data (13 extractions realised since the camera installation) and 
surfaces observed on pictures prior to these operations. Combining the time series of raft 
surfaces and of the Rhone River hydrological series should allow defining flow events that 
are critical in terms of wood delivery.  

 
Figure 52: Number of pixels (observed and predicted) classified into wood in 31 images chosen 

randomly in the dataset. 

 
Figure 53: Time series of the number of pixels automatically classified as wood in the Genissiat dam 

reservoir 

Automatic cameras seem fairly accurate to monitor wood flux based on wood raft 
surface area monitoring. This approach is based on two main steps, the acquisition of 
images and their processing. The first step needs to be carefully considered because 
quality of pictures and so their processing depends on it. Cameras allow overstepping field 
study limits and aerial and satellite imagery confines and provide a good tool for fluvial 
system management, allowing observing rapid and stochastic phenomenon with high 
temporal resolution.   
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Video monitoring of driftwood provides a huge amount of images and manually 
labelling it is tedious. It is essential to automate such a monitoring process, which is a 
difficult task in the field of computer vision, and more specifically automatic video analysis. 
Detecting foreground into dynamic background remains an open problem to date.  

 
Figure 54: Steps for detecting wood piece on video. Based on OpenCV and Qt libraries (real-time 

performance, portability and maintainability), the algorithm is probability-based and developed an 

application in C++ 

 

 

  

Original image
(video stream)

Static mask
We look at pixel colour:

are they likely to belong to a wood block?

Temporal mask
We look at pixel intensity evolution:

are they likely to have changed from water 
to wood or vice versa?

Combined mask
We combine both masks:

high values are likely to belong to wood 
blocks

Objects extraction
We segment the image and keep the 

biggest connex components only

Object tracking
We match components from successive 

images, then record or reject them as wood 
blocks according to their trajectory

Characterization
We extract characteristics like boundaries 
and skeletons from objects. They will help 

us determine their type and dimension

Orthorectification
We rectify the image and finally determine 

the metrics of our object
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Ain River 

We installed a video camera at the Riverside of a gauging station on the Ain River, 
a 3500km² Piedmont River in France. Several floods were manually annotated by a human 
operator. Over the SedAlp project, we developed software that automatically extracts and 
characterizes wood blocks within a video stream. This algorithm is based upon a statistical 
model and combines static, dynamic and spatial data. Segmented wood objects are further 
described with the help of a skeleton-based approach that helps us to automatically 
determine its shape, diameter and length.  

As expected, we observed a correlation between wood block size and detection rate (the 
bigger, the better detected and located). Comparing the manual annotations and 
automatically extracted data shows that we can fairly well detect large wood until a given 
size (5 m in length) whereas smaller ones are difficult to detect.  We can determine areas 
in the image where our algorithm can be better trusted. The best appearance of the wood 
blocks (which is showed on Figure 49) is usually detected further downstream (possibly 
due to turbulent structures caused by the bridge pile upstream). If no rectification, there is 
a significant size error from the front (small piece) to the background (large piece). Some 
blocks rated as FP were actual blocks that were not annotated by operator because of their 
small size.  

Detection is fairly accurate in high flow conditions where the water channel is 
usually brown because of suspended sediment transport. In low flow context, algorithm 
still needs improvement to reduce the number of false positive so as to better distinguish 
shadow, turbulence structures from wood pieces.  

We need to investigate the software’s performance with further data (other floods, 
low flow conditions with more varied lighting conditions, and also in other fluvial contexts 
with other cameras). We want to improve the algorithm performances. In particular, the 
objects tracking shall be improved thanks to the manually annotated data (better 
tweaking of parameters and introduction of machine learning). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Downstr.    Upstr. 

Background 
 
 
 
 
 
 
Frontground 
 
 

Figure 55: localization of FN (False Negative), FP (False Positive) and TP (True Positive) in the 

image. The size of a circle is correlated to the wood block size. 
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4.2.2 Dataset of WP5 results 

The following tables represent results of suspended load, bedload, debris flows and wood 
transport monitoring within the SedAlp monitoring period. 

4.2.2.1 Suspended load 

Table 17 shows a summary of the suspended sediment load monitoring results of SedAlp 
pilot sites (Saldur River, Rio Cordon and Gradaščica River). Sulden River suspended yield 
is not reported as more bottle samples are required to validate the SSC – NTU relationship 
(see section 4.1.1.1). It is worth to note how the suspended sediment yield in the Cordon 
basin performed from 1986 to 2013 (section 4.2.1.1.2) varied annually from 1.9 to 2500 t, 
for a specific sediment yield ranging from 0.004 to 5 t/ha. This indicates the marked 
annual variability of suspended sediment load, strongly advising for long-term monitoring 
stations.  

 
Table 16: Dataset of the suspended sediment load monitoring results of SedAlp pilot sites during the 

SedAlp project. Note that Saldur River is the only glacier-fed. 

Pilot site Period 
Annual suspended 

load [t] 

Specific suspended 
sediment yield 

[t/ha] 

Saldur  May – October 2012 ~104 ~5 

Cordon 2012 ~8 ~0.02 

Cordon 2013 ~189 ~0.4 

Kuzlovec  
March 2013 - March 

2014 
~5 ~0.1 
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4.2.2.2 Bedload transport 

Table 17: dataset of bedload transport monitoring results of SedAlp pilot sites (2012-2014), 

information on grain size limitations in brackets (e.g. D>8mm), results derived by direct monitoring 

methods are highlighted in black, results derived by indirect monitoring methods are highlighted in 

green, * data refer to multiple stationary antennas 

River Name 

Specific 
bedload 

transport 
rate1 

[kg m-1 s-1] 

Bedload 
transport 

rate2 

[kg s-1] 

Annual 
bedload yield3 

[t] 

Initiation 
of motion4 

[m; m3s-1; 

Nm-2] 

Virtual 
transport 
velocity5 

[m s-1] 

Variation 
of 

sediment 
storage6 

[m; m³] 

Suggadin Suggadin - - - 

2,7m³/s 
(D>4mm) 

3,4m³/s 
(D>20mm) 

- 2.500 m³ 

Saldur LSG 
0 – 0.8 (5) 
(D>4 mm) 

 0 – 30 1000 - 5000 
0.7 – 1.2 

m3s-1 
0.005 – 2* - 

Saldur USG 
 0 – 0.5  

(D>4 mm) 
0 – 2.0 - 

0.4 – 0.7 
m3s-1 

- - 

Strimm LS - - 
500-1000 

(D>35 mm) 

0.38 

(D>35 mm) 
< 0.03 

(D>35mm) 
 

Strimm US - - 
5 -10       

(D>35 mm) 
0.32    

(D>35 mm) 
< 0.003 

(D>35mm) 
 

Sulden 
Stilfser 
brücke 

0 – 0.4 (90) 

(D>4 mm) 
0 – 700 - 

3-5 m3s-1 

(D>4 mm) 
- - 

Cordon Rio Cordon 
0.54     

(D>20 mm) 
3.09   

(D>20 mm) 
141.2        

(D>20 mm) 
- - - 

Isar Arzbach - - - - - 422 m³ 

Isar Hirschbach - - - - - 851 m³ 

Moulin Draix 
37.3    

(D>0.5 mm) 
52.2 

(D>0.5mm) 
48-355 3-50 N m-2 - - 

Kuzlovec Kuzlovec - - - 0.1 m3s-1 - 500 m3 

Drau Lienz 
3.7 

(D>4mm) 
33.5 

(D>4mm) 
7500 – 15100 
(D>20mm) 

10 m3s-1 
(D>20mm) 

- - 

Isel Lienz 
 0.65 

(D>8mm) 
35.4 

(D>8mm) 
18000-23000 

(D>8mm) 
55 m3s-1 

(D>20mm) 
- - 

Drau Dellach 
4.83 

(D>1mm) 
196.4 

(D>1mm) 
58400 – 86400 

(D>1mm) 
62 m3s-1 

(D>20mm) 
- - 

Urslau Maria Alm 
6.3 

(D>10mm) 
40 

(D>10mm) 
16000-40000 
(D>10mm) 

2-3 m3s-1 

(D>20mm) 
  

Bistričica Bistričica - - 
1500 – 3000 
(D>1mm) 

- - 600 m3 

 

1 maximal directly measured value 
2 maximal measured value 
3 range of annual bedload yields  

4 range of initiation of motion 
5 range of transport velocities   
6 range of sediment storage variation       
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4.2.2.3 Debris flow  

Table 18: Summary of debris-flow data gathered in the study areas of the project.  

Catchment Event date 
Triggering 

rainfall 
(mm) 

Rainstor
m 

duration 
(h) 

Mean 
flow 

velocity 
(m/s) 

Peak 
discharge 

(m3/s) 

Volume 
(m3) 

Available 
event 

images 

Complementar
y data 

Moscardo 
 

14.09.2011 39 0.67 3.6 71 4700(a) None 
-Pre- and post-

event TLS 
surveys 

24.09.2012 69.8 4.67 3-4(b) 90-120(b) 
48000-
65000(b) 

None 
-Pre- and post-

event TLS 
surveys 

27.09.2012 92.6 10 3-4(b) 120-160(b) 
79000-

105000(b) 
None 

-Pre- and post-
event TLS 
surveys 

 

Gadria 
 

 

05.08.2011 (c) 

 

9.4 

 

5.25 

Surge 
1:2.6 

Surge 2: 
1.7 

Surge 3: 
1.0 

11.3 

4.8 

3.8 

1749 

249 

418 

Video 
-Pre- and post-

event TLS 
surveys 

18.07.2013 17.2 0.25 5.7 (d) 80-90 10000 Video 

-Pre- and post-
event TLS 
surveys 

-Post-event 
photogrammetri

c survey 

-grain-size 
analysis of the 

deposits 

14.07.2014 11.4 0.75 1.4 (d) (e) (e) Video 

-Pre- and post-
event TLS 
surveys 

-Pre- and post-
event 

photogrammetri
c surveys 

 

Réal 

08/03/2013 11.1 3.7 1-2 (b) 5-11 (b) 
200-300 

(b) 
Photos - 

30/03/2013 (j) 19.7 7.7 0.9 6.7 1 000 Photos - 

16/05/2013 
7.8 
12.7 

5.7 
8.4 

1-2 (b) 

1-2 (b) 
3-7 (b) 
6-13 (b) 

100-200 
(b) 

300-700 
(b) 

Photos 
- 

- 

18/05/2013 
20.3 
43.2 
51.5 

6.2 
13.0 
14.8 

0.9 
1.6 
1.6 

6.9 
30.0 
29.3 

500 
800 

1 400 

Photos 
- 
- 

- 

07/06/2013 9.6 1.3 1.7 9.2 300 Photos - 

22/07/2013 23.1 0.5 1.9 25.1 
5 400 

(2 000) 
- - 

29/07/2013 (g) 10.7 1.6 1.2 4.8 1 200 - - 

14/08/2013 (g) 13.7 0.7 1.0 1.9 
2 000 
(700) 

- - 

04/01/2014 38.0 28.3 1.8 29.8 1 300 - - 

30/05/2014 (g) 9.6 2.4 <1 (b) <3 (b) <300 (b) Photos 

• Pre-event 
photogrammetri
c survey (SfM); 
• Pre-event RFID 

tracer data. 

10/06/2014 21.7 2.0 2.4 30.1 
9 200 

(1 400) 
Photos 

• Post-event 
photogrammetri
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c survey (SfM); 
• Post-event 
RFID tracer 

data. 

25/06/2014 (g) 4.4 2.4 0.8 (i) 2.8 200 Photos 

• Pre-event 
photogrammetri
c survey (SfM); 
• Pre-event RFID 

tracer data. 
10/09/2014 (g) 16.7 2.9 2.0 (i) 4.2 300 Photos - 
20/09/2014 23.9 4.4 3.6 44.6 4 900 - - 

13/10/2013 (g) 11.7 6.2 0.9 3.5 (h) - 

• Post-event 
photogrammetri
c survey (SfM); 
• Post-event 
RFID tracer 

data. 

Manival 

23/10/2013 (j) 17.0 2.7 (i) - - Photos - 

07/07/2014 (j) 3.6 0.6 (i) - - Photos 

• Pre- and post-
event 

photogrammetri
c survey (SfM); 
• Pre- and post-

event RFID 
tracer data. 

08/09/2014 (j) 10.7 0.4 (i) - - Photos 

• Pre- and post-
event 

photogrammetri
c survey (SfM); 
• Pre- and post-

event RFID 
tracer data. 

(a) underestimated because final hydrograph part is missing;  
(b) For the Moscardo: assessed from values of debris-flow velocity typical of Moscardo debris flows; 
For the Réal: assessed by comparison of photos from different events; 
(c) event consisting of three surges (see text); 
(d) main debris-flow front velocity; 
(e) see text (section 4.2.1.3.1). 
(f) in brackets, the volume of the main surge; 
(g) immature debris-flow (i.e. small (<0.5 m) debris-flow without steep front); 
(h) dysfunction of flow-stage sensor during the flow event; 
(i) high uncertainty of velocity because of strong change in the flow leading to different geophone 
signatures; 
 (j) intense bedload transport floods (i.e. no fine matrix). 
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4.2.2.4 Wood transport 

Table 19: Summary of wood transport data gathered at the Génissiat dam and the Ain at Chazey 

Steps reached Génissiat Ain at Chazey 
Series available 1 2-2-2011 to 3-3-2015 (not 

fully continuous) – 1 photo 

every 15 mn 

1 15 floods between April 2007 

and Oct 2011, 2 windy days, 

1 day of wood tests. 

2 16 sept. 2011 to 31st dec. 

2013 (722 days, 86% of days 

of the time period) 

3 Very few data in 2014 

4 16 feb 2015 to 3-3-2015 

(again continuous record) 

            (3 to 5 photos per s) 

Ortho-rectification Available – correction of size 

according to distance from camera  

Available – correction of size according 

to distance from camera and water 

level. 

Resolution is good for wood passing 

close to camera (which is most of the 

wood), allowing reliable classification 

by size.   

Detection of wood flux Based on a classification separating 

water from wood and a model 

linking raft area and wood mass. 

The first model is available and 

based on Random Forest algorithm 

(percentage of correct classification: 

97%) 

The second model is also available 

and based on 12 dates for which 

the dam operator removed wood 

and weight it.  

Mass (in kg) = 1.93 * log(raft area) 

– 14.4 (area in m2; R2 =0.77, 

n=12) 

Based on an automatic detection 

algorithms which is now operating and 

we are testing it in different flow/light 

conditions (main progress performed in 

SedAlp project) 

Volume / mass Available on a preliminary series in 

progress (photos taken at 1:00 PM 

from 1-4-2013 to 31-12-2013) and 

from 12 extractions of the dam 

operators (in tons per event or per 

year). 

Have been calculated based on a rating 

curve between wood rate and 

discharge.  Corrected for water 

elevation, but still some errors related 

to diameter measurement and lower 

resolution on upper part of image   

 

 

Wood rate 

[m3 s-1]or [kg yr-1] 

Available on a preliminary series in 

progress (photos taken at 1:00 PM 

from 1-4-2013 to 31-12-2013) and 

from 12 extractions of the dam 

Have been calculated for 15 

min segments in three floods.  Subject 

to same uncertainty as Volume 

Highest recorded rates : 0.01 to 0.02 
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operators (in tons per event or per 

year). 

m3/s 

Between  300 to 1240 m3 of wood per 

flood event 

Temporal variability of 

wood discharge 

Available on a preliminary series in 

progress (photos taken at 1:00 PM 

from 1-4-2013 to 31-12-2013) 

3 floods already studied showing clear 

hysteresis in wood discharge (amount 

of wood during rising stage 4 times 

higher than falling), critical discharge 

for wood entrainment ca 300 m3/s 

 
 
 
Table 20: Summary of wood transport data gathered at the Tagliamento River and the Piave River 

 Tagliamento River Piave River 

Survey period June 2010 - March 
2011 April 2013 - December 2013 

GPS tracks installed 42 15 
RFID installed 113 46 

Transported logs 25 (20 RFID; 5 GPS) 1 
Max. travel distance (km) 51,10 2,50 
Mean travel distance (km) 13,00 2,50 
Min. travel distance (km) 0,11 2,50 

Mean travel velocity of GPS trackers (m s-1) 1,80 2,30 

Volume of transported logs (m3) 12,29 0,24 
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4.3 Spatio-temporal variability in sediment transport – Action 5.3 

4.3.1 Evidence of spatio-temporal variability  

4.3.1.1 Suspended load 

4.3.1.1.1 Italian sites  

Saldur River 

Hysteresis in suspended sediment transport in the Saldur River 

The event-scale analysis of the relationship between water discharge and SSC in the 
Saldur River highlights the dominance of clockwise loops for both snowmelt and 
glaciermelt daily events. However, snowmelt cycles are characterized by more pronounced 
clockwise hysteresis than glacier melt (Figure 56), possibly because of the closer source of 
sediment supply during the former. Interestingly, such pattern does not reflect bedload 
transport dynamics in the same stream, where counter-clockwise loops were observed 
during the late glaciermelt period (see section 4.3.1.2.1).  

In contrast, some rainfall events were characterized by counter-clockwise loops (Figure 
57)   

 
 
 

  

Figure 56: Snowmelt (left) and glacier melt suspended sediment dynamics in the Saldur River (LSG 

station). Above (a), selected events in terms of water discharge and SSC variations of selected 

events; below (b), graphs displaying the related clockwise loops 
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Figure 57: Typical dynamics of suspended sediment during a rainfall event (above, a) in the Saldur 

River, showing a counter-clockwise loop (below, b) 
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Cordon Creek 

Data gathered in the Cordon Creek show great variability in the relative importance of 
suspended load with respect of bedload, in fact ratio of suspended load to bedload range 
from 16% to 100% of the total sediment load in the studied floods, and contributed about 
40% of the total yield in the September 1994 large flood. The variability of suspended load 
is largely influenced by the characteristics and location of active sediment sources. The 
same reasons may be invoked to account for the complex relationship between suspended 
sediment concentration (S.S.C.) and flow discharge. Counter-clockwise hysteresis loops 
observed in some floods are a straightforward result of such a complexity (Lenzi and 
Marchi, 2000; Rainato et al., 2014). 

An interesting aspect to be considered to better understand suspended sediment 
processes is the particle size variations during the same event. 

 

Figure 58: Water discharge hydrograph, sediment concentration and particle-size classes of 

suspended sediment for the September 1994 flood. The particle size plot does not cover the entire 

flood duration due to the malfunctioning of instruments after the discharge peak (after Lenzi, 2000; 

Lenzi & Marchi, 2000). 
 
Sampling suspended sediment during the 14 September 1994 flood has made possible to 
analyse intra-event particle size variations and to identify a coarsening in the particle size 
composition of the transported material due to the increase in water discharge and 
sediment concentration (Figure 58). Near flood peak, sand exceeded 50% and very fine 
gravel reached 2.5% of total suspended load. 

The general relationship between increasing water discharge and particle size observed in 
the September 1994 flood event is in agreement with the traditional view of a positive 
relationship between these variables. 

However, variations in the relative percentage of sand and silt in transported sediment are 
rather complex, suggesting that other processes, such as the influx of silty material 
eroded from hillslopes and from failed channel banks, affect intra-storms variations in 
particle size (Lenzi et al., 2003). 
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4.3.1.1.2 Slovenian site 

Gradaščica River and Kuzlovec torrent 

The seasonality analysis was carried out based on the collected data (section 4.2.1.1) and 
the presented methodology for the estimation of the SSL (Annex).  June, July and August 
months were classified as summer; September, October and November as autumn; 
December, January and February as winter, and March, April and May as spring. For 
events where accumulated rainfall (P) exceeded 1 mm the estimates of SSL were made 
using the defined copula model (Annex) for the period from March 2013 to May 2014. 21 
completely recorded events (section 4.2.1.1) were used for the estimation of the model 
parameters (Annex). Based on the methodology presented in section 3.4.3.3, the SSL 
estimates were made for 71 events, when SSL measurements were not performed (only Q 
and P), in all four seasons (summer 2013, autumn 2013, winter 2013-2014 and spring 
2014). Detailed description of the methodology for estimation of the SSL values is given in 
Annex. From June 2013 to May 2014 approximately 5 t were transported as suspended 
load through measuring cross section in the Kuzlovec torrent. The lower confidence 
interval was 3.8 t, and upper confidence interval 6.7 t. These values correspond to about 
0.07 t/ha/year of specific sediment yield (0.05 and 0.1 t/ha/year are confidence intervals).  

Based on predicted yields presented in the SedAlp WP4 report, actual SSL (combination of 
measured and estimated values) are lower than predicted soil erosion rates independently 
of the model used (RUSLE, Gavrilović, WATEM/SEDEM). The specific sediment yield 
calculated by WATEM/SEDEM model was 0.29 t/ha/year, which is the closest to the actual 
SSL values presented in previous paragraph. However, the period June 2013 to May 2014 
did not contain any high-magnitude event. RUSLE and Gavrilović methods gave 
significantly larger specific sediment yields than the measured SSL, but these two models 
do not considered the sediment deposition within the catchment.        

Table 21 shows seasonal (temporal) analysis for the reported period for next variables: 
accumulated rainfall (P), peak discharge (Qmax) and suspended sediment load (SSL), 
where confidence intervals are also shown for the estimated SSL values. The values shown 
in Table 21 are an event-based (description of the event-based model is given in the 
Annex). One can notice that most of the SSL was transported during winter 2013/2014, 
which was relatively warm and quite snow-poor. The highest mean P and Qmax values are 
also characteristic of winter period. The autumn 2013 contributed about 30 % of the total 
SSL, while in summer 2013 and spring 2014 together about 10 % of SSL was transported.   

 
Table 21: Seasonal characteristics of the measured and estimated values, namely P, Q and SSL 

Season 
Mean P 
[mm] 

Mean Qmax 
[/s] 

SSL [t] SSLlower [t] SSLupper [t] 
Number of 
events 

Summer 2013 11.4 12.9 0.10 0.06 0.19 19 

Autumn 2013 17.8 28.1 1.44 1.19 1.8 26 

Winter 
2013/2014 

26.8 30.4 3.00 2.24 4.11 25 

Spring 2014 12. 1 16.2 0.39 0.3 0.55 22 

    

The results shown in Table 21 are based only on little more than one complete year of 
data, meaning that seasonal distribution of SSL can contain some level of uncertainty. 
Figure 59 shows two events, which occurred in spring and summer 2014 and clock-wise 
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(positive) hysteresis, which was observed. In almost all analysed events the SSC peak 
occurred before the peak discharge, which corresponds to clockwise (positive) hysteresis, 
that is usually observed in case of small watersheds. For clockwise hysteresis the time lag 
was from 20 minutes to about 4 hours 
 

 

 
Figure 59: Seasonal box-plots showing quartiles of suspended sediment loads (SSL). 

 

According to the estimated SSL values between March 2013 and May 2014 (5 t) and the 
measured net sediment change using the DoD approach (500 m3 for a smaller sub-section 
of the Kuzlovec torrent channel) we can conclude that significant temporal variability is 
present in the soil erosion processes and sediment transport (both suspended and 
bedload) in the Kuzlovec torrent. However, most of the SSL transport occurs during 
several major flood events.  
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4.3.1.2 Bedload  

4.3.1.2.1  Italian sites 

Saldur River 

Bedload impulses on the acoustic pipe sensor installed in the Saldur River revealed how 
complex are the temporal dynamics of coarse sediment transport associated with melting 
(from snow and glacier) flow events (Mao et al., 2014; Dell’Agnese et al. 2014, Figure 60, 
Table 22). Overall, during the snowmelt-dominated period (i.e. approximately 
corresponding to June and July in the Saldur River, Penna et al., 2014) the clockwise 
hysteretic pattern dominates, i.e. bedload transport peaks before water discharge. 
However, the interpretation of why bedload clockwise loops dominate during snowmelt in 
the Saldur River is not straightforward, as it could be due to a combination of different 
processes, namely the ready supply of sediment from sources close to the monitoring 
station, and the fact that particles in the channel bed are ready movable in early summer. 
The upper channel reaches featured more stable banks for a combination of prolonged 
snow cover and reduced unit stream power, as the channel there is wider. The presence of 
clockwise loops for many diurnal cycles in July may be linked to the capacity of the River 
to evacuate the sediment eroded from the banks out of the study basin within few hours. 
This likely happens because the location of sediment sources is close to the station and 
thus sediment-water kinematic time lag is not relevant. 

In August, when glacier melt most likely became the predominant source of runoff 
in the Saldur River but snowmelt was still relevant (Penna et al., 2014), water-bedload 
impulses relationships do not show any clear dominance of clockwise vs. counterclockwise 
patterns. Interestingly, when intense rainfall events occurred during this period, these led 
to predominantly clockwise loops within one or two days after rainfall. This pattern might 
indicate a sudden connection – not present during melt flows – with active sediment 
sources at the basin scale, which most probably come from relatively low elevation 
tributaries (where precipitation was in form of rainfall and not snowfall) featuring steep, 
easily erodible slopes and entering the main channel close to LSG station. 

During the late glacier melting in September, a predominance of counterclockwise 
loops - punctuated by clockwise cycles - is observed, possibly suggesting that a marked 
change in the location of sediment supply takes place after the snowmelt is almost 
complete also at the higher elevations and on the glacier. In particular, the periglacial area 
at 2700-2900 m a.s.l., where the Saldur River features a braided pattern on loose and 
relatively fine moraine material – replenished by frequent inputs during warm late summer 
days from adjacent rock-glaciers and dead ice masses – is most likely a relevant source of 
sediment during this period based on direct visual observations. This area is inactive in 
July as snow cover and reduced flow discharges from the glacier outlets keep it 
disconnected from the lower part of the basin. But probably even more important is the 
amount of sediment transported by the sub- and supra-glacial flows which develop and 
enlarge rapidly once the glacier becomes snow free and ice surface starts to melt. 
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a b 

Figure 60: Clockwise and counterclockwise events in the Saldur River, during the snow melting (1 to 

30 of July), glacier melting (31 July to 1 September), and late glacier melting (1 to 25 September) 

time spans (Mao et al. 2014). 

 

Table 22: Runoff generation processes and bedload hysteresis dominating in the different seasons in 

the Saldur River (Mao et al., 2014). 

Season Main runoff 

source 

Sediment transport 

capacity 

Sediment source Dominant water-

bedload relationship 

Winter/early spring Groundwater No competent 

flows 

In-channel  No bedload 

Late spring/early summer Snowmelt Moderate daily 

fluctuations of 

competent flows 

In channel + bank 

erosion in lower 

reaches  

Clockwise 

Late summer/early autumn Glacier melt Substantial daily 

fluctuations of 

competent flows / 

rainfall events 

Proglacial plain + 

glacier (far from the 

monitoring section) + 

localized sources 

during rainfall events 

Counterclockwise 
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Figure 61: Sketch summarizing our observations on the main seasonal changes in dominant runoff 

and sediment sources in the Saldur River basin. Blue and yellow arrows illustrate the location of the 

main water and sediment sources, respectively responsible for daily fluctuations and thus hysteresis 

cycles. a) during the snowmelt-dominated period (June to July) runoff is generated in a large part of 

the basin, whereas available coarse sediment comes from either unstructured patches in the lower 

channel bed and from bank erosions in the lower reaches; b) during periods dominated by glacier 

melt (late August and September), daily runoff fluctuations as well as most sediment input 

originates mostly from the glacier and the periglacial area, apart from the case of intense rainfall 

events where tributaries may become relevant. From Mao et al. (2014). 
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Cordon Creek 

The year 1994 is characterized by the highest values of sediment production (Table 2), as 
in September 1994 there was a major flood, the most severe flood recorded so far, with a 
recurrence interval of about 50-60 years, caused by high intensity/short duration rainfalls. 

Another important event, the second in term of total sediment load (both bedload and 
suspended sediment load) in the dataset, occurred in May 2001 (Table 2). That event was 
characterized by an intense snowmelt, without rainfall, following a very snowy winter. Soil 
saturation mobilized a shallow landslide that turned into a mudflow moving along a small 
tributary, and providing Rio Cordon main channel with easily available fine sediments to be 
transported downstream. 

The two floods events are completely different both for the generation mechanism and for 
the effects on channel processes and sediment transport. 

September 1994 flood was generated by large precipitation which affected wide areas of 
the Alpine Arch (D’Agostino and Lenzi, 1999). This extreme event was characterized by 
two different phases (Figure 62). 

 

 
Figure 62: The flood of September 14, 1994 on the Rio Cordon: water discharge and bedload 

transport during the event (D’Agostino and Lenzi, 1999). 

During the first peak (peak discharge 3.7 m3/s) suspended transport was the dominant 
process. During the second (peak discharge 10.4 m3/s), suspended sediment was still 
important but the massive water discharge led to peak bedload rates. A large quantity of 
bed material was entrained and trapped (900 m3) by the Cordon facility. The stepped 
morphology of the stream bed was deeply altered and the instantaneous peak bedload 
transport rates of about 700 kg/s occurred for a few minutes. The coarser boulder making 
up the bed surface (b-axis equal to 0.70 m) were entrained. A large part of the sediment 
was supplied by the channel bed and banks, an upstream alluvial fan and some point 
sources on the catchment slopes (D’Agostino and Lenzi, 1999). 

In the May 2001 event the occurrence of a mud flow in a small tributary, generated a 
quasi-unlimited sediment supply conditions in the Cordon basin. The consequences were 
that May 2001 snowmelt flood that exceed 1 m3/s for more than 24 hours and peaked at 
1.46 m3/s (usually snowmelt discharges range between 0.6 and 1 m3/s), was able to 
transport exceptionally large values of suspended sediment (1016.2 t) and bedload (137.8 
t). Note that before 2001 a snowmelt flood was never able to generate bedload transport 
in the Cordon channel. 
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Mean annual specific sediment yield, averaging 16 years of data (1986-2001), is 146.8 t 
km-2 year-1, and the highest annual values correspond to 1994 (813 t km-2 year-1), 2001 
(348.5 t km-2 year-1) and 1998 (252.3 t km-2 year-1) (Lenzi et al., 2003) (Figure 63). 
Further analysis about the mean annual specific sediment yield for the period 2002-2014 
and the entire dataset about the 29 years of monitoring (since 1986) will be published in 
Garcìa-Rama et al. (2015).  

The proposed interpretation is that high-magnitude, low-frequency flows reactivating or 
creating new sediment sources have a direct effect on sediment supply conditions and 
then can substantially increase the amount of sediment transported by subsequent floods 
(Lenzi et al., 2003; Mao et al., 2010). Once streambed equilibrium is dramatically altered, 
many years may be needed before new bed stability is achieved. It is worth noticing, from 
a morphological point of view, the high discharge has heavily altered the step-pool 
morphology that characterized the Cordon (Rainato et al., 2014). The typical sequence of 
step and pool was restored only after several ordinary floods, through a slow action of pool 
scouring supported by supply-limited conditions along the stream network (Lenzi, 2001). 

 

  
Figure 63: (a) Annual and (b) cumulated sediment yield measured in the Rio Cordon during the 

period 1986-2013. Data and analysis for the period 2002-2014. (Garcìa-Rama et al. 2015) 

 

Annual mean sediment yield of Rio Cordon may be compared with data coming from two 
catchments (Cordevole at Alleghe Lake, 242 km2; and Boite at Vodo di Cadore, 322 km2; 
Piave River basin, Dolomites, Italy), belonging to the same geographic and macroclimatic 
area of Rio Cordon basin. 

Cordevole at Alleghe Lake has a mean annual sediment yield (over the period 1895-1984) 
of 303 t km-2 year-1, whilst Boite at Vodo di Cadore has a mean value of 227 t km-2 year-1, 
calculated between 1958 and 1974. 

The diversity between these two large basins and the Rio Cordon could be explained in two 
ways. First, it should be considered that the hydrological regimes are clearly different. The 
Rio Cordon is a high-altitude catchment where, for most of the year (normally from 
November to May), snow-related processes influence its hydrological regime, thus flood 
events capable of transport sediment occur only during a limited time period (normally 
from August to October). Besides, response time of such a small basin is very short and 
flood duration is small, consequently flow discharges above the mobilization threshold last 
only for few hours during flood event. 
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On the other hand, larger and lower-altitude basins have a hydrological regime dominated 
by autumn precipitation, with longer flood duration. Another possible explanation is that 
sediment supply in the two larger basins is larger than in the Rio Cordon, as a 
consequence of the extreme events that affected those basins (as many other alpine 
basins), in 1965 and 1966. Huge amount of sediments (estimated ~ 600-900 t km-2 year-
1) were transported by these Rivers on these events, and during the subsequent years the 
sediment yield was considerably higher than before. 

The availability of the hydrological and sedimentological data of major flash-flood recorded 
in the Rio Cordon allowed also the calculation of the ratio between bedload volume (BL) 
and the effective runoff (Re). The effective runoff (Re), determined for each flood as the 
hydrograph volume exceeding the detected threshold discharges from the beginning to the 
end of the bedload transport, provides a means to normalize total bedload volumes and 
thus allows us to infer temporal trends in the bedload yields (Picco et al., 2012).  

Figure 64 show a semi-logarithmic plot of the ratio BL/Re (with Re expressed as 103 m3) 
for each flood. The BL/Re ratio shows an initial decreasing trend, caused by the limited 
supply conditions in the 1986-1993 period. The September 1994 event is characterized by 
the highest BL/Re ratio (33.83); in the following period there is a new decreasing trend, 
with events initially characterized by higher values of BL/Re ratio. This trend is confirmed 
also in the recent period, with the last analysed flood event (the November 2012 ordinary 
flood) that has a value of BL/Re ratio of 0.32, very close to those that characterized the 
1986-1993 period (Rainato et al., 2014). 

 

 
Figure 64: The ratio between bedload volume (BL) and effective runoff (Re) calculated for each flood 

event that occurred since 1986 (Rainato et al., 2014). 

The new decreasing trend may be explained considering that the streambed has 
progressively armoured, and that the step-pool morphology has been restored by the 
ordinary floods that followed the 1994 extreme event. 
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4.3.1.2.2 German sites 

In 1958 the Sylvenstein reservoir was put into operation after four years of construction. 
It is situated in the Northern Limestone Alps, Bavaria at River kilometre 224.4 of the Isar 
River and is fed by the Rivers Isar, Rißbach, Walchen and Dürrach. The reservoir acts as a 
barrier for bedload and suspended load and thus interrupts the sediment continuum.  

Not only the reservoir influenced the development of the Isar, but also different 
engineering measures, like the weir construction in Krün (1923) and the stream diversion 
of the Walchen in 1950 which amounted to about 50% of the remaining discharge. Thus, it 
is important to analyse the Riverbed changes during the last century. In this chapter, 
mapping results for three time steps are presented – 1904/1907 as initial recording with 
negligible human impact, 1958 after the construction of the Sylvenstein reservoir and 
2000 as current substitute. The changes between the timesteps are analysed.  

The project area starts at River kilometre 200.4 at Bad Tölz and reaches until River 
kilometre 219.0, five kilometres downstream the Sylvenstein reservoir. The last section 
from kilometre 219.0 up to kilometre 224.0 at the reservoir could not be taken into 
account because of missing data basis for the earlier time steps. The outline of the area of 
interest is formed by the earliest visible fluvial terrace, based on the ALS data from 2011. 
This area was mapped to comprehend the changes in the River course as well as the land 
use/coverage and thus divided into six classes (Figure 65): 

o (1) Isar and tributaries 

o (2) Gravel (floodplain and gravel bars) 

o (3) Vegetation (without significant human impact) 

o (4) Settlement 

o (5) Reshaped area (Visible human impact, e.g. grassland, cropland etc.) 

o (6) Missing map basis (concerning 1904/1907) 
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Figure 65: Mapping results of the Isar course (own image, 2014) 
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The most significant changes took place between 1904/1907 and 1958 and thus before the 
construction of the Sylvenstein reservoir (Fig. 2). Especially the percentage of settlement 
increased - a fact that can be attributed to the growth of the cities Bad Tölz and Lenggries 
(approx. in the middle of fig. 64). Correspondingly, the percentage of vegetation, gravel 
and water surfaces decreased. 

Downstream Bad Tölz reaching up to Lenggries, the former broad floodplain from 
1904/1907 with a multichannel system had almost been totally covered by vegetation 
until 1958. The channel organisation had changed to a single-flow system, continuing less 
significant up to 2000. The River course itself as well as the bedload delivery from the 
tributaries changed considerably, caused by engineering measures. The mouth of River 
Steinbach, leading into the Isar at the orographic right side (approx. centred in fig. 64, 
upstream Lenggries) can be used as an example for the changes at the tributary junctions 
and the decrease of bedload delivery from the tributaries.  

Downstream Lenggries reaching up to the end of the study area, the changes are 
comparable to the first section, as described in the previous paragraph. Here, however, 
especially the growth of the class “reshaped area” between 1958 and 2000 is remarkable. 
The floodplain 1904/1907 is not as distinct as in the upper section. Here first the River 
course changed from 1904/1907 to 1958, followed by the former floodplain until 2000. 

The depicted changes are summarized in following Table 23. It shows the amount of every 
class in ha (rounded) at every time step. 

 
Table 23: Tabular comparison of the amount of each class (own table, 2014) 

 1904/1907 

Area in ha 

1958 

Area in ha 

2000 

Area in ha 

Isar & tributaries (1) 

Gravel (2) 

Vegetation (3) 

Settlement (4) 

Reshaped area (5) 

210,49 

215,63 

847,05 

92,40 

0 

91,40 

123,43 

415,05 

332,71 

461,91 

98,11 

37,27 

397,95 

509,78 

381,39 

Total amount of the 
research area 

1424,501 1424,50 

 

1424,50 

 

 

Figure 68 below summarizes the changes between the different time steps and shows the 
amount of every class at the different years as a percentage value.  

                                           

 
1 Including the area with missing data basis (class 6, amount: 58,92ha) 
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Figure 66: Percentage of every class in 1904/1907, 1958 and 2000 (own figure, 2014) 

 

Due to the different engineering methods, starting in the early 90ties, the class of water 
surface (1) decreased until 1958 from 15% to 6% by 119,09ha. Afterwards the regulation 
of low water flow through the Sylvenstein reservoir led to a small increase in this class 
from 6% to 7% by 6,71ha.  

The class “gravel” represents mainly the former floodplain and thus decreased by 92,20ha 
from 15% to 9% between 1904/1907 to 1958 following the same cause like the class Isar. 
The negative trend continues through the next timestep which shows a further decrease of 
6% (86,16ha) due to the growth of vegetation. This was caused by a lack of extreme 
events and bedload, which had been held back by the Sylvenstein reservoir since 1958.  

The vegetation class in parts also represents the former floodplain. Its coverage decreased 
by 432,01ha from 58% in 1904/1907 to 29% in 1958 and by 17,10ha to 28% in 2000, 
mainly for the benefit of the classes “settlement” and “reshaped area”. 

The area used for settlement increased by 240,31ha from 6% in 1904/1907 to 23% in 
1958 and by 177,07ha 36% in 2000. Embankment constructions and engineering methods 
as well as the flood control by the Sylvenstein reservoir allowed building on the former 
floodplain and near to the River course. 

The same reason led to an increase of the class “reshaped area”, which represents the 
surface influenced by human impact like cultivated areas and grassland. In 1904/1907, 
the area seemed to be in its natural state. Human impact was first visible in the aerial 
images of 1958. The surface cover of this class amounted to 32% or 461,91ha. Later, and 
mainly to the benefit of the class “settlement” it decreased by 80,52ha up to 27% in 2000. 

To sum up, engineering methods, the lack of extreme events and bedload and the 
decrease of discharge led the River course changing from a multiple flow to a single flow 
system in most sections. In addition, this caused a loss of gravel bars and floodplain area 
and enabled a growth of settlement and vegetation. 
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4.3.1.2.3 French site 

Moulin torrent 

The annual bedload yield of the Moulin Ravine is monitored since 1988 using the sediment 
retention basin at the outlet of the catchment. This 27-yr record of event-based bedload 
transport gives a mean annual bedload yield of 148 m3 yr-1, with a standard deviation of 
58 m3 yr-1. The inter-annual variability shows that the annual bedload yield fluctuates 
over almost one order of magnitude, with minimum and maximum values of 32 and 237 
m3yr-1 respectively. This variability does not reveal any significant increasing or decreasing 
trend over the period (Figure 67). The annual bedload yield is rather stationary, with 
fluctuations around a constant mean value, attesting for dynamic equilibrium conditions. 
These inter-annual fluctuations of bedload transport should be controlled by the climatic 
variability, and more specifically by the rainfall variability. A first attempt was made to 
correlate the annual bedload yield with annual rainfall (Figure 67), revealing some positive 
covariations during several sub-periods. In general, years with bedload yield above the 
mean (calculated for the whole period) correspond to humid years, with annual rainfall 
above the mean, but this is not always true. Seven years over 27 are not following this 
rule. A more specific analysis should be made with other potential climatic predictors (like 
the total rainfall above a given rainfall intensity) to improve the understanding of the 
annual variability of bedload yield. 

 

 

 
Figure 67: Time variability of the annual bedload yield of the Moulin Ravine between 1988 and 2014, 

with four annual rainfall series recorded by four rain gauges located in the vicinity of the Moulin 

catchment (Laval, Sévigné, Pompe, and Pépin). Solid horizontal lines correspond to mean values 

over the 1988-2014 period. 

 

The time variability of the bedload response can also be evaluated with data from the slot 
sampler, which can detect fluctuations of the bedload rating curve between flow events. 
Data processing of the 2013 flow events was instructive in this respect, showing very 
distinct bedload responses to shear stress between seasons (Figure 68). A progressive 
shift of the bedload response is observed, with a counter-clockwise seasonal hysteresis. In 
other words, for a given shear stress, the bedload flux is much higher during autumn than 
during summer. This is based on 60s bedload fluxes recorded between June and 
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November 2013. The general slope of the rating curve does not seem to change between 
seasons, but the lack of data points during autumn with shear stress higher than 20 N m-2 
prevent from a statistical validation of this observation. What is changing is the initiation 
of motion, which shifted to lower values during autumn. This means that bedload starts for 
lower shear stress during autumn. The 04/10/2013 flow event does not follow this general 
pattern, since it stands closer to summer flow events. This event occurs during early 
autumn and can be considered as representative of transition conditions between summer 
and autumn. 

 

 
Figure 68: Seasonal shift of the bedload rating curve observed in the Moulin Ravine in 2013. 

 

This seasonal shift of the bedload response can be attributed to changing channel 
conditions through time, as illustrated in Figure 69. This sequence of pictures shows a 
typical seasonal fluctuation of channel morphology in the Moulin Ravine, where channel 
aggradation is observed during summer, under the effect of downstream progradation of 
sediment waves coming from hillslopes. During autumn, channel degradation occurs under 
the effect of sediment supply decrease from hillslopes (most of the easily available 
sediment stores produced during winter by frost action have been exhausted). This 
seasonal cycle of aggradation/degradation strongly controls the bedload response at the 
outlet of the catchment by its effect on the sediment supply from the bed. 
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Figure 69: Pictures showing the contrasting channel conditions of the Moulin Ravine between 

summer and autumn, under the effect of the downstream progradation of sediment pulses coming 

from hillslopes. 
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4.3.1.2.4  Austrian sites 

Drau River at Lienz 

Due to the relatively short measurement duration and the limited measurement intervals, 
direct bedload monitoring methods (basket sampler, slot samplers) are only partially 
suitable to monitor the effects of spatio-temporal variability in sediment transport. Indirect 
methods (like plate geophone devices) in contrast enable the monitoring in a high spatial 
and temporal resolution. 

Even though the River cross section at the station is strongly modified with artificial 
reinforced Riverbanks and a stretched watercourse, the spatial distribution of the observed 
bedload transport is relatively diverse. Figure 70 shows the distribution of the annual 
recorded geophone impulses (as measure for the transported bedload material), over the 
whole River cross section for the years 2012 to 2014. A spatial concentration of bedload 
transport can be observed on the right side of the profile (due to slight asymmetric River 
profile with the deepest location at the right River bank). In years of hydraulic activity 
(flood event 2012), the distribution of geophone impulses seems to shift slightly to the 
middle of the River profile (higher activity at geophones 6 to 8).  

 
Figure 70: Cross-sectional variability of geophone impulses at Lienz/Drau 

 
The temporal variability is strongly influenced by the hydropower plant upstream the 
station. The daily up- and down surges trigger bedload transport which can be derived 
from Figure 71. Furthermore, even under constant hydraulic conditions, temporal 
variations in the intensity of bedload transport (bedload waves) can be observed.   

   

 
Figure 71: hydropeaking - hydrograph and geophone impulse time series at Lienz/Drau 

 



102 

 

 

 

Another influence of the hydropower plant is connected to the 24 km long River stretch 
with residual conditions upstream the monitoring station Lienz/Drau. Due to the restricted 
hydraulic condition in the residual River stretch, the sediment supply from upstream the 
station is limited. In case of a flood event (Figure 72), the transport capacity at the station 
is much bigger than the available transportable bedload material. Furthermore, the 
available bedload material is well sorted with a relatively stable protective layer. During 
the flood event, bedload material from the residual section gets mobilized and transported 
downstream which leads to a sudden increase in the measured bedload transport a the 
falling limb of the hydrograph.    

   

 
Figure 72: limitation in sediment supply - hydrograph and geophone impulse time series at 

Lienz/Drau 

 

Isel River at Lienz 

The active zone of the spatial bedload transport distribution at the station Lienz/Isel is 
restricted to around three quarters of the River cross section (Figure 73). Also the 
calculated transport width, presented in Figure 28b, shows no bedload transport close to 
the River banks (especially right bank). Most of the transport can be observed in the 
middle of the River profile where around 30 % of the whole bedload transport is detected 
on 2 m of River width. Direct bedload measurements using the TIWAG sampler are 
conducted behind geophone 4 where about 1 % of the geophone impulses are noticed.  

 

 
Figure 73: local distribution of geophone impulses at Lienz/Isel 

 

Figure 74 and Figure 75 give a qualitative insight in the interaction of spatial and temporal 
variability of bedload transport. Both figures represent geophone data from the biggest 
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flood event in the project period, with a peak discharge of 370 m³s-1 (around HQ5) at the 
end of July 2014. The plots show in high resolution the geophone response of the sensors 
from the whole River profile over the period of one day. Figure 74 illustrate the highly 
dynamic transport process with constant shifts of intensity, spatial and temporal 
occurrence of the recorded bedload particles. The horizontal patterns in Figure 75 
distinguish areas of intensive bedload transport (geophones 5-7, 14-16, 17-22, 23-24) 
whereas the vertical patterns represent temporal structures.  

The hydrograph and the cumulated geophone response of the event are presented in 
Figure 76. With increasing discharge also the geophone response intensifies, with the 
highest recorded bedload transport intensities occurring before the flood peak. This 
behaviour can be observed regularly at the station and is one reason for the relative big 
scatter in the direct bedload measurements (Figure 28).    

 

 
Figure 74: 3D plot of the spatial and temporal variability of geophone impulses, Lienz/Isel 31.7.2014 

 
Figure 75: lateral distribution plot of geophone impulses, Lienz/Isel 31.7.2014 

 
Figure 76: hydrograph and geophone time series, Lienz/Isel 31.7.2014 
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Drau River at Dellach 

The relative distribution of geophone impulses at Drau/Dellach shows a high spatial 
variation of bedload transport in the 50 m wide River cross section (Figure 77). Nameable 
bedload transport only occurs between geophones 5 and 36, leaving the areas close to the 
Riverbank left out of bedload transport. In 2012 and 2014, most impulses have been 
recorded on the right cross section half around geophones 23-25 and 30. This distribution 
shifts completely in 2013, when most geophone impulses occurred at the left River side 
close to geophone 14. The reason for this shift in the spatial distribution is not completely 
understood but seems to be strongly influenced by the heavy snowmelt period in June 
2013.  

 
Figure 77: relative distribution of geophone impulses at Drau/Dellach, 2012-2014 

 

The absolute distribution of geophone impulses including statistical characteristics (Figure 
78) underlines the strong variation in the spatial distribution (especially on the left River 
side) throughout the research period.    

 
Figure 78: absolute distribution of geophone impulses at Drau/Dellach, 2012-2014 

 
Contrary to the stations in Lienz, observations have shown that the recorded bedload 
transport in Dellach is well connected to the hydrograph. Calculated bedload yields based 
on the hydrograph are also very similar to the bedload yields based on calibrated 
geophone impulses.  

The monthly distribution of geophone impulses at Drau/Dellach for the SedAlp research 
period (2012-2014) is displayed in Figure 79. Due to the nivoglacial hydrologic regime 
(see chapter 6.1), nearly no geophone impulses are recorded in the winter months 
between December and March. The snowmelt season (late April till June) is typically 
characterized by intense bedload transport. Depending on the supply of snowmelt water 
from the mountains (percentage of catchment area covered by snow), big differences on 
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the impulse count occur between the years. In July, the Drau is supplied by snow- and ice 
melt water from the upper catchment (glacier area), leading to relatively stable hydraulic 
conditions every year. Just slight variations in the recorded geophone counts can be 
observed between the years in this time period. In August, the hydrograph of the Drau is 
driven by snow and glacier melt and episodic heavy rain events lead to bigger variations in 
the observed geophone response. September, October and November are characterized by 
increasing low flow conditions with episodic heavy rain events due to Adriatic low pressure 
systems.  

 

 
Figure 79: monthly distribution of geophone impulses at Drau/Dellach, 2012-2014 

 

Urslau River at Maria Alm: 

Bedload transport intensity is recorded continuously due to the geophone device. This 
enabled a comprehensive analysis of the bedload transport process at the monitoring 
station and exhibited a strong temporal variability of the transport process. Figure 80 
shows the course of discharge and recorded geophone impulses at the 12.07.2013. 
Although hydraulic conditions are stable, bedload transport intensity differs from an 
average value of 1 to 383 geophone impulses per 15 minutes. 

 
Figure 80: Temporal variability of bedload transport at the Urslau River 

 
Bedload transport exhibits not alone temporal variability of bedload transport, but also 
varies spatially within the stream profile. Figure 81 shows the temporal and spatial 
distribution of geophone impulses for 01.05.2012 – 31.10.2012. 
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Figure 81: Temporal and spatial variability of bedload transport at the Urslau River (01.05.2012-

31.10.2012) 
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4.3.1.3 Debris flows 

4.3.1.3.1 Italian site 

Moscardo Torrent 

Debris-flow monitoring in the Moscardo Torrent covers the period 1990-2014, enabling the 
evaluation of the variability of frequency and intensity of debris flows over a multiannual 
scale. When considering this record, it should be reminded that some data gaps are 
present. Gaps are due to the implementation of torrent control works at the monitoring 
site, which caused interruption of debris-flow monitoring in 1998-2000, and to 
malfunctioning and obsolescence of the installed instrumentation (this occurred especially 
in 2008-2010). Even in these periods, however, field observations were continued and 
permitted detecting the occurrence of debris flows and evaluating, although often with 
coarse approximation, their magnitude. 

Figure 82 presents a general portrait of the occurrence of debris flows in the Moscardo 
Torrent since 1990; data refers to recordings and observations in the middle sector of the 
alluvial fan, where monitoring instrumentation is installed. No data on volume are 
available for several debris flows: in these cases, an approximate volume was computed 
as it follows:  

• two classes of magnitude were considered for recorded debris flow using a total volume 
threshold of 50000 m3 

• the debris flows for which no measurements of volume are available were ascribed to 
one of the two classes of intensity based on post-event field observations (flow depth 
estimated from debris flow marks on channel banks, thickness and extent of the 
deposits) 

• the average volume of the class was ascribed to the debris flows for which no 
measurements of volume are available 

This procedure, which is similar to that devised by Brochot et al. (2002) for a debris-flow 
catchment of the French Alps, is affected by major approximations, but can considered 
adequate for outlining the variability of sediment output from the catchment in the 
considered time interval. 

 
Figure 82: Date of occurrence and volumes of the debris flows in the Moscardo Torrent (1990-2014) 
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It is possible to observe a decrease in the frequency and magnitude of the debris flows 
after 1998 and until 2009. This could be partly due to reduced intensity of erosion and 
sediment supply from the hillslopes to the channel network in the considered decade, but 
a significant role was also played by torrent control works. The influence of control works 
arises from both field observations and analysis of recorded data. It was possible to 
observe that several debris flows that originated in the upper part of the catchment 
stopped in middle or lower sectors of the channel where check dams had recently been 
built (Arattano et al., 2012).  

Debris-flow monitoring in the Moscardo Torrent (1990-2014) has covered one decade in 
which debris flows have occurred quite frequently, although without events of extreme 
magnitude, which was followed by one decade in which debris flows had low intensity and 
low magnitude. Continuation of observations would permit to determine if the recent 
occurrence of five debris flows from 2009 to 2012, two of them with high intensity (24 and 
27 September 2012), marks the onset of a different phase of debris-flow activity in this 
catchment.  

It is of some interest to compare the variability of debris-flow activity in the monitoring 
period with data from previous decades. Figure 83 shows the number of debris flows 
observed in each year and the cumulative number of debris flows from historical 
documents (since 1898) and from monitoring (since 1990). The increase in the number of 
observed events from the 1960s can be ascribed to larger availability of written 
documentation and to the systematic collection of data in the monitoring period (Marchi 
and Tecca, 2006).  

 
Figure 83: Number of debris flows per year and cumulative number of debris flows in the Moscardo 

Torrent from historical records and monitoring 

 

Gadria catchment 

As the record of debris flows measured by the instrumentation installed in the Gadria 
catchment is very short, data on temporal variability of debris-flow occurrence and 
intensity in this catchment rely essentially on the archive of floods and debris-flows (ED30 
– Ereignisdokumentation / Documentazione eventi) implemented by the 30th Division of 
the Autonomous Province of Bolzano. For each event, the date of occurrence and the 
classification of the process (e.g., debris flow, concentrated erosion, water flood) are 
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reported; for some events, also additional information, such as meteorological conditions, 
caused damage and deposited sediment volume is available. 

Documentation available for the Gadria catchment dates back to Late Middle Ages (the 
first event in the ED30 archive is from 1385); it can be presumed that in past centuries 
only the largest debris flows, that caused major damage to agricultural areas and 
settlements, have been reported. As it commonly occurs when dealing with historical data 
on debris flows (e.g., Marchi and Tecca, 2006), archive documents become more abundant 
in the 19th century, due to more systematic collection of information and to their better 
conservation (Figure 84a).  

 
Figure 84: Record of debris flows in the Gadria catchment from historical archives (a) and variability 

of debris flows in different seasons (b). 

For 38 of the 50 debris flows in the ED30 archive, also day and month of occurrence are 
reported, enabling recognition of the monthly distribution of debris flows; for three more 
events the season of occurrence (but not day and month) is known from historical 
documents. Almost two thirds of reported events occurred in summer, with the highest 
frequency in August and in July. A striking feature of the seasonal variability of debris 
flows shows that the concentration of debris flows in summer has experienced a strong 
increase since early 1980s (Figure 84b): the increase in debris-flow frequency observed in 
the Gadria in the last decades is due almost entirely to summer debris flows. Future 
investigations, involving other catchments of Venosta valley, could permit determining if 
this pattern is specific of the Gadria or it reflects a regional trend. A regional study, being 
based on a larger dataset, could also ascertain to what extent the variations of the 
frequency of debris flows is influenced by the documentation methods (e.g., the collection 
of data on events of little magnitude), and if this influences the seasonal distribution of 
observed events. Climate changes could be responsible for the increase of summer debris 
flows in the last three decades. Possible mechanisms that could be confirmed by a climatic 
analysis at regional scale, are the increase in frequency and intensity of convective 
rainstorms in summer (potentially responsible for debris-flow triggering) and the shift from 
snowfall to rainfall at high elevations in summer. These processes could have resulted in 
an increase of the relative importance of convective rainstorms, mostly occurring in 
summer, over other hydrological and meteorological factors, such as snowmelt and rain-
on-snow, responsible for debris flows in spring and long-lasting frontal precipitation, which 
are frequent in autumn. The meteorological conditions leading to debris-flow occurrence 
are reported for 16 events: in all but two cases the debris flows in the Gadria catchments 
have been caused by short-duration, intense rainstorms. This well agrees with the 
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prevailing occurrence of debris flows in summer when intense precipitation associated to 
convective cells frequently occurs.  

Table 24 reports basic statistics on debris-flow volume for 17 events from 1979 and 2013. 
The size of the catchment (6.3 km2) and the large availability of loose debris prone to 
erosion and entrainment would permit the formation of much larger debris-flows. In the 
Gadria, which shows typical features of a transport-limited debris-flow catchment (Bovis 
and Jakob, 1999), the amount of water causing debris-flow initiation, in turn associated to 
intensity and duration of rainstorms, acts as limiting factor for debris-flow magnitude. 

 
Table 24: Basic statistics on debris-flow volume in the Gadria catchment 

Mean Std. Dev. Median Interquartile range Max - Min 

13959 13655 8000 5000 - 21000 700 - 40000 

 

 

 

4.3.1.3.2 French site 

Manival Torrent 

The history of debris-flow activity of the Manival Torrent was reconstructed from the 
compilation of two recent historical studies (Lang et al. 2003, ONF-RTM 2008) and one 
dendrogeomorphological field survey on trees growing in the proximal part of the fan 
(Lopez-Saez et al. 2011) (Figure 85). Depending on the historical context, information 
could be more or less accurate, and for homogeneity purpose, we counted the year with or 
without debris-flow rather than the number of events per year. This compilation covers the 
1800-2014 period and contains 69 years with debris-flow occurrence, corresponding to a 
3-year return period for debris flows. 

 

Before 1800, some archival data are available but they are too scarce to be representative 
of the true debris-flow activity of the torrent. The historical events detected by the 
different published studies come from the same sources: the archives of the torrent-
control service of the Isère department (ONF-RTM38) or the local historical library 
(Archives Départementales de l’Isère), but some differences are observed between studies 
because it is not always easy to find precise information about the date and the nature of 
the events which appear in the historical records. 

 
The cumulative curve derived from our compilation work reveals at least 6 periods of 
increasing debris-flow activity for the Manival Torrent during the last 200 years: 1835-
1838, 1860-1868, 1882-1894, 1902-1910, 1946-1959, 1987-1993. These periods can be 
more objectively detected by looking at the duration between two consecutive debris 
flows, which reveals homogeneous periods during which this criterion has been 
systematically below the mean during several successive years (Figure 86). This analysis 
shows that the most significant crisis are: 1882-1894, 1902-1910, 1946-1959, and 1987-
1993. It is interesting to see that four of these crisis occurred before the 1920s, a period 
which corresponds to the progressive end of the Little Ice Age. The recrudescence of 
torrential activity during this period is well known (Bravard, 2000). It has been associated 
with the cumulative effects of cold winters and humid summers with more frequent storm 
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events. This specific climatic period coincides with a peak of the demographic pressure in 
the mountains and the associated deforestation due to overgrazing and ash farming 
(Liébault et al., 2005). After the 1920s, only two crisis are detected: the first one in the 
1950s and the second one in the 1990s. It is quite interesting to note that these two 
recent periods of increasing debris-flow frequency have been also highlighted by similar 
studies done in the Southern French Alps, more specifically in the Ubaye (Remaître, 2006) 
and Clarée (Garitte, 2006) River basins. 

 

 
Figure 85: Evolution of yearly debris-flow occurrence from 1800 to 2014 on the Manival Torrent as 

documented from historical archives (Lang et al. 2003, ONF-RTM 2008) or reconstructed by 

dendrogeomorphology (Lopez-Saez et al. 2011) or monitored (Theule 2012, Bel et al., 2014). The 

colour bar graph on the x-axis represents the inventory source: a bar of several colours means that 

the same event is identified by different sources. The events causing flooding of inhabited areas and 

vineyards or traffic interruption (RN90 road) are indicated by a star. Volumes of the largest events 

are also reported (in grey for volumes < 25 000 m3; in red for volumes > 25 000 m3; *: measured 

volume in the sediment retention basin, otherwise estimated volume based on descriptions of 

morphological effects or damages). The sediment retention basin capacity is 25 000 m3. 
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Figure 86: Duration between years with debris-flows compared to the mean 3-year return period. 

  
The reading of the historical record of the Manival also reveals that from the early 19th 
century to the 1950s, numerous debris-flows were destructive for human settlements 
(villages and vineyards) and roads, but only one event (1910) was extremely large 
according to volume estimations. That specific event likely reflects the exceptionally heavy 
precipitation of the 1910s (Jail, 1968). It is also instructive to see that after the 
construction of the sediment retention basin in 1926, the occurrence of damaging debris-
flows dramatically decreases, with the occurrence of just two damaging evens in 1928 and 
1952 which only reached the road but not the habitations. In 1992, the sediment retention 
basin was completed with the construction of an open check-dam to protect the distal fan 
where the growth of residential areas during the 1960s and 1970s has been very 
important (Figure 87). This evolution is a direct consequence of the urban development of 
the town of Grenoble, which is only 15 km far from the Manival Torrent. 

 

The recent debris-flow activity of the torrent is better known because of the reorganization 
of the RTM services in the late 1970s. In this new context, RTM services implement a free-
access database where events are systematically documented (date, location, damages, 
field observations, risk level and volume estimation), as well as a database on dredging 
operations for each sediment retention basin located in the protection forests. The recent 
activity of the torrent shows that the two last large debris-flow occurred in 1991 following 
a landslide in the upper catchment of the Manival (Figure 88, from Theule 2012) and 
deposited 25 000 m3 of sediment in the retention basin. 

 

0

5

10

15

20

25

18
00

18
10

18
20

18
30

18
40

18
50

18
60

18
70

18
80

18
90

19
00

19
10

19
20

19
30

19
40

19
50

19
60

19
70

19
80

19
90

20
00

20
10

D
ur

at
io

n 
be

tw
ee

n 
ev

en
t-y

ea
r (

ye
ar

)



113 

 

 

 

 
Figure 87: Evolution of the landscape of the Manival Torrent catchment and fan between 1948 and 

2003 (ONF-RTM 2008): expansion of urban area, re-vegetation of the active channel in the proximal 

part of the fan and concentration of flow in one active channel because of torrent control works. 

 

 
Figure 88: View of the 1991 landslide (26 000 m3) in the upper catchment of the Manival (cf. Figure 

87) which has been followed by two major debris-flows the same year (Theule 2012) 
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4.3.1.4 Wood transport 

4.3.1.4.1 French sites 

Génissiat reservoir 

Most of the wood stored in the Génissiat reservoir is composed by softwood riparian 
species (mainly Alnus and Populus/Salix). A large percentage is from hardwood forest 
(Fraxinus and Quercus), and small percentage is formed by conifers (mainly Abies and 
Pinus). Proportion of genera slightly varied between surveys, and between a 10 and 20 % 
of the samples were not identified (Figure 89). 

 

 

Figure 89: Distribution of the pieces extracted from Génissiat according to their taxonomic genus 

during different surveys. 

 

The most frequent genera (Alnus, Fraxinus, Populus, Quercus and Salix) found at Génissiat 
during recent surveys were selected for further analysis at the laboratory together with 
the samples of green wood (Abies, Acer, Alnus, Fraxinus and Populus). In total 7 genus 
were analysed, from them three were the same between green and decayed due to 
limitations in availability. In general terms in-stream wood was less dense than green 
wood (Table 25). For the three species in common the density reduction factor ranged 
between 0.76 and 0.84, thus wood density is between 16 and 24% less dense in the case 
of decayed samples. For both, green and decayed wood samples, initial values of wood 
density were significantly higher in comparison to standard not dry based values found in 
the literature particularly for green wood. 
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Table 25: Average initial wood density calculated for all green and decayed samples collected in 

Génissiat and density reduction factor of common genus. 

Genus 
Initial ρlog (kg·m-3, SD) 

DRF 
Decayed Green 

Abies - 693 
(102) - 

Acer - 794 (79) - 

Alnus 667 (83) 874 (73) 0.76 

Fraxinus 686 (35) 816 (70) 0.84 

Populus 616 (110) 793 
(118) 

0.78 

Quercus 843 (150) - - 
Salix 789 (10) - - 

Unidentifie
d 585 (106)  - 

 

In general terms in-stream wood was less dense than green wood. For the three species in 
common the density reduction factor ranged between 0.76 and 0.84, thus wood density is 
between 16 and 24% less dense in the case of decayed samples. For both, green and 
decayed wood samples, initial values of wood density were significantly higher in 
comparison to standard not dry based values found in the literature, particularly for green 
wood.  

 

Isère River 

The observations done in 2002 and 2004 done on the Isère River are not very different, 
showing the robustness of the spatial pattern through time. The main length and diameter 
are respectively 7.69 m and 0.22 m in 2002 and 6.44 m and 0.20 m in 2004 without 
significant differences between the two surveys (Figure 90). Maximum sizes are 22 m in 
length and 80 to 90 cm in diameters. Whatever the years, most of the pieces have roots 
and the upper extremities are broken. Whatever the years, 75% of trunks are introduced 
by natural processes (no evidence of cuttings). In respectively 2002 and 2004, 42 % and 
47 %  of trunks are freshly introduced (with bark intact) whereas 58 % and  53 % of 
individuals have a bark cover of less than 50% showing a range of decomposed woods in 
the fluvial corridor and a certain residence time of individuals.  

The Riverine communities are mainly characterised by softwood riparian species (60 % of 
sampled individuals shared between poplars (21%), Salix sp. (21%) and Alder (19 %)) 
and hardwood riparian species (17.5 % Fraxinus, 9.5 % Robinia. 12.5 % other decidious). 
(Figure 91) Less than 1% of samples correspond to upland and hillslope trees such as 
Betula or coniferous.  The taxons differs according to the sampling plots are located on an 
alluvial units or on the dike. 67% of riparian softwood taxons are established on alluvial 
units whereas only 51% of hardwood species are. 82% of Poplar, 86% of Robina but only 
43% of Ash samples are established on alluvial units and are rare on the dikes At the 
reach scale and whatever the year, the observed frequency of taxons in the deposit wood 
are similar to the frequency of species observed in the riparian corridor (2002, Chi 2 = 
26.2; p < 0.0001 ; 2004, Chi2 = 32.650; p < 0,0001). 
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Figure 90: General characters of the wood surveyed in 2002 and 2004 in the Isère between 

Albertville and Grenoble. 

 

 
Figure 91: Distribution of in-channel wood taxons in 2002 and 2004 and of riparian standing trees in 

2003 observed along the Isère 
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Wood buoyancy and wood mobility in Rivers 
Changes in density, due to moisture sorption processes, affects wood buoyancy. We 
observed similar variations in wood buoyancy than those observed in wood density, finding 
a linear relationship between wood density and buoyancy. This linear relationship was 
similar for both green and decayed wood collected at Génissiat, and explained a 75% of 
the variance; however, it was slightly biased with respect to the linear relationship set by 
the Arquimedes´ principle (Figure 92). 

 
Figure 92: Relationship between wood density (g•cm-3) and wood buoyancy for green (A) and 

decayed wood (B). Bmax is the maximum value of buoyancy. Grey shaded area highlights the density 

range between 0.45 and 0.95 g•cm-3. Red line is the linear relationship defined by the Arquimedes 

principle. 

 

We can observe in Figure 92 that for the same range of densities (shaded in grey in Figure 
92) buoyancy is higher in the case of decayed samples, with maximum values close to 
0.62 (62% of the sample is emerged in the water, 38% submerged), while for green wood 
buoyancy is lower, with a maximum value up to 0.50 (50% submerged and 50% 
emerged).  As we expected, changes in wood density affect wood transport in Rivers. As a 
result of the numerical simulation of wood transport in a River we observed a strong 
negative linear correlation between wood density and wood transport ratio (Figure 93). As 
the density is increasing, the wood transport ratio decreases. Thus under the same flow 
conditions, the number of pieces in motion in the River is reduced for dense logs, which 
are not transported downstream. Especially for high values of density the transport ratio is 
reduced significantly (line grey in Figure 93). 
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Figure 93: Relationship between wood density and transport ratio. Result from numerical modelling. 

 

According to modelling results, lighter wood travelled longer distances floating in the flow, 
unless interactions with the River morphology happened. For wood with densities lower 
than 600, transport ratios were higher than 0.5 (more than 50 % of the samples were 
transported downstream the reach). While dense wood (density higher than 800) was 
rapidly deposited along the River reach.  

According to our results, wood extracted from Génissiat showed higher buoyancy than 
green wood. It demonstrates that the wood transported on the Rhone is not green wood 
and underwent a certain residence time in the River corridor to becoming decomposed 
before being delivered to the reservoir. We can hypothesis that differences in density we 
can observe between survey dates may be related to variation in amount of fresh wood 
delivery during the critical events. 

Findings here suggest wood transport is potentially linked to geographical contexts and 
geomorphic types. Mountain Rivers with higher frequency of conifers should expect to 
have lower density trunks, more keen to be transported whereas the flow depth is usually 
lower than downstream. In intermediate fluvial corridor with large bars, a large part of the 
wood is deposited in floodplain edge and bar and can mainly be affected to desorption so 
that they should be more keen to be moved than in lowland streams where wood is often 
in water and does not undergo dewatering or less. Life time between two critical events for 
motion is also important. We saw that 2 to 3 months are needed for log dewatering and 
significantly change their buoyancy. 
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4.3.2 Consequence of spatio-temporal variability for practical usage of 
monitoring data and application  

 
Suspended load 
According to the results presented in the previous sections one can notice that high spatial 
and temporal variability is characteristic of the suspended sediment transport. 
Furthermore, both positive (clockwise) and negative (counter-clockwise) hysteresis was 
observed in the SedAlp pilot sites. Most of the snowmelt events in the Saldur River and 
almost all rainfall events in the Gradaščica River expressed a positive hysteresis, on the 
other hand a negative hysteresis was observed during some rainfall events in the Saldur 
River and also during some events in the Rio Cordon basin. In most of the Slovenian 
stream the peak discharge, in average, occurred after the SSC peak (Bezak et al., 2015) 
This indicates that the variability in suspended load transport is a function of location of 
the active sediment sources; if the sediment source is located near the channel or in the 
channel itself (e.g., channel bank erosion) the SSC peak usually occur before the peak 
discharge, in the opposite situation the distance between the channel and active sediment 
sources is larger. Likewise, the comprehensive observations in the Rio Cordon basin show 
that high temporal variability of the sediment transport is present in the SedAlp pilot sites. 
This demands the use of appropriate monitoring methods. If possible, indirect 
measurements (e.g., turbidity sensors) should be continuous, and direct measurements 
(e.g., bottle sampling) should be used in addition during the extreme events. Therefore, 
the design of the measuring station and monitoring methodology selection are pre-
required steps to the quality and high-frequency data, which can be used for several 
practical applications, like estimation of sediment budget for the design hydropower plant 
reservoirs or to prepare suitable measures to reduce soil erosion rates. 

The cross comparison of presented data from SedAlp pilot sites show that significant 
temporal variability is also present in the Alpine space, which can be attributed to the 
large climatic variability and because suspended sediment load transport is generally 
induced by moderate to extreme rainfall events, which do not occur simultaneously in 
different parts of Alps. This again shows the need for appropriate monitoring technique 
selection with emphasise on the continuous high-frequency observations, which is also 
needed because most of the Alpine streams have significant characteristics of flashy 
streams.   
 
Bedload transport 
The presented data show a high spatial and temporal variability in the occurrence of 
bedload transport and reveal significant consequences for the practical usage of 
monitoring methods, data and application.  

Information on the spatial distribution of bedload transport is needed for various topics 
related to River engineering like bank protection measures or the stability of bridge pears. 
Especially the evolvement of the bedload transport width provides vital information for an 
improved planning of River related measures. To determine the spatial variability, the use 
of appropriate monitoring methods as well as their right application is of great importance. 
Indirect monitoring methods such as geophone devices show a big diversity in the 
distribution of bedload transport over a certain River profile. Direct cross section 
measurements with basket samplers should focus on the identification of these spatial 
structures in keeping the distance between measured verticals as short as possible. If 
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available, the information of indirect sensors could be of great use to distinguish cross 
section areas which need detailed monitoring. These measures will improve the monitoring 
results and avoid the over- or underestimation of bedload transport in the whole River 
profile.  

The analyses of the temporal variability show a complex relationship between discharge 
and bedload transport. The clockwise and counterclockwise behaviour of bedload events, 
the appearance of bedload waves, as well as the disconnection between sediment 
transport and hydrograph through limitations in sediment supply are some examples for 
this complex relationship. For the practical use, the information about the temporal 
variability is important as it reveals indications about the condition and behaviour of a 
River stretch in terms of sediment transport. Furthermore it is of great relevance for the 
effective management hydropower plants and sedimentation issues. As a consequence for 
direct bedload monitoring, the number and intervals of such measurements should be as 
high as possible. The limitation of direct bedload observation can be overcome by the use 
of surrogate monitoring techniques which provide continuous information about the 
transport intensity.    

 

Debris flow 
Debris-flow monitoring in SedAlp instrumented sites has shown an important variability of 
debris flows characteristics between different events and even within the same event, as it 
has been demonstrated by the occurrence of surges with different characteristics 
(sediment concentration, velocity, and particle size). Video cameras have proved 
extremely useful to interpret debris-flow features and integrate stage measurements by 
radar and ultrasonic gauges.  

The temporal variability of debris-flows implies that practical applications, such as design 
of control structures or mapping of inundation areas, cannot rely on a single set of 
parameters, and must consider different scenarios that take into account various 
combinations of rheology, volume and peak discharge. Although the variability of debris-
flow features is quite well-known and can be documented by indirect observations also in 
ungauged basins, debris-flow monitoring provides quantitative data enabling an improved 
definition of scenarios for hazard and risk management. Another implication of the 
observed temporal variability of debris flows, which is confirmed by the comparison with 
post-event historical data collected before the implementation of monitoring equipment, is 
that the continuation of monitoring activities over long, possibly decadal, periods increases 
the representativeness of collected data and enhances their possible usage (e.g., for the 
assessment of volume-frequency relationships). 

Large spatial variability arises from debris-flows monitoring (debris-flow stage 
measurements and video recordings), which document variations of debris-flow 
hydrographs also between neighbouring cross-sections, channel aggradation and 
degradation, entrainment and deposition of large boulders. The spatial variability of debris 
flows has been confirmed in the project by post-event topographic and geomorphological 
surveys in the different study areas. When exploiting data from debris-flow monitoring for 
practical purposes it is thus necessary to take into account the context in which such data 
have been recorded, paying attention to both the topography of the monitoring site, 
including the presence of channel training works (if any), and the geomorphological 
conditions of the upstream areas. 

Variability in debris-flow characteristics, which has been observed also at small distance 
along instrumented channel reaches, shows the need for spatial extension of debris-flow 
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monitoring in catchments, like Gadria creek, where most monitoring sensors have been 
installed in spatially limited areas. This can be achieved by installing more sensors in other 
sectors of the channel network: inexpensive instruments, such as geophones or wire 
sensors, should be preferred for this task. Another approach, which focuses on monitoring 
topographic variations induced by debris flows, consists in repeated TLS surveys in 
selected areas and/or aerial laser scanning along debris-flow channels. It’s worth noting 
that, in this context, short-range photogrammetry can offer a cheaper and easier to 
implement technique alternative to TLS and aerial laser scanner. Post-event topographic 
measurements and detection of geomorphic changes caused by debris flow enable 
observations in a potentially large number of sites within a catchment and thus can be 
viewed as a complementary approach to instrumental monitoring. 

The observed spatial variability of debris flows in SedAlp study areas points to the issue of 
the representativeness of debris-flow monitoring sites as source of data at regional scale. 
Actually, an important factor in the choice of debris-flow monitoring sites is the high 
frequency of such events, which is usually much higher than in surrounding catchments. 
Regional studies, focusing on the geomorphological conditions of the catchments and the 
sediment supply mechanisms (i.e., topics analysed in the WP4 of SedAlp), may permit a 
better characterization in the regional context of catchments instrumented for debris-flow 
monitoring, defining suitability and limitations of practical usage of data recorded at 
monitoring stations. 

 
 
Wood transport 
The data and results obtained during the SedAlp project on different Large Wood tracking 
approaches reveal important differences for practical usage of these different 
methodologies. Depending on the aim of the action, considering the differences of physical 
environments, temporal and spatial scales it is possible to define the best approach using 
the more adapt type of instrumentation. 

It is clear that the Large Wood tracking analysis were able to give interesting results to a 
better management of the Riverine environment. Results related to entrainment 
thresholds as well as about the displacement trajectories can significantly increase the 
knowledge of the Riverine system. This kind of information gives the possibility to better 
define, for example, removal of LW from areas prone to LW deposition. On the other side, 
the knowledge of travel distances allows to increase the useful information to better define 
the setting of retaining structures.  

The results reveal as a greater dataset of analysis is needs in order to increase the 
significant relationship between LW displacement and water discharge. These 
methodologies of investigation are adapted to short temporal terms and short spatial 
scales. This is due to two main reasons, which are the problems related to the post-event 
recovery of the instruments and the short lifetime of the batteries of the devices.  An 
increase in spatial and temporal scales can be reached thanks to the installation of fixed 
antenna stations along the River and with an increase of the lifetime of the batteries.  
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4.4 Opportunities and challenges in improving equations and 
models for predicting sediment and wood transport rates based 
on SedAlp results – Action 5.4 

4.4.1 Introduction 

The transport of sediment and wood is a key factor for the long-term development of 
Rivers and torrent. The erosion and accumulation process off sediment are best described 
with a dynamic equilibrium. Changes in that sensitive system often cause extensive 
alterations in the hydromorphological shape of a whole River stretch and are related with 
high economic expenses. Deficits in sediment availability can lead to Riverbed degradation 
and bank erosion whereas a sediment surplus is often related with uncontrolled sediment 
deposition in sensitive areas.     

Many River engineering tasks require therefore detailed information about the extent of 
sediment transport and wood mobility, especially at certain planning scenarios. Due to 
limited options for directly deriving transport data in a comprehensive extent, transport 
relations and equations are used to provide this information.  

Milestone 3 “First set of practically applicable bedload/wood transport relations and 
models” gives an overview about the most common transport relations and formulas. 
Furthermore it presents the difficulties and challenges in the application of these relations 
and shows the last developments in improving transport equations.  

During the implementation of action 5.4, it was found that a standardized application of 
bed load transport equations is of utmost importance. Each project partner had his own 
implementation of the bed load transport equations which lead to an insufficient 
comparability. To overcome this limitation, a JAVA based software tool for hydraulic and 
bedload transport computation was developed by BOKU-IWHW. The computation tool 
features three widely used bedload transport equations and ensures, due to the 
standardized application, the comparability of the results. The computation tool is 
available for download at the SedAlp homepage (http://www.sedalp.eu/). 

 

 
1) Document of the 3rd Milestone can be found in the Annex 

  

http://www.sedalp.eu/
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4.4.2 Executive summary of the 3rd Milestone  

Bedload 
Numerous transport equations have been developed in the last decades and are used in 
practical application and various numerical models. The comparison between measured 
and calculated specific bedload transport rates showed substantial differences in the 
derived results. The standardized application of bed load transport equations is of utmost 
importance, therefore and bedload transport calculation tool has been developed.  

It is important to apply bedload transport equations with great caution, especially at low to 
medium flows, where large overestimations are very likely and different transport rates 
are common under similar flow conditions. Most of the equations base on small scale 
laboratory experiments with unlimited sediment supply. Therefore the calculated values 
reflect only the theoretical transport capacity which is often not reached in natural Rivers 
due to the limitation in sediment availability. The equations react very sensitive on 
modifying the input values, especially grain size information. This highlights the need of 
carefully selecting the input values which are often difficult to retrieve under natural 
conditions. Additionally the flow history of a River reach is an important factor because the 
availability of transportable sediment is often changing constantly. This is especially 
important for smaller or strongly anthropogenic influenced River reaches.   

For the practical use of these relations it is strongly recommended to select, calibrate and 
validate the sediment and wood transport equations using monitored field data.  
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Wood transport 
The assessment of wood transport rates is even more subject to uncertainty compared to 
bedload. This is because the transport process is not only influenced by the discharge but 
also by aspects related to wood potential and input. The latter are difficult to describe and 
even more complicated to quantify, because some kind of “seasonal” effects have a high 
impact, like time since the last flood event, occurrence of storm event, avalanche 
consequences, silvicultural measures, just to mention a few of them.  

Furthermore studies focusing on wood mobility and wood transport are very recent. It is 
only an emerging topic, far from being as mature as the one on bedload transport. 
Nevertheless wood related topics are becoming very important, for example because 
European montane environments as well as river and torrent margins are becoming more 
and more forested, flume displacement is element of nature-oriented hydraulic 
construction contrasting with more and more narrow cross-sections at bridges, in 
settlements and so on. For flooding risk purposes, major research investment must be 
done on this issue. Significant progress has been achieved on monitoring stations and 
tools now exist to monitor wood flux from videos or photos. In term of hydraulic 
modelling, new algorithms have been developed recently (e.g. Iber) and it is possible to 
model wood entrance, transport and deposit but validations still need to be done to 
improve predictions and physics on which these models are based (e.g. buoyancy, piece 
geometry, decomposition…). This question needs also to be improved from observation 
and process monitoring using flume experiment as well as in situ surveys using notably 
GPS or RFID tracking. This has to be done for average transport situations but also for 
flood events (event documentation) to gain insight in the whole span of transport 
situations. Related to the special influences on wood transport such observations have to 
be linked to the development of boundary conditions until the current situation.  

Preliminary empirical formulae based on catchment size are also available but additional 
efforts are still needed to assess their regional applicability and also better link wood 
volume delivered with a certain frequency. It is expected major advancing in this domain 
within the next 5 years.   
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4.4.3 Software tool for hydraulic and bedload transport computation 

During the implementation of action 5.4, it was found that a standardized application of 
bed load transport equations is of utmost importance. Each project partner had his own 
implementation of the bed load transport equations which lead to an insufficient 
comparability. To overcome this limitation, a JAVA based software tool (Figure 94) for 
hydraulic and bedload transport computation was developed by BOKU-IWHW. The 
computation tool features three widely used bedload transport equations and ensures, due 
to the standardized application, the comparability of the results. The implemented bedload 
transport formulas are Meyer-Peter Müller (1948), Rickenmann (1991) using reduced 
slope after Rickenmann and Recking (2011) and Smart and Jäggi (1983). The computation 
tool is available for download at the SedAlp homepage (http://www.sedalp.eu/).  

 

 
Figure 94: front page of the hydraulic and bedload transport computation tool  

 

The computation tool is structured into 7 subsections. Sections 1 to 3 are used for data 
input whereas sections 4 to 7 present the calculated results. A colour code at the tree 
menu at the left hand side gives information about:  

• Validity of parameters 
• Requirement of user inputs 
• Demand of a parameter in the computation 
• Ability of a parameter to be computed due to the actual state of user input 

Tooltips and general information is provided by hovering over the parameter objects or 
labels respectively. The following description of the bedload tool uses exemplary data from 
the bedload monitoring site Drau/Dellach.   
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4.5 Evaluation of restoration projects with respect to measured 
sediment fluxes – Action 5.5 

4.5.1 Selection and description of River restoration sites 

4.5.1.1 Drau  

In the 19th and 20th century, regulation works were carried out at the Upper Drau River 
to increase the transport capacity, decrease flood risk and gain land for agricultural 
production and settlement expansion. However, during this period sediment retaining 
structures like torrent control work and hydropower plants were built and gravel mining 
activities occurred in the catchment, whereby sediment input into the Upper Drau River 
was reduced. After these works, ecological deficits followed by physical problems (e.g. 
incision, scour of bank protection, safety issues) appeared (c.f. Habersack, 1997; 
Habersack and Piégay, 2008). To stop the degrading trend of bed levels (Figure 95) and to 
improve the overall ecological status several restoration measures were implemented. In 
total, out of ~60 km River reach from Lienz to Sachsenburg 10 km have been restored so 
far, mainly funded in the EU LIFE Programme. In Table 26 an overview concerning these 
River restoration measures is given. 

 
Figure 95: Changes in low flow water levels (NW) from 1931 till 1998 for the Upper Drau River in the 
area of later restoration measure Kleblach Lind. 
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Table 26: Overview of River restoration sites along the Upper Drau River  
Restoration 

site 
River km (from-to) 

Total length 

Aims* 

(secondary aims 
are in brackets) 

Measures** Year(s) of 
implementation 

Oberdrauburg - 
railway bridge 

611,35-610,45 

0,90 km 

M, S, I  W 1993 

Gröfelhof – Stein 607,55-604,45 

3,10 km 

S, M, R, E, (F, Re) W, F, S 1994-1995; 
2002-2006 

Dellach 602,81-601,11 

1,7 km 

E, (V, M) W, E 1998-2007 

Feistritzbach – 
Berg 

600,10-597,60 

2,50 km 

B, E, (Re) Bt, E, Re 2003-2004 

Greifenburg 
Amlach 

596,00-595,10 

0,90 km 

E, I, (M) Bl, Re, F  2003 

Greifenburg – 
Bruggen 

593,85-592,70 

1,15 km 

I, FP, (T, F) Bl, I, E 1996-1999 

Radlach 591,30-590,40 

0,90 km 

E, (FP, M, E) Bl, F 2003-2005 

Kleblach 583,35-580,80 

3,55 km 

S, M, I, E, (B, P) W, Bl, Re, I, 
E 

2002-2003 

 

Kleblach – Lind 579,29-578,84 

0,45 km 

S, (E) W, I 1990-1991 

Obergottesfeld 577,19-575,04 

2,15 km 

S, M, E, (Bm) W, Bl, Bm, I, 
E, Re 

2010-2011 

Sachsenburg 573,15-571,35 

1,80 km 

FP, S, (E, V) I, W(planned) 1993-1994, 
1999-2000 

Rosenheim 569,8-566,05 

3,75 km 

S, M, E, (FP) W, I, E, Re 2003-2010 

Spittal 563,35-559,10 

4,25 km 

S, M, E, (FP, V) W, S, E, Re 2000-2005 

Amlach-St.Peter 570,65-567 

3,65 km 

S, M, E, R W, I, E 2008-2011 

* Aims: (S) stabilization of the Riverbed, (I) increase in run-off capacity, (M) decreasing maintenance time and 
effort, (E) increase ecological functionality, (R) conservation and/or reestablishment of retention area, (F) 
enabling fish migration, (V) Visitor management, (B) increase of bed load input, (Bm) bed load management, 
(Re) reconnection of water bodies, (FP) flood protection, (T) testing new structures/measures (e.g. groins) or 
bioengineering measures, (P) wildlife conservation and protection of species. 

** Measures: (W) River bed widening, (F) enabling fish migration or construction of fish migration structure, 
(E) ecological measures, (B) increase of bed load input e.g. by modification of torrent control structures (Bt), or 
lateral erosion (Bl), (Re) reconnection of water bodies, (I) increase in run-off capacity (e.g. by new channels), 
(Bm) bed load management, (S) structures for e.g. bank reinforcement, groins, guiding walls or other River 
training structures. 
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Besides pursuing the goals of stabilizing the River bed and increasing the ecological 
functionality of the River, decreasing maintenance time and effort, as well as improving 
flood protection were and are major issues of the restoration measures. By monitoring it 
could be shown, that bed levels started to aggrade or at least to stabilize in the years after 
the implementation (c.f. Habersack et al., 2011).  

Further details are only given for the River restoration at Kleblach (km 583,35-580,80) 
where beside River widening of the main channel (total length of 1,1 km, width was 
doubled) and reconnection of back water bodies, a 500 m long side channel was initiated. 
The development of the restoration, esp. the self-dynamic widening of the side channel is 
shown in Figure 96. 

 
Figure 96: Development of the River restoration at Kleblach from 1999 (regulated condition) until 
2010. 
 

After the implementation of the measures, bed levels abruptly increased (Figure 97) and 
up to 40.000 m³ of sediments accumulated in the restored section (Figure 98) leading to a 
stabilization of the River bed. However, within the following years the total amount of 
deposited sediments decreased in connection with decreasing bed levels. 

 

 
Figure 97: Progress of mean bed levels (only derived in the extent of the regulated River bed) from 

2001 until 2011 (Habersack et al., 2011). 
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Figure 98: Sediment budget for the River restoration of Kleblach (Habersack et al., 2011) 

4.5.1.2 Ain 

The Ain River is one of the greatest tributaries of the Rhône River in Eastern France, and it 
drains a 3630-km2 watershed. The study reach is located in the downstream part of the 
River (the last 40 km of the channel, before its confluence with the Rhône River). The 
channel is bordered with a riparian forest and flows through an agricultural floodplain. 
Active channel widths range between 80 and 100 m, on average. The mean annual 
discharge and the annual flood approximate 120 and 780m3s-1, respectively. In a 
European context, the Ain is an unusually natural and freely meandering River. It has been 
largely unaffected by in-stream gravel mining and uninhibited, as very few embankments 
can be found along its length. However, the upper valley is impacted by five 
hydroelectricity dams, built between 1931 and 1968, which act as sediment traps. Since 
1968, maximum annual peak flows have been regulated, following the construction of the 
Vouglans Dam, the biggest one in the chain of dams along the Ain River, which governs 
only 1/3 of the watershed. The lower valley still registers, annually, 4 to 6-day discharges 
exceeding the bankfull discharge, estimated at 530m3.s-1 (Rollet, 2007). The Ain River 
lower valley is of high ecological interest, due to its diverse mosaic, composed of a gravel 
bed channel, post-pioneer woodlands (dominated by Fraxinus excelsior and Populus 
nigra), pioneer units (P. nigra and Salix spp.), sparse dry grasslands and numerous former 
channels, complete with a set of emblematic species such as Thymallus thymallus, 
Luronium natans, Zingel asper, Charadrius dubius, Lutra lutra, Salix spp. 
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4.5.1.3 Isar 

The test areas of PP6 are located in the Bavarian Northern Limestone Alps; they belong to 
the Isar catchment between the Sylvenstein reservoir (River kilometre: 224) and Bad Tölz 
(River kilometre: 199) – also called “Isarwinkel” with a catchment area of 287km². The 
area receives a mean annual precipitation of 1700mm.  

This area was chosen because the construction of the Sylvenstein reservoir in the mid 
1950ies had created a barrier for longitudinal sediment transfer. This has heavily impacted 
the sediment budget and morphodynamics of the Isar reaches downstream. Moreover, the 
further development of artificially inserted gravel deposits has not been monitored and 
analysed until now and thus needs investigation. 

In 2013, gravel was re-inserted at two sites (Steinbock monument and 3rd sill 
downstream the reservoir) within the area of interest, conducted by the Authority of Water 
Resources in Weilheim and were thus chosen as test areas. 

 

“Steinbock monument” 

The first artificial sediment insertion site is located at the so called “Steinbock monument” 
between River kilometre 219.8 and 220.2. Besides the main aim to reintroduce sediment 
to the River Isar and thus reduce the sediment deficit and incision, a branch on the 
orographic right side should be reactivated. 

 

Between 30th of September and 14th of October, about 6300m³ of gravel taken from above 
the Sylvenstein reservoir were deposited upon a gravel bar in the River course (Figure 
99).  

 

 
Figure 99: Sediment input site at the „Steinbock monument“  

 

3rd sill downstream the Sylvenstein reservoir 

The second artificial insertion site is located downstream the Sylvenstein reservoir at the 
third sill between River kilometre 223.0 and 223.2.  
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Between 10th and 16th of October, about 4000m³ of gravel taken from above the 
Sylvenstein reservoir were deposited at the orographic right sited River bank (Figure 100).  

 

 
Figure 100: Sediment input site downstream the third sill at the Sylvenstein reservoir 
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4.5.2 Analysis of the functionality and sustainability of the River restoration 
measures, role of sediment input and output, link of restoration to 
catchment processes and sediment supply 

4.5.2.1 Drau 

Based on the developments presented in chapter 4.5.1.1 and the results of the other River 
restoration measures (c.f. Habersack et al., 2011), the general potential of a River bed 
widening to stabilize bed levels could be shown. At a given bed load input a decrease of 
sediment transport capacity by increasing the channel width (thereby decreasing water 
depth and thus shear stress for a certain flood event/discharge), bed levels can be 
stabilized or the incision rates might at least be reduced. Additionally, geomorphic features 
like gravel bars are more prevalent at wider River sections. River restorations like River 
bed widening also promote higher variability in water depths, flow velocities and grain size 
distributions, which indicate improved ecological conditions. 

The main impact on the functionality and sustainability of River restoration measures is 
beside the hydrologic and hydraulic conditions the superior sediment regime and thus the 
sediment input into the reach. By increase or decrease of the mean sediment input the 
hydraulic and thus morphological conditions of the reach need to rearrange to the given 
input by e.g. lateral and vertical adjustments of the River bed or by changing the River 
type. Due to sediment continuity interruptions (e.g. by hydropower plants and torrent 
control structures) in the past, River types before regulation, of restored sections 
according to the “Leitbild”, may no longer be sustained by the present sediment regime.  

The importance of the sediment regime on the long-term functionality of a River 
restoration can be derived from the monitoring results of Kleblach. The River restoration at 
Kleblach was restored concerning the former River type as Leitbild. However, the sediment 
continuity since then has changed (Figure 101; less sediment originating in the upstream 
parts of the catchment are reaching the downstream sections. 

 

 
Figure 101: Impacts of transverse structures on the sediment continuity for the catchment of the 
Upper Drau River. About 69% of the entire catchment is more or less detached from the 
downstream area.  
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After 2006 the aggradation rate decreased and, especially in the downstream part, bed 
incision restarted. Direct bedload measurements using an integrated bedload monitoring 
station show that the bedload transport varies from about 4900 m3yr-1 in 2007 up to 
36930 m3yr-1 in 2009, with a mean bed load yield of 21430 m3yr-1 for diameters larger 1 
mm during the period 2007 to 2012 (Habersack et al., 2014) in this area. From 2001 to 
2005 40000 m3 of material were deposited, leading to about 10000 m3yr-1. Taking into 
account only coarse material (larger than 1 mm) this means that depending on the 
hydrology of the year the total yearly load might be deposited. This of course can cause a 
temporal deficit downstream. If we look at the whole reach and new restoration measures 
this leads to the conclusion that the current sediment input is the minimum if not already 
too low to sustain the established morphology. 

 

Monitoring results further indicate that after the implementation of a River restoration 
measure sediment is needed to adjust River morphology. This effect can be seen when 
analysing the bed levels from 1991 until 2013 (graph is not shown here). At the most 
recent River restoration – Obergottesfeld - a drop in mean annual bed load yield (from 
2008-2013) is evident. This drop is caused by aggrading sediments due to the River bed 
widening. At older restoration sites, when the bed is more or less already in a dynamic 
equilibrium with the sediment input, almost no alteration in the mean bedload yields can 
be seen. Similar effects can be detected when older restoration sites are analysed for a 
prior time period, e.g. at Kleblach in 1998-2008.  

Nevertheless for sustaining a River restoration and its “newly developed” morphology (e.g. 
gravel bars), enough sediment input is needed. It can be assumed when the mean 
sediment input is in the same order as the mean sediment output of a reach, that the 
River restoration has reached a dynamic equilibrium. However, it has to be considered that 
with every change of the water and sediment continuity, as well as hydrological and 
hydrodynamic conditions in the upstream reach, the restoration is influenced.  

This leads to the conclusion that for an optimum planning and implementation of 
sustainable River restorations, data concerning the past and current sediment transport 
are mandatory and that a catchment wide analysis of sediment regime is essential. Future 
changes of water and sediment regime, generated by new transverse structures (e.g. 
hydropower plants, torrent control structures, retention basins,…) and climate change 
(e.g. alteration of precipitation, land use changes,…) impacts should also be acknowledged 
in the planning phase. 
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4.5.2.2 Ain 

A research program to better understand the alluvial behaviour of a regulated reach has 
been established on the Ain River. The objectives are to characterize aquatic habitats and 
analyse the physical factors that affect fish populations to restore sediment fluxes and 
maintain sustainable aquatic and riparian ecosystems of a shifting River. The lower Ain 
valley is marked by a sediment deficit downstream of the Allement dam. Various 
techniques have been deployed to establish the diagnosis: bathymetric restitution from 
aerial imagery, underwater particle size sampling from ground imagery, RFID sediment 
tracking, diachronic and synchronic statistical analysis of channel geometry. Morphological 
changes of the upper valley upstream of the Vouglans dam were also investigated. 
Management plans emerge from these studies, in particular to identify sediment sources 
to reintroduce gravel into the River while restoring former channels with high ecological 
potential. 

 

The results confirm causality links between sediment deficit and slight channel bed 
degradation (0.01 m year-1) or channel bed paving and thus highlight the impact of the 
dam on the drying of the riparian forest and on former channel community. However, the 
relationship between incision and reduction in active channel lateral mobility is more 
difficult to establish. The role of sediment deficit in the current variability of the riparian 
regeneration capacity and, thereby, landscape diversity along the lower valley remains 
unclear. This study also confirms the relevance of using different ecological indicators, 
notably because all components present different adjustment time scales, whereas some 
of them are more sensitive to other impacts 

As regards River restoration, it is fundamental to better link human pressures and 
environmental responses and to take into consideration not only target species or habitat 
but diverse ecological elements. This permits to assess sustainable restoration plan, 
especially concerning sediment augmentation below dams. The use of a hierarchical 
multicriteria approach on the Ain River permits us to assess a diagnosis of sediment deficit 
impact integrating several morphological (channel shifting, River bed degradation and 
River bed coarsening) and ecological components (Riparian and floodplain lake and fish 
communities). Our diagnosis also integrates a temporal and spatial approach better to link 
human pressures and environmental responses and to identify the dam effects amongst 
other dRivers (e.g. grazing decline and channel regulation). Diagnosis indicates most 
sustainable reintroduction of 15000 m3/yr which is reached by lowering floodplain in 
altered reaches providing several decades of material available. Preliminary studies have 
been done to better assess amount of gravel resources available in the floodplain using 
LiDAR and penetrometric surveys, to design a protocol for injecting progressively sediment 
in the River and maximizing floodplain restoration habitat and to evaluate hydraulic risks 
of such measures based on a 1D hydraulic model for assessing changes in water levels 
and 2D hydraulic model for predicting sediment diffusion and associated morphodynamics. 

Ca 80000 m3 of gravel have been reintroduced in the Ain since 2003 (around 6 to 7 times 
the annual bedload transport capacity) mainly from side-channels which have been 
restored by re-excavation.  The survey combined bathymetric analysis at the site of 
reintroduction, particle tracking using transponders, immerged grain size and 2D model for 
simulating measured processes (Figure 102, Figure 103).  
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Figure 102: Example of pilot coarse sediment reintroduction on the Ain River downstream from 

Allement dams in spring 2006. A) before injection, B) right after, C) after a 1 in 2 yr flood. 
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Figure 103: Site of gravel reintroduction on the lower Ain River. A) Cross-sections used for 2D model 

runs, location of programmed in channel gravel deposits (in brown) and side-channel excavations (in 

purple) (Courtesies of J. Lejot, Univ. Lyon 2 and G. Naudet, Irstea); B) Movement of tagged particles 

after a year following injection. 

 
  

800 m 
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4.5.2.3 Isar 

To evaluate the functionality of the artificial sediment insertion at the River Isar, the two 
areas of interest were monitored with drone-based aerial images which were used for 
photogrammetric DEM construction. Please come back to the overview map of PP6 in the 
annex for their location.  

Due to low water (Figure 104) during winter, no evident changes at this period of 
measurement could be determined. At the end of July and the beginning of August 2014, 
several heavy rainfall event lead to an increase of discharge (Figure 104) and had different 
influences on the two sediment input sites. 

 

 
Figure 104: Discharge between September 2013 & December 2014 (Based on data from HND 

Bavaria/LfU, 2015) 

 

“Steinbock monument” 

Figure 105 shows aerial images of the sediment input site at the “Steinbock monument” at 
three different time steps.  

 
Figure 105: Sediment input site at the “Steinbock monument” at different time steps (own figure 

2015) 
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To calculate the volumetric changes between the insertion in 2013 and the event of higher 
discharge in August 2014, two corresponding DEMs were generated and a DoD was 
calculated (fig. 102). This shows the spatial distribution of erosion (negative elevation 
change; red) and accumulation (positive elevation change; blue). For more information 
about this method come back to the 1st WP5 Milestone, which contains a protocol of data 
collection methods. 

 
Figure 106: DEM of Difference of “Steinbock monument” – development between October 2013 and 

November 2014 (own figure, 2015) 

 

The DoD in Figure 106 shows that there has been nearly no effect of the higher discharge 
on the deposited sediment. The flow direction is from south to north and the major 
channel of the Isar is located orographic left at this site. Thus the main erosion took place 
at the southern end of the gravel bar, where the water flow of River Isar meets the 
deposited sediment. In the next section the gravel bar and the sediment deposited upon 
form a kind of slip-off bank. Consequently, this artificial sediment depot mainly reacts on 
higher discharge or flood events which are more considerable than the one recorded in 
August 2014.  

 

3rd sill downstream the Sylvenstein reservoir 

Figure 107 shows aerial images of the sediment input site downstream the third sill at the 
Sylvenstein reservoir at four different time steps.  

Unlike the “Steinbock monument”, the event of higher discharge had a significant effect on 
the deposited sediment. To get the amount of the volumetric changes between the 
deposition in 2013 and the event in August 2014, a DEM of difference was calculated, 
based on the digital elevation models of October 2013 and August 2014 (fig. 104). 
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Figure 107: Sediment input site downstream the 3rd sill at the Sylvenstein reservoir at different time 

steps (own figure, 2015) 

 

Figure 108 shows the spatial distribution of erosion (negative elevation change, red) and 
accumulation (positive elevation change, blue), based on the DEM of October 2013 (grey). 
The flow direction is from south to north.  
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Figure 108: DEM of Difference of the 3rd sill – development between October 2013 and August 2014 

(own image, 2014) 

 

Table 27 list the volumetric changes. Cut means a negative elevation change, fill a positive 
one. “Cut below LoD” and “fill below LoD” have a value below the level of detection, which 
respects the specific error and is set as twice the standard deviation (compare 1st WP5 
milestone) and are consequently not taken into the calculation of the overall balance. 

 
Table 27: Volumetric changes at the 3rd sill, October 2013 up to August 2014 (own table, 2014) 

Type Count [Cells] Volume [m³] 

No change (cut below LoD) 

No change (fill below LoD) 

Cut (Erosion) 

Fill (Accumulation) 

92 

110 

3712 

2685 

0.67 

0.77 

1377.96 

233.40 

Overall Balance (without values below LoD) 6397 1144.56 

 

The main changes at this site took place during the event of higher discharge in August 
2014. About 4000m³ of sediment have been deposited and ~1145m³ have been eroded 
by the River Isar until the end of August 2014. This value only contains the changes above 
the water level.  

In comparison to the insertion site at the “Steinbock monument” downstream, the third 
sill, a comparably small event was enough to erode approximately 1/3 of the artificially 
deposited sediment. This could be explained with the location of the deposited material at 
the orographic right bank of a straight River section and thus in the main distributary of 
the River Isar.  
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Summary and recommendations 

In general, not every section of a River is suitable for an artificial sediment input. Several 
facts have to be taken into account. The first important issue is the accessibility as the 
sediment has to be transported to the insertion site. Next the availability of sediment and 
its grain size and structure has to be applicable. In this special case it was permitted by 
the responsible authorities to re-introduce the sediment, because it is taken from the River 
Isar a few kilometres upstream and thus the structure and grain size is familiar. In other 
cases or countries it has to be checked, if the extracted sediment is declared as “special 
waste” and if the artificial introduction and deposition of sediment is allowed or needs 
special permission.  

Depending on the allocation of the artificial deposited sediment it reacts on events in 
different strength. Thus the requirements of each section of the River have to be 
evaluated.  

There is a need of further research, to get information about different sections of the River 
and its specific conditions, with respect to the surrounding conditions, like natural inputs 
or bedload delivered from tributaries, to be able to adapt the amount and allocation of 
artificial inserted sediment. Further more information from underneath the water level has 
to be taken into account, to be able to comprehend the further transport of the sediment.  
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5 Summary and Conclusions  

5.1 Suspended load 

The suspended load monitoring in the SedAlp pilot sites was performed during the years 
2012, 2013, 2014 and 2015. Three pilot sites were used for the suspended load 
monitoring, one in Slovenia and two in Italy (Rio Cordon, Saldur River, Gradaščica River 
and Kuzlovec torrent). The catchment areas of three pilot sites were between 0.7 and 80 
km2 and the station elevations spread from 343 to 1763 m.a.s.l. This indicates that 
relatively diverse catchments in terms of hydro-meteorological characteristics were 
analysed during the SedAlp project. In high-altitude catchments (e.g., Rio Cordon) the 
snowmelt is a dominant process, while in more lower-altitude catchments (e.g., 
Gradaščica River) rainfall events generally induce suspended sediment transport. The 
previously described hydro-meteorological variability is cause for the significant spatial 
variability, which can be observed in the different SedAlp pilot sites. Both clockwise 
(positive) and counter clockwise (negative) hysteresis between suspended sediment 
concentration and discharge was observed during the SedAlp project, which shows that 
the location of the active sediment source plays a significant role in the temporal 
variability of suspended load. A combination of spatial and temporal variability, which was 
also observed in the SedAlp pilot sites, requires the selection of appropriate monitoring 
technique, which enables high-frequency continuous observations of the suspended load. 
The monitoring techniques should contain a continuous, automatic monitoring system in 
order to guarantee that especially flood events are measured with the requested accuracy. 
The measured field data should be available as Meta-data with detailed description of 
monitoring site characteristics.   

The suspended load monitoring results indicate that the ratio between suspended load and 
bedload can be between 16 and 100 % of the total sediment load (based on the 
measurements in the Rio Cordon basin). The great temporal variability also reflects in the 
range of the specific suspended sediment yield, which can be between 0.01 t/ha/year to 5 
t/ha/year and even 10 t/ha/year. Furthermore, the specific total sediment yield in the 
Alpine catchments can be even higher (to 20 t/ha/year). Likewise, most of the suspended 
sediment load is generally transported during few extreme events. However, in some 
cases moderate magnitude and high frequency flows can have even larger influence on the 
suspended sediment loads. This also shows that continuous high-frequency monitoring 
should be used. 

In the SedAlp pilot sites both indirect and direct measuring techniques were used, where 
the turbidity sensors were used in all pilot sites (Rio Cordon, Saldur River, Sulden River, 
Gradaščica River and Kuzlovec torrent) to continuously monitor suspended load and direct 
sampling was mostly selected in addition to the indirect sampling. The selected monitoring 
technologies generally yielded good results, however some problems, like exceeding the 
upper limit of the turbidity sensor during the floods were observed.              
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5.2 Bedload   

Within the SedAlp project, bedload monitoring has been conducted at 12 major monitoring 
sites in the Alpine region. The different pilot sites show a great diversity in catchment size, 
channel slope and hydraulic parameters and cover the whole bandwidth from small, high 
alpine catchments (e.g. Strimm: 5 km² catchment size, 2427 m elevation a.s.l) to big 
catchments in the alpine valleys (e.g. Drau/Dellach: 2131 km² catchment size, 600 m 
elevation a.s.l). Due to the variety of the pilot sites and the overall challenges in 
measuring bedload transport, a range of different bedload monitoring methods has been 
used (Table 7) to gather the relevant data about bedload transport. Table 3 gives an 
overview about the suitability of the commonly used monitoring methods to determine 
certain bedload parameters. It reveals that no single monitoring method is able to detect 
all bedload parameters alone. Therefore a combination of different suited methods, 
especially direct and surrogate technics is needed to cover all bedload related parameters.   

The results of bedload monitoring (Table 17) show directly measured specific bedload 
transport rates up to 37.5 kg m-1s-1 (Moulin Draix) which is close to the maximum ever 
reported bedload flux in literature. Bedload measurements at very high specific transport 
rates have shown to be very difficult to conduct with basket samplers and reflect the 
importance of bedload monitoring using slot samplers. Annual bedload yields have been 
calculated at different stations and range from 10 t y-1 (Strimm/US) up to 86000 t y-1 (Drau 
at Dellach). This reflects the big range of different catchments sizes within the SedAlp 
project.  

The presented data show a high spatial and temporal variability in the occurrence of 
bedload transport and reveal significant consequences for the practical usage of 
monitoring methods, data and application. Information on the spatial distribution of 
bedload transport is needed for various topics related to River engineering like bank 
protection measures or the stability of bridge pears. Especially the evolvement of the 
bedload transport width provides vital information for an improved planning of River 
related measures. To determine the spatial variability, the use of appropriate monitoring 
methods as well as their right application is of great importance. Indirect monitoring 
methods such as geophone devices show a big diversity in the distribution of bedload 
transport over a certain River profile.  

The analyses of the temporal variability show a complex relationship between discharge 
and bedload transport. The clockwise and counterclockwise behaviour of bedload events, 
the appearance of bedload waves, as well as the disconnection between sediment 
transport and hydrograph through limitations in sediment supply are some examples for 
this complex relationship. For the practical use, the information about the temporal 
variability is important as it reveals indications about the condition and behaviour of a 
River stretch in terms of sediment transport. Furthermore it is of great relevance for the 
effective management hydropower plants and sedimentation issues. As a consequence for 
direct bedload monitoring, the number and intervals of such measurements should be as 
high as possible. The limitation of direct bedload observation can be overcome by the use 
of surrogate monitoring techniques which provide continuous information about the 
transport intensity.    

The application of sediment transport equations has to be carried out with great caution, 
especially at low to medium flows where large overestimations are very likely and different 
transport rates are common under similar flow conditions. The comparison between 
measured and calculated specific bedload transport rates show a big influence of the 
bedload grain size in the application of bedload transport formulas. Additionally the flow 
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history of a River reach is an important factor because the availability of transportable 
sediment is often changing constantly. This is especially important for smaller or strongly 
anthropogenic influenced River reaches.  This highlights the need of sediment and wood 
transport equations to be selected based on and calibrated and validated using monitored 
field data. 

The evaluation of River restoration projects shows the need of an improved process 
understanding between sediment transport and engineering measures. The functionality 
and sustainability of River restoration measures are, beside the hydrologic and hydraulic 
conditions, mainly depending on the superior sediment regime and thus the sediment 
input into the reach. By increase or decrease of the mean sediment input, the hydraulic 
and thus morphological conditions of the reach need to rearrange to the given input by 
e.g. lateral and vertical adjustments of the River bed or by changing the River type.  

 

5.3 Debris flow   

The detection of a debris flow and the measurements of its parameters (e.g., velocity, flow 
depth, hydrograph, and volume) through field monitoring are of primary importance for 
the development of early warning systems, the quantification of sediment transport in 
steep channels, and for the management of debris flow hazards. Within the SedAlp 
project, debris-flow monitoring has been carried out in 5 catchments located in the Italian 
and French Alps, ranging in size from 0.95 (Chiesa Creek catchment) to 6.3 km2 (Gadria 
Creek catchment). The monitored catchments are characterized by different morphological 
conditions and, despite their small number, they can be considered quite representative of 
the geological and climatic variability across the Alps. Due to this variety and the different 
aims at the time of the monitoring sites installation, several devices and methods have 
been used in the SedAlp pilot sites (Table 8) to collect data on debris flows. A 
comprehensive view of existing methods and devices implemented in SedAlp and in 
European debris-flow monitoring sites outside the project has been provided (Protocol for 
Debris-flow Monitoring). The Protocol was intended to list the most relevant debris-flow 
parameters that should be measured, to describe minimal requirements for a debris-flow 
monitoring site, and to characterize the existing sensors and methods of data collection. 
Table 4 classifies the suitability of debris-flow monitoring devices for measuring specific 
parameters and shows the wide variety of existing devices for debris-flow investigation. 

New data on debris flows (triggering rainfall, flow depth, velocity, discharge, volume) have 
been collected and analysed in SedAlp instrumented catchments.  

In the Italian sites, data collection in the Moscardo Torrent has permitted extending the 
time series of recorded debris flows, which dates back to 1990. During the project, two 
debris flows amongst the largest occurred since the beginning of monitoring activities have 
been recorded on September 2012. In the Gadria Creek the experimental station installed 
in 2011 has provided satisfactory results, with two events recorded during the project 
(2013 and 2014) and the analysis of a debris flow occurred in summer 2011. In this site, 
an experimental station for testing geophones sensors and algorithms for debris-flow 
monitoring and warning has been installed in 2013. This installation was proposed and 
completely funded by a private firm interested in testing in the field a new prototype of a 
unit for the elaboration and storage of geophone-acquired data. This collaboration has led 
to useful results for warning purposes and has allowed comparing different methods of 
geophone signal processing.  
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In the Chiesa catchment no debris flows were recorded during the project but an analysis 
of rainfall data triggering quite intense sediment transport processes has been carried out.  

The debris-flow monitoring of the Réal Torrent during the SedAlp project was fruitful, with 
15 debris flow events recorded during the 3 year period. The project gave the opportunity 
to significantly enlarge the debris-flow database from this torrent and to produce new 
results relative to rainfall threshold for debris-flow triggering. The systematic analysis of 
all the rainfall events associated with different types of flow responses (bedload transport, 
immature debris flows, debris flows…) comes out with a new high-quality database of 
rainfall conditions associated with debris-flow triggering, which can be considered as 
representative of torrents with unlimited sediment supply, coming from actively eroding 
paraglacial deposits. Observations in the Manival Torrent during the project only concern 
immature debris flows or intense bedload transport, and were used to characterize seismic 
signals associated with such types of low. 

In all the SedAlp debris-flow monitoring sites, the use of various types of sensors for 
debris-flow detection has provided insights suitable for the development of monitoring and 
warning systems for debris flows. A summary of debris-flow data gathered in the SedAlp 
debris-flow monitoring site is shown in Table 18. An important variability of debris flows 
characteristics between different events and even within the same event (i.e., occurrence 
of surges with different characteristics in terms of sediment concentration, velocity and 
particle size) has been shown by data gathered in the pilot sites. In this context, an 
integrated approach combining observations of video recording and the analysis of stage 
measurements has proved useful for the interpretation of debris-flow features. The strong 
temporal variability of debris-flows also suggests considering different scenarios with 
different combinations of debris-flow parameters (e.g., rheology, volume, peak discharge) 
for practical applications. Long-term monitoring will increase the representativeness of 
collected data that enable an improved definition of scenarios for hazard and risk 
management. 

Finally, it is worth noting that debris-flow monitoring has been carried out in SedAlp in the 
wider context of sediment transport measurement in Alpine catchments. This has outlined 
the links between the various processes responsible for sediment delivery at catchment 
scale and has stressed the need for a closer integration between the monitoring of various 
sediment transport processes in Alpine headwaters. 
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5.4 Wood transport  

Wood transport is a new research field within which all still to be learnt. At this stage, one 
of the main issues is to collect data to be able to establish statistical laws and models and 
understand the main wood transport conditions. The need for data out of event 
documentation should be addressed more clearly. It should be worked out, which data is 
most important to survey and which is less important, as the time window for 
documentation is quite limited. The event documentation is essential for a future 
improvement of all assessments of woody debris in torrential events. This builds a vital 
basis to gain more experience, to improve existing empirical assessments and to calibrate 
models. 

Different technical solutions to survey wood transport are tested and should be operational 
in the near future. Video monitoring is now operational and the technique must be 
experienced on a larger set of reaches to evaluate its transferability. It is also needed to 
test more the efficiency of detection algorithms through a longer period of time but the 
equipped sites are now operating and are providing data. 

Tracking techniques (e.g., RFID or GPS) are also useful to understand the travel distance 
and conditions related to hydraulic patterns and such approach needs to be now applied 
on different Rivers and flood context to be able to establish laws and understand travel 
patterns.  

It seems buoyancy and wood characters are variable in time on given catchments 
according to flow magnitude and spatial conditions of event so that continuous survey of 
wood characters (species, size, decomposition rate) is also needed to better understand 
temporal variability of wood transport conditions and improve transport prediction and 
susceptibility to produce wood in catchments. 
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6 Recommendations 

The analyses and application of the sediment and wood transport data gained within the 
SedAlp project allows the proposal of the following recommendations:  

 
Policy Makers:  

• Sediment transport monitoring data should be managed, stored and quality 
assured by a public hydrographic service 

• The accessibility of validated sediment transport  data should be assured for 
practitioners (administration, consulting companies, hydropower companies, 
navigation, NGOs and qualified public) 

• To improve long term data bases on sediment transport, particularly in catchments 
where the sediment management is a main topic as in those strongly influenced by 
hydropower exploitation and hydrogeological risk mitigation measures 

• Monitoring stations for sediment transport managed by Public Agencies should be 
located in channel sections either suitable to perform a sound sediment budgeting 
of relevant catchments, or featuring special characteristics to investigate special 
processes of interest for the administration (e.g. related to hazards or to ecological 
dynamics)    

• Establishment of a network of similar sediment and wood monitoring stations 
among the same country and also throughout transboundary collaborations and 
interchange in order to share data and experiences about sediment and wood 
monitoring and management 

• Although implementation of a large number of monitoring stations is unrealistic due 
to economic and logistic constraints, the continuation of monitoring activities in 
currently operating sites, and the installation of simple, inexpensive equipment in a 
few new sites of particular relevance could be envisaged 

• Establishment of training possibilities for state of the art monitoring (hydrographic 
services), right use of this data for practitioners  

• Implementation of sediment monitoring and analyses techniques into lecturing at 
universities should be improved 

• Guarantee of the availability of skilled personnel to perform measurements at 
extreme flood is of utmost importance for collecting data on low-frequency, high-
magnitude events. 

• Improvement of the links between research an application/management with 
respect to “immediate” knowledge and technic transfer from basic research to 
practice 

 

 

Practitioners: 

• Combination between direct and indirect suspended, bedload, debris-flow and wood 
monitoring techniques is required to gain representative field data 

• In order to compare monitoring results across the Alps, harmonized monitoring 
techniques and protocols should be used 

• The availability Meta-data of monitoring instruments at study sites is essential 
• The monitoring of sediment and wood transport should be carried out utilizing  the 

most recent/advanced state of research in the topic (instruments and methods) 
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• Signal deriving from seismic/acoustic sensors (i.e. geophone plates, acoustic pipes, 
etc..) should be collected either as the entire wave (but potential problems with 
large data storage) or by registering the number of impulses exceeding a given 
threshold adopting different amplifications values of the signal 

• For the sediment balance, flood events are very important. The monitoring 
techniques should contain a continuous, automatic monitoring system in order to 
guarantee that especially flood events are measured with the requested accuracy 

• A standardized analysis procedure is suggested, e.g. the determination and 
application of correlation functions between direct and indirect monitoring methods 
(e.g. regression analysis, fitting to probes - suspended sediment) 

• Establishment of training possibilities for state of the art monitoring (hydrographic 
services), right use of this data for practitioners  

• In advance definition of specific sediment monitoring programs for (extreme) flood 
events, e.g. additional sampling spots for suspended and bedload monitoring 
beside the standard monitoring sites 

• Guarantee of accessibility and functionality of sediment monitoring stations during 
(extreme) floods 

• The presence of a retention basin downstream of the monitoring installation is ideal 
for measuring/estimating the debris flow volume through indirect methods (use of 
ultrasonic/radar sensors, geophones, etc.) and for calibrating and improving these 
latter for research purposes (e.g. Gadria monitoring site)  

• A monitoring/recording equipment for debris flows using geophones should have 
the possibility to change the signal amplification of each geophone via software to 
take into account its position on the ground and its distance from the channel 

• A monitoring/recording equipment for debris flows should be designed to work 
stand alone, to allow its installation in every possible field condition 

• Practical application of sediment and wood transport equations need to be selected 
based on and calibrated and validated using monitored field data 

• The application of sediment transport equations has to be carried out with great 
caution, especially at low to medium flows where large overestimations are very 
likely and different transport rates are common under similar flow conditions; 

• Calibration of equations against field data (e.g. incipient motion thresholds, 
transport rates at low flows) is strongly suggested to reduce the errors (which 
otherwise can be up to several orders of magnitude) 

• Besides the formula selection and calibration process, numerical sediment transport 
models need also to be calibrated and validated against field data 

• The design of River restoration measures should be based on an improved process 
understanding between sediment transport an engineering measures 

• It should be checked how to extend the success and the sustainability of River 
restoration measures depending on the functioning of sediment regime, input and 
output 

• Potential channel adjustment to restoration measures must be assessed within a 
risk analysis to better consider their consequences (locally, upstream and 
downstream) and their potential efficiency and sustainability  

• The interaction of River restoration with regulated reaches and especially upstream 
structures, eventually disrupting the sediment continuum, have to be analysed and 
counter measures suggested 
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Research:  

 

• In order to capture global or regional changes (e.g. climate change, land use 
change), long term sediment monitoring programs should be established at least at 
a minimum, representative field stations 

• The methods currently available for geophone data processing (method of 
amplitude, method of impulses, etc.) should be implemented on board on the 
recording/monitoring equipment adopted to allow a comparison of the 
performances of the methods and to better exploit the peculiarities and advantages 
of each method 

• Integrating monitoring of debris flows at instrumented cross-sections with 
observations on sediment sources evolution and channel changes by means of 
photogrammetry, terrestrial laser scanning and aerial laser scanning would permit 
maximizing the benefits and overcoming the limitations of individual approaches 

• The importance of integrating debris-flow monitoring with suspended load and 
bedload measurement should be stressed 

• The strong links between the various processes responsible for sediment delivery at 
catchment scale and stresses out the need for a closer integration between the 
monitoring of various sediment transport processes in Alpine headwaters 
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9 Annex 

9.1 Other Activities 

9.1.1 Debris flow seismic detection in the Gadria monitoring site – CNR IRPI 

Authors: Massimo Arattano and Velio Coviello  
CNR IRPI (PP4) 

9.1.1.1 Foreword 

This contribution describes the first results obtained with the experimental station that has 
been installed in 2013 by the company Siap+Micros near the site D3 (Figure 11) in the 
Gadria monitoring site. The station, which has been named ALMOND-F (ALarm and 
MONitoring station for Debris-Flow), was developed for testing sensors and algorithms for 
debris-flow monitoring and warning.  

The experimental station ALMOND-F has been placed upstream of the cross section D3 
and connected to three vertical 1D, 10-Hz geophone sensors (Figure 1).  

The station is independent from the remaining equipment present in the basin. It was in 
fact installed with the purpose to compare its recordings with data gathered by the Gadria 
monitoring system.   

In the following, the main monitoring results obtained through the seismic devices of the 
ALMOND-F will be briefly discussed together with a description of the first tests performed 
on warning algorithms. 
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Figure 109: Location of the experimental station ALMOND-F. The black rectangle (a) limits the 

Gadria testing field for debris-flow warning devices and algorithms. In (b) is emphasized the area 

and the sensors used for volume estimations. Background image coordinate system: WGS 1984 UTM 

Zone 32N. 

9.1.1.2 Debris flow seismic monitoring  

The seismic detection of debris flows for monitoring and warning purposes is a relatively 
new research issue (Abancó et al., 2012) and it certainly still needs some standardization 
(Arattano et al., 2015). Seismic monitoring has been profusely employed worldwide to 
detect and investigate the ground vibrations induced by debris flows (Suwa and Okuda, 
1985). Ground vibration detectors have in fact the advantage to be deployable at a certain 
distance from the channel bed; this distance can be increased if needed and the sensors 
still maintain their capability to detect the events. For this reason they offer a greater 
flexibility than other type of devices that need to be hanged above the channel bed or to 
be stretched across the channel section to detect the passage of a debris flow event (e.g. 
radar, laser and ultrasonic sensors, video-cameras, trip wires, etc.). Therefore, ground 
vibration sensors can be more easily adapted to the different and often difficult conditions 
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that are found in the field, where it can be complex to install sustaining structures close to 
the channel without incurring in the risk that they are destroyed by the passage of a 
debris flow event.  

Moreover, ground vibration detectors may record a greater number of information than 
other types of devices (amplitude of the signal proportional to the flow height, shape of 
the debris flow wave, main frequency of the phenomenon, etc.). This is an important 
characteristic, in particular for warning purposes, because ground vibration sensors can 
provide more data for the creation of warning algorithms and thus more checks by these 
latter to avoid false alarms.   

 

9.1.1.3 Measurements performed in the Gadria through the ALMOND-F seismic devices 

The processing of the signal obtained through seismic devices allows revealing many 
debris- flow features. Among these latter, there is certainly the debris-flow wave form. 
The ALMOND-F was installed in the Gadria in June 2013, however the July 18, 2013 event 
was not correctly recorded because the seismic recordings were saturated due to an 
incorrect choice of the amplification level. Nevertheless, the correspondence is clear 
(Figure 110) between the wave form revealed through the stage sensors and the wave 
form obtained processing the geophone signal through the method of Amplitude (Arattano 
et al., 2012, 2014). This is a confirmation that is particularly useful because it allows the 
use of seismic devices to perform the same measurements (main front velocity, velocity of 
secondary surges, event duration) that can be obtained through stage sensors.   

From the analysis of Figure 110 it is possible to appreciate that the Amplitude starts rising 
around 60 seconds before the hydrograph reaches its maximum value, corresponding to 
passage of the debris flow main front under the radar sensor. 

On the contrary the July 14, 2014 event, after a reduction of the amplification level, was 
satisfactorily detected and in Figure 111 the seismic graphs obtained from the three 
geophones connected to the ALMOND-F are shown. 

As mentioned, monitoring of ground vibrations induced by debris flows allows velocity 
measurements, both through the identification of characteristic features in the signal or 
through the techniques of cross-correlation. Velocity measurements performed through 
the use of ground vibration sensors have already been tested and compared with 
measurements derived from other types of sensors (Arattano and Grattoni, 2000; Marchi 
et al., 2002), revealing a good correspondence. Also in the Gadria the correspondence 
with measurements derived from the stage sensors was good for the July 14, 2014 event. 
Velocity values have been obtained that vary from 1.5 and more than 5 m/s, as those 
obtained through the radar sensors. 
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Figure 110: Monitoring data of the debris flow occurred on July 18, 2013 in the Gadria basin: 

hydrograph recorded by one of the stage sensors (above) and ground vibrations detected by a 

geophone installed at the same cross-section (station D3). The Amplitude curve is partially saturated 

but the peaks produced by the main surges (black arrows) are clearly visible. The Amplitude starts 

rising around 60 seconds before the hydrograph reaches its maximum value, corresponding to the 

front. Image after (Coviello, 2015). 
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Figure 111: Amplitude curves recorded by the three geophones during the debris flow occurred on 

July 15, 2014 in the Gadria basin. Image after (Coviello, 2015). 

 
The data gathered in the Gadria torrent on the occasion of the 2013 debris-flow event 
show that the main frequency recorded displays a rapid decrease right before the arrival of 
the debris-flow front (Figure 112), reaching a value as low as 10 Hz, in agreement with 
the observations of several authors (Arattano et al., 2014; Burtin et al., 2014; Huang et 
al., 2007; Lahusen, 1998). The stable frequency values recorded before this drops to 10 
Hz are likely related to electrical interferences. On the other hand, it has to be noticed that 
the spectral analysis of the portion of the signals recorded after the amplitude peaks is not 
reliable because of the saturation of the signal already mentioned before. 

If confirmed in further cases, this particular feature might reveal to be very useful for 
warning purposes, offering a mean to better recognize the occurrence of a debris flow and 
distinguishing it from other type of phenomena, preventing the issue of false alarms.  
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Figure 112: Trend of the fundamental frequency vs. time (green line) recorded by geophone 2 

during the debris flow occurred in the Gadria Torrent on July 18, 2013 before and during the arrival 

of the debris flow front. The blue line shows the trend of the amplitude vs. time: it is clearly visible 

the arrival of the debris flow front.  At the beginning of the rise of the amplitude-vs.-time graph the 

fundamental frequency suddenly drop to about 10 Hz and remains at that value until the arrival of 

the front. Image after (Coviello, 2015). 

 

9.1.1.4 The Gadria testing field for debris-flow warning algorithms   

As mentioned above the experimental station ALMOND-F has been installed also for the 
test of early warning devices and algorithms. There are two main categories of early 
warning systems (EWSs), namely the advance and the event EWS (Hungr et al., 1987). 
Advance EWSs predict the occurrence of a debris flow by monitoring the hydro-
meteorological conditions that might lead to its initiation, while event EWSs detect the 
debris flow when it is already occurring.  

Event EWSs may use different types of detecting devices. They can range from simple 
electrified wires that are broken by the passage of the flow, to more complex types of 
sensors that require the development of algorithms to interpret the sensor output and 
recognize the debris flow occurrence. When geophones are used as detecting devices, 
their effectiveness depends on the quality of the governing algorithms, which usually 
require long development and systematic testing. This need suggested to equip a specific 
testing field for event EWSs and warning algorithms in the Gadria creek. Such an 
installation was also considered important to increase the public awareness on its 
functionality and effective performances. An EWS, in fact, cannot provide a complete 
safety for the people that it is devoted to protect, as a certain percentage of risk will 
always remain and false alarms will also possibly exist. Therefore the interested population 
needs to learn and understand the performance of an EWS and what it may provide. The 
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Gadria testing field might be used for guided visits that might connect the public and the 
researchers and help to better reach such understandings. 

The testing field has been realized in 2014.  The downstream boundary of the testing field 
is determined by the most upstream of the already existent fixed video cameras (Figure 
113) This video camera is in fact an essential part of the EWS testing field installation, as 
it will be shown in the following.  

A flashing light has been installed on the bank of the torrent 75 m downstream of the 
ALMOND-F equipment and has been cabled together. The flashing light is framed by the 
fixed video camera and is activated by the algorithm under test: this allows a visual 
verification of its efficacy. The activation of the flashing light is in fact recorded by the 
video camera, which also records the arrival of the debris flow. By analysing the video 
recordings, it is possible to verify the moment when the light starts to flash and the 
contemporary occurrence of the debris flow. If the warning system is capable of providing 
an alarm in advance, it is possible to appreciate visually the amount of time elapsed 
between the activation of the flashing light and the arrival of the debris flow.  

9.1.1.5 An educational and informative site  

The chance to shoot videos that show the activation and deactivation of the flashing light 
is particularly useful for showing decision makers, practitioners and the general public the 
performance of an EWS and to make them aware of its functionality. The involvement and 
the education of the interested populace are an important goal and an essential step in 
almost any hazard mitigation activity. This goal should not be pursued as something 
separated by the research activities carried out in the field or in the laboratory, but it 
should be kept in mind during all the phases of the research and possibly integrated with 
the research activity.  

The Gadria testing field was designed with this particular idea in mind and it can be 
considered a first attempt of such an integration. In fact, it has an importance and a utility 
that goes beyond the simple mechanical test of new algorithms. Including a flashing light 
framed by a video camera, in fact, makes much more evident and understandable the 
functionality of a warning system and its performances. Decision makers, practitioners and 
the general public could not analyse complex files of data and the formulas of an 
algorithm, but can certainly recognize if a flashing light was correctly activated and then if 
it was correctly turned off.  

The Gadria testing field, thanks to the described structure, is therefore an important 
source of didactic videos. It is also actually a possible destination for educational trips, 
carried out for information and divulgation purposes.  

9.1.1.6 First tests performed in the Gadria EWS testing field 

The Gadria EWS testing field has provided a chance, on the occasion of the event of 2014, 
to test a new warning algorithm, developed by the researchers of CNR IRPI. A first version 
of the algorithm, which uses the Signal-to-Noise Ratio (SNR) as a warning parameter, was 
implemented aboard the ALMOND-F at the beginning of the 2014 summer season.  

The warning algorithm processes the amplitude signal (Arattano et al., 2014) provided by 
the geophones. The algorithm requires that a certain site-specific threshold of the SNR be 
exceeded on two geophones to issue the alarm (turn on the flashing light). The video 
recorded on July 15, 2014 shows the activation of the flashing light about three minutes 
before the arrival of the debris flow main front. When the 8 surges composing the event 
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were passed by and the event was completely ended, the flashing light was correctly 
turned off, as it is possible to observe in the recorded images (Figure 113). No other surge 
followed the turning off of the flashing light. 

Within 51 days of performing tests during the 2014 summer season, 2 false alarms were 
detected by the system. The relative data were recorded by the monitoring equipment. 
The recorded video of the July debris flow event and the monitoring data concerning the 
false alarms have provided precious information regarding the performances of the 
algorithm. This latter will be consequently improved to reach better performances and 
reduce the number of false alarms. The improvements are currently under development 
and an improved version of the algorithm will be tested in 2015. 

 

 

Figure 113: On July 15, 2014 a debris flow occurred in the Gadria creek that was recorded by the 

video camera. The algorithm correctly turned on the flashing light before the arrival of the debris 

flow and turned it off at the end of the process. Frames from the video camera part of the EWS 

testing field (Figure 113a), time in the upper-left corner of each frame is in UTC+1 (local time): (a) 

the creek before the process (flashing light off); (b) arrival of the main front (flashing light on); (c) a 

secondary surge (flashing light still on); (d) the end of the process (flashing light off). 
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9.1.1.7 Conclusions 

 
An experimental station for testing sensors and algorithms for debris-flow monitoring and 
warning has been installed in 2013 in the Gadria basin by the company Siap+Micros. The 
data obtained by the station, which has been named ALMOND-F (ALarm and MONitoring 
station for Debris-Flow), were compared for validation with the data deriving from the 
Gadria monitoring system already installed. A testing field for event EWSs for debris flows, 
based on the use of the ALMOND-F equipment, has been also realized. The ALMOND-F can 
record and process data from different types of sensors and implement on board different 
warning algorithms. A flashing light framed by a video camera and activated by the 
algorithm under test allows a visual verification of the performances of these latter 
algorithms. The importance of the installation is also due to the chance that it may offer to 
increase the public awareness about the functioning of an EWS. This goal can be pursued 
through the realization of didactic videos, guided visits and the spreading of informative 
news on the debris flow events that occur in the Gadria Creek. So far, the testing field has 
provided some first important indications for the enhancement of the algorithms currently 
under investigation. 

 

9.1.2 WP5 Activity – Arpa Piemonte 

 
Authors: Maria Graziadei and Davide Tiranti 

Department of Forecasting Systems, Arpa Piemonte 

9.1.2.1 Foreword 

 
This document will describe the activities of ARPA Piemonte within WP5 of the SedAlp 
project, directed at the calculation of solid volumes accumulated along the Maria Riverbed 
in different closure points of the basin, starting from data observed at the Saratov and San 
Damien reservoirs.  

 

Considering the lack of a direct system for sediment transport monitoring operating in the 
Maria basins, the efforts had been concentrated on evaluating a semi-quantitative average 
of annual solid transport, according to the sediment mobilizable from source areas. 

 

This indirect approach could be applied by the Regional Authority in other similar contexts, 
to assess a range of annual solid transport for alpine basins in the absences of direct 
monitoring data. 

 
Particular reference will be made to the following: 

• Reconstruction of the Maira River water flows in the 2000-2012 period 

• Correlation hypothesis between accumulated water and sediment volumes in 
correspondence with the reservoirs 
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• Analysis of rainfall events and the definition of liquid and solid volumes in 
correspondence with them 

• Case study 

 

 

9.1.2.2 Reconstruction of liquid flows for 2000-2012 

 

The reconstruction of the Maira River liquid flows in the 2000-2012 period took place 
through operational modelling at the Functional Centre of Arpa; specifically, the new 
forecasting and management system of liquid resources, based on the Mike Basin software 
of the DHI (Danish Hydraulic Institute) was used. The latter, starting from natural runoffs, 
provided in the input of the hydrological module (RR-NAM, always  of DHI), allows the use 
of all hydrological information and the use and regulation of available liquid resources, so 
that the flows that effectively reach the node of interest, already take account of any 
diversions or reservoirs upstream of them. 

 

Based on the existing schematic diagram in Mike Basin, nodes of interest were identified 
as closures of the following Maira sub-basins (Figure 114): 

 

Maira at Saretto (also the closure of the Saretto reservoir) 

Maira at Acceglio (downstream of the confluence with Rio Mollasco); 

Maira at the Ponte Marmora (downstream of the confluence with the Maira stream); 

Maira at San Damiano (also the closure of the San Damiano reservoir); 

Maira at Dronero (closure of the area of interest). 

 

 

 
Figure 114: Maira sub-basins identified as points of interest 
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As an example, Figure 115 shows a graph of the reconstructed average daily flow for 
Saretto and San Damiano regarding the 2000-2012 period. 

 

 

 
Figure 115: Reconstructed average daily flow through modelling for the Maira sub-basins 

 

Based on the reconstructed daily flows, the corresponding liquid volumes were calculated. 
The average yearly liquid volumes being known, the correlation was sought between these 
and the mobilized solid volumes referred to in the points of interest, starting from data 
provided by Enel, which manages the Saretto and San Damiano reservoirs. 

 

9.1.2.3 Evaluation of relationships between liquid and solid volumes along the Maira 
Riverbed 

 
Based on data provided by ENEL, we tried to reconstruct the average yearly volume of 
sediment at the Saretto and San Damiano reservoirs, in particular: 

 

Saretto: as results from the 2005 technical report, from the management plan of the 
reservoir and from the bathymetry provided by Enel, an average yearly volume of silting 
can be calculated (from 1969 to 2011) of approximately 1300 m³/year. If only silting from 
2003 to 2007 is taken into account, a maximum yearly volume of silting is obtained of 
approximately 2200 m³/year. 
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San Damiano: in the final 2009 MP it is reported that you need to refer to the data 
provided by the manager itself for the yearly silting evaluation, which is calculated as 
approximately 4000-5000 m³/year for the average intake of solid material from upstream 
that sediments in the basin in the absence of its removal. Data reported in the following 
bathymetry in 2011 lead to the calculation of approximately 17,700 m³/year, therefore 
around 4 times the one reported in the management plan (average yearly figure regarding 
the 2007-2011 period). 

 

Therefore, there is an inconsistency in the data of the two reports that has not yet been 
resolved. With the lack of new updates, the average yearly volume of accumulation data, 
provided in the management plans of the two reservoirs was used. 

The average volumes of sediment accumulation were compared to the average yearly 
liquid volumes reconstructed for the entire analysis period, starting from the flows. A 
solid/liquid ratio of 1% was obtained for Saretto and 0.5% for San Damiano. 

 

A relationship between these two values to calculate the solid/liquid volume ratio also in 
the other points of interest, obviously presents major limitations, considering the scarcity 
of available observed data and considering that it concerns the average yearly volume. 
Above all, if we consider that the solid volumes obtainable with this parameter must be 
then compared to the potentially mobilized ones from the slopes defined as instantaneous 
and over the entire area of analysis. 

 

Having taken note of these issues, a different type of approach was used in order to 
identify a relationship between liquid and solid volumes along the Maira Riverbed. These 
were no longer average terms over long periods but over shorter periods and 
characterized by more significant flow values. 

Following this second approach for the Saretto and San Damiano basins, the ratios 
between maximum accumulated solid volumes, provided by Enel, were respectively 2.200 
m³/year for Saretto (accumulated between 2003 and 2007) and 17.700 m³/year for San 
Damiano (accumulated between 2007and 2011), and the volumes of liquid for the same 
years were 2% for Saretto and 1.9% for San Damiano. 

These two values likely lead to the hypothesis of a linear relationship between them, 
however it was possible to calculate the solid/liquid ratios for the other points of interest, 
which resulted in approximately 2% over the entire area considered.  

 

Nevertheless, despite the reduction of the analysis window, the solid volumes obtained are 
not yet comparable with the potentially mobilized ones from the slopes, as the considered 
time scales are however a different order of magnitude. 
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9.1.2.4 Analysis of the events 

The next approach consisted in the detailed analysis of significant events, in order to 
compare solid volumes in the Riverbed with those from the ad hoc estimated slopes for 
the individual rainfall events, by using spatialized data of the observed rain. The following 
flood events of the Maira were selected based on the reconstruction of 12 years of data: 

 

12-13 June 2000 

29-30 May 2008 

03-04 June 2011  

 

Then the flow value that was reached most frequently during events was identified for 
each sub-basin, defining it as flow threshold for the mobilization of material in the 
Riverbed. 
Table 28: flow thresholds for the five sub-basins 

Saretto Acceglio Ponte Marmora San Damiano Dronero 

Q threshold (m 
m³/s) 

Q threshold 
(m³/s) 

Q threshold 
(m³/s) 

Q threshold 
(m³/s) 

Q threshold 
(m³/s) 

14 28 33 70 78 

  

A statistical analysis of the flows was performed on the same sub-basins, to give a return 
period to the threshold values. The methodology used was ARPIEM (Regional Analysis of 
Floods in Mountain Basins), developed within the FLORA project (Flood estimation in 
complex orographic areas for risk mitigation in alpine space; the Project  can be referred 
to at the following link: http://www.arpa.piemonte.it/pubblicazioni-2/pubblicazioni-anno-
2012/la-difesa-dalle-alluvioni-nel-territorio-alpino.-report-conclusivo-del-progetto-flora). 

The result from the statistical analysis is that the threshold flow can likely be characterized 
by a return period between 2 to 5 years. 

 

Starting from the selected events, we could calculate the average liquid volumes per event 
and the corresponding solid volumes to be compared to the volumes identified as 
mobilizable at the source areas for Scenario A (frequent scenario with Tr <5 years, defined 
in the W4 report). The solid/liquid ratios are those obtained by using the second approach 
(Table 29). 

 
Table 29: solid/liquid ratios  

Sub-basin Average liquid vol. (m³) Ratio Average solid vol. (m³) 

Saretto 1,554,335.3 0.0207 32,175.04 

Acceglio 3,188,539.5 0.02077 66,224.76 

Ponte Marmora 3,746,746.5 0.020761 77,787.57 

San Damiano 8,045,541.1 0.019904 160,138.9 

Dronero 8,868,074.5 0.020707 183,634.7 

http://www.arpa.piemonte.it/pubblicazioni-2/pubblicazioni-anno-2012/la-difesa-dalle-alluvioni-nel-territorio-alpino.-report-conclusivo-del-progetto-flora
http://www.arpa.piemonte.it/pubblicazioni-2/pubblicazioni-anno-2012/la-difesa-dalle-alluvioni-nel-territorio-alpino.-report-conclusivo-del-progetto-flora
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The event of 28-30 May 2008 was analysed in detail, evaluating the source areas that 
were likely mobilized by slope phenomena following adequate rainfall intensity, so much as 
to exceed the triggering threshold values defined in the WP4 report. 

Specifically, from the analysis of post event reports (“Preliminary report on the flood event 
of 28-30 May 2008”; Arpa Piemonte 2008, which can be referred to at 
http://www.arpa.piemonte.it/pubblicazioni-2/relazioni-tecniche/analisi-eventi), the only 
one to have demonstrated significant activity was found to be the basin of Rio Mollasco, 
that flows into the Maira immediately upstream of the closure point at Acceglio. 

By distributing the rains estimated by radar and comparing them with those recorded by 
the rain gauges adjacent to the basin, the source areas affected by the most significant 
rain showers were identified (return periods of around 5-10 years) and therefore are the 
most likely candidates to material mobilization during rainfall events (Figure 116). 

 

 
Figure 116: source areas affected by the most significant rain showers were identified 

 

The radar cells with return periods compatible with the scenarios described in WP4 were 
isolated and differentiated by Tr for 24 hours. The geometries were used as masks to 
identify the mobilizable source areas for these rain values. 

http://www.arpa.piemonte.it/pubblicazioni-2/relazioni-tecniche/analisi-eventi
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The areas identified as sources were used to estimate potentially mobilized volumes during 
the event, according to the WP4 methodology. In the following table, the volumes are 
expressed in cubic metres. 

 
Table 30: potentially mobilized volumes during the event 

Process Vol. Scenario A (Tr  ≤5) Vol. Scenario B (Tr 10-20) Vol. Scenario C (Tr >50) 

Shallow Landslides 802 3,609 20,051 

Debris Flows 545,108 545,108 545,108 

Slope Debris Flows 12,023 12,023 12,023 

Rotational Slides  615,436 780,760 

TOTAL 557,933 1,176,176 1,357,942 

 
Considering the characteristics of the observed rainfalls, the event of May 2008 falls within 
Scenario type A (Tr ≤5 years) and therefore the most probable mobilized volume is 
557.933 m³. 

 

The solid volumes calculated on the Riverbed (with the methodology described in 
paragraph 3) at the closure point at Acceglio for the same event are equal to 203.081 m³. 

 

The two values, although comparable in order of magnitude, show a gap or around 50%. 
This is however justifiable by considering that: 

• Only a percentage of the mobilized material at the source spread up to the River 
bed, passing the fan area; 

• The two methods to the evaluation/calculation of the solid-liquid volume ratio are 
affected by uncertainties due to the lack of observed data; 

• The method to calculate the mobilized volumes at the sources reflects the intrinsic 
limitations of it, as it was also not based on observed data but on deducted data. 

 

To confirm what emerged in the analysis, in the “General Program of Sediment 
Management – Maira River – General Report of September 2010” the Regione Piemonte 
and the Polytechnic of Turin (2010), it confirms that from a geomorphological point of 
view, a general deposit tendency is observed, due mainly to the accumulation of debris 
originating from Rio Mollasco, after passing through the centre of Acceglio and the alluvial 
fan of Frere. 

9.1.2.5 Conclusion 

It followed that, in the light of the results obtained in spite of the lack of available data 
and considering all the limitations regarding the uncertainty of an empirical approach, the 
methods used to calculate the mobilizable/mobilized volumes at the sources and the solid 
volumes transported along the Riverbed are comparable and therefore compatible. The 
coupling of these methodologies constitutes, in the absence of consistent data, an 
expeditious and relatively simple system to evaluate the potential debris contribution 
originating from slopes and to estimate the solid transportation of the main waterway. 
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9.1.3 Upgrading of digital Slovene Water Infrastructure Cadaster with the 
sediment & woody debris transport monitoring data and information 

Base on the results of SedAlp monitoring results and long-term experiences in torrent 
management of PP12 was implemented severe coordinating meetings with Slovene 
Environmental Agency (hereinafter referred as ARSO), responsible for Water management 
on state level for the purpose of integrating the development ideas of SedALP in upgrading 
the existing current actual Web-Application (cadastre/data base) of ARSO named „Water 
infrastructure“, which started to be tested in 2013. Intention were computerization of 
major maintenance procedures, determination the revised scope of information on the 
arrangements and facilities of water infrastructure, identify and record all information 
relevant to the management of water infrastructure what resulting in the whole process of 
major regular maintenance of water infrastructure, entry and storage upgraded 
information on the regulations and facilities of water infrastructure, input and output 
financial situations and work orders, entering and storing structured annual plans of the 
public service as well as various surveys and analyses. Evidence based on CC-SI code 
(Classification of types of Constructions) list for water infrastructure facilities ().  

Existing concept of data base promising, but there is a lack of information important for 
sediment management. ARSO accepted the PP12 proposals, that will be application in next 
official upgrading phase upgraded also with integration of important data and information 
for sediment management, which now missing: quantity of removed sediments from 
retention basins, dunes, bars and other deposits (sediment sink), time of retention 
emptying and correlated meteo-hydrological data (storms, flood-events …), frequency of 
retention emptying (base for analyses about size, number of dams and retention capacity 
…) equipped with photos, additional documented observation of field´s water management 
services/inspections (regular, after storms,…), event documentation. Mentioned 
systematically, expertly and precisely documented data, will be definitely important 
contribution to better balancing of water and sediment regime in the way of mitigation 
sediment-related risk and in the way of establishing or protection good status of waters 
(where is important also sediment continuity). 
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Figure 117: Working window of Slovene digital Cadastre of Water infrastructure – on left side are 

dialog boxes for attribute data and attached documents, photos; on right side is GIS-based tool 

Figure 118: Working window of Slovene digital Cadastre of Water infrastructure with attached 

documents related to torrential retention and consolidation dams in Bistričica torrent 
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9.2 Description of pilot sites 

9.2.1 BMLFUW - LP 

9.2.1.1 Suggadinbach 

A new bedload transport monitoring station has been designed by the Institute of 
Mountain Risk engineering at the Suggadinbach in the south of Vorarlberg in the village St. 
Gallenkirch (Figure 119). 

 

   
Figure 119 and Figure 120: location of the monitoring station 
 

The Suggadin torrent arises through the confluence of the Vergaldner- and Valzifenz 
torrents. Whereas the former drains the Vergaldner valley and has its source below the 
Rotbühel peak (2852 m), the latter drains the waters of the winter valley with their 
confluence below the Valzifenz ridge. The flat upper reach has a length of 1.5 km and the 
average slope is approximately 6%. The middle section has a distance of 5.9 kilometers 
and extends to the confluence Gweilbach - located in this region the monitoring station. 
The slope varies between 5 and 20%. (in the range of the monitoring path 8%). The 700 
m long underflow extends from the mouth of the Gweilbaches to the stream bed of the 
receiving water Ill.The NW orientated catchment area has a surface area of approximately 
75 km² and a peak discharge HQ150 of 156 m³/s. Downstream (approximately 200 meter) 
the Monitoring Station there is the hydropower plant from the Illwerke PLC of Vorarlberg 
arranged. 

 

 

 



182 

 

 

 

Geology: 
Geologically, the municipality of St. Gallenkirch is located on Silvretta Crystalline, which 
belongs to the upper layer of the Eastern Alps. Biotite-gneiss, muscovite granite-gneiss, 
amphibolite and hornblende gneiss may be found here.  

The catchment area itself consists of various gneiss and mica shists that are locally 
strongly weathered, giving rise to debris of a relatively young age, which, together with 
the older debris which is also present, constitute the main debris sources. 

 

Hydrology: 
The municipality of St. Gallenkirch is located in the maritime climatic region of the 
northern fringes of the Alps. The average annual precipitation amounts to 1297 mm, with 
a daily maximum of approximately 98 mm (21.12.1991). 

Gauging station: St. Gallenkirch [860 meter above sea] 

 

In cooperation with the Austrian Service for Torrent and Avalanche Control the station has 
been installed in June 2013 in a check dam. The dam is structured into a low water section 
in order to have concentrated flow and sediment transport for most time of the year. Two 
different types of measuring systems are installed: 13 impact plate geophone sensors 
record the vibrations of the transported sediment. Additionally 3 modified Japanese pipe 
hydrophones are mounted under steel plates in order to record the acoustic signal 
produced by the sediment transport. Both systems can be compared directly because they 
are arranged consecutively in flow direction. Therefore the advantages of both systems 
can be combined. . An overview of the measuring station and a detail of the equipped 
check dam can be seen in Figure 121 and Figure 122. 

 

 

Figure 121: Overview of the measuring 
system. 

 

Figure 122: Detail of the equipped check 
dam. 
 

The measuring frequency amounts to 9.6 kHz and the signal is evaluated for 1 minute 
intervals. The maximum amplitude, the number of impulses over a certain threshold and 
the quadratic sum of the energy is stored for all 16 channels. An example of recorded data 
is shown in Figure 123 for a geophone and a hydrophone. For situations where more 
information is required the full 9.6 kHz signal can be stored. Additionally the water stage 
and surface velocity is measured upstream of the station to record the discharge and flow 
conditions in the Suggadinbach torrent. The flow data and a picture of a webcam for visual 
control are sent every hour. The daily generated files of the measuring station are 
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transferred via FTP. Additionally an uninterrupted power supply unit is installed to 
guarantee continuous measurement during short electric power outage. An example for a 
calibration experiment of a geophone and hydrophone is shown in Figure 123. The 
maximum values per minute, the peaks over a certain threshold as well as the Energy 
evaluation are presented. 

 

Figure 123: Example for recorded and evaluated data of a hydrophone and a geophone during 
calibration. 
 

Calibration 
In the on-going project the sensor signal is related with a deposition volume below the 
station. Therefore stereoscopic images are made and analysed after bedload transporting 
events. The limitation of this method is that only bigger events can be quantified. A 
stereoscopic derived elevation model generated in February 2014 is shown in Figure 124. 

 

 

Figure 124: Stereoscopic derived elevation model from February 2014. 
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In order to calibrate the measuring system for smaller discharges first field tests at 
medium water discharge (Figure 125) and systematic controlled field tests at low water 
conditions (Figure 126) have been made in the framework of the ongoing SedAlp project. 
At the first test series sediment was added by a bucket at medium water conditions. 
During low water conditions without natural bedload transport sediment has been fed by a 
crane with a concrete container. A flume has been installed in order to obtain controlled 
flow and transport over the measuring system. The water was concentrated by sand bags 
in order to have higher transport capacity to be able to transport grain sizes up to 64 mm. 
The discharge was measured in the flume. Four different grain classes as well as a mixture 
of all classes were tested. A total amount of 4 tons were fed during the experiments.  

Both tests have their limitations. At higher discharges there is already natural bedload 
transport and one can-not be sure that the added sediment really hits the measuring 
system due to the high current in the stream. Tests as the second one at low water 
conditions cannot be repeated at higher discharges, because the mountain stream has to 
be wade able. 

 

Figure 125: First test of the installed system. 

 

Figure 126: Controlled field test at low water 
conditions (February 2014). 

 

Example of a small summer event 
During the measuring period no major events were recorded, but some smaller 
thunderstorms resulted in increased flow conditions and therefore bedload transport was 
recorded. Figure 127 shows the flow depth and surface velocity measured from 30.07.-
03.08. 2014. The recorded peaks per minute for the middle geo- and hydrophone are 
shown in Figure 128. 

 

Figure 127: Flow depth and surface velocity. 

 

Figure 128: Peaks per minute recorded for the 
middle geo- and hydrophone. 

 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

Su
rf

ac
e 

ve
lo

ci
ty

 [m
/s

]

Fl
ow

 d
ep

th
 [m

]

Date and time

Flow depth and surface velocity 30.07. - 03.08.2014
flow depth [m]
surface velocity [m/s]

0

50000

100000

150000

200000

250000

300000

0

500

1000

1500

2000

2500

3000

[p
ea

ks
 h

yd
ro

ph
on

e]

[p
ea

ks
 g

eo
ph

on
e]

Date and time

peaks per minute

geophone 7 (middle)

hydrophone 2  (middle)



185 

 

 

 

9.2.2 Province of Bolzano - PP1 

9.2.2.1 Gadria pilot area 

The station for monitoring debris flows has been installed during spring 2011 at the 
confluence of the Gadria and Strimm creeks, located in the Vinschgau/Venosta valley, 
Autonomous Province of Bozen-Bolzano, Italy (Figure 129, Table 34). Most of the 
monitoring equipment has been purchased and installed by the department of Hydraulic 
Engineering of the Autonomous Province of Bozen-Bolzano, with some instruments 
acquired and maintained by the Free University of Bozen-Bolzano. 

 
Table 31: Basic characteristics of the Gadria basin 

Geographical coordinates of basin centroid 46°38’56’’ N, 
10°42’23’’ E  

Basin area (km2)  6.3 
Minimum elevation (m.a.s.l.)  1394 
Maximum elevation (m.a.s.l.)  2945 
Mean basin gradient (%)  79.1 
Length of the main channel (km)  2.15 
Mean gradient of the main channel (%)  20 
Annual precipitation (mm)  662 
Dominant lithology  paragneiss and 

orthogneiss  
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Figure 129: Map and location of the Gadria-Strimm basins 

The Gadria catchment hosts the debris flow channel object of the main monitoring 
activities. The Strimm basin a study area for bedload monitoring within SedAlp) joins the 
Gadria creek at a filter check dam located near the apex of the large alluvial fan (10.9 
km2). 

Most of Strimm basin and the upper portion of Gadria basin are underlain by paragneiss of 
the Mazia unit. This lithology presents frequent pegmatitic intrusions with adjacent 
phyllonitic transitions, result of Permiam low-grade metamorphism. The southern part of 
the study area is dominated by orthogneiss showing mylonitic character as one approach 
the Vinschgau Shear Zone. The presence of thick Quaternary deposits makes the spatial 
delineation of the transition between the two units particularly difficult. From the 
geomorphological point of view, of particular interest are the massive kame terraces 
located along the steep headwalls of Gadria Creek. They sit on extremely weathered and 
fractured bedrock surfaces, which have developed steep ravines and badland-like 
morphology since glacial retreat. Such an unstable set up provides a virtually unlimited 
source of sediment to the high debris-flow activity observed along Gadria Creek. 

The average precipitation in this sector of the Vinschgau valley is quite low, being about 
480 mm in the valley floor (data from the station of Laas/Lasa, 863 m a.s.l., period 1989-
2012). Precipitation is higher in the middle part of the Gadria-Strimm basins (662 mm 
annually at 1754 m a.s.l., period 1993-2012), whereas for the upper part –most sediment 
sources for debris flows are located at 2000-2500 m a.s.l. – long-term series are not 
available and only an estimation of about 800-900 mm is possible. Snow cover usually 
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lasts from mid-November to mid-April, and summer convective storms are responsible for 
most of the debris-flow triggering. 

Catchment’s slopes are mostly covered by coniferous forest (Spruce and Larch, with 
sparse presence of Cembra Pine; alpine grassland is present above the timberline. The 
highest elevations, as well as sediment sources at the headwaters and on channel banks 
essentially consist of bare rock and debris. 

Figure 130 shows the location of the installed instrumentation. Rainfall is monitored in the 
Gadria basin by 3 rain gauges placed at different elevations (locations R1, R2, R3 in Figure 
130) which store precipitation data (1 min intervals) locally and also radio transmit them 
to the server (see below), plus 2 additional stand-alone rain gauges in the Strimm basin 
(R4, R5) recording data only on local data loggers.  

 
Figure 130: View of the Gadria (and partly of the Strimm) watershed with the location of the 

different installation sites. 

Debris-flow depth is monitored by radar sensors mounted on cable-suspended sledges at 3 
cross-sections (D2, D3, D4) along the Gadria main channel (Figure 130). However, only 
the two downstream radar sensors (D2 and D3) were operational so far. Radar stage data 
have been used to calculate the mean velocity of debris flows based on the inclined 
distance between D3 and D2 (80 m measured along the thalweg, a reach representative 
for debris flows along a sequence of consolidation check-dams, with an average bed slope 
of 16%). Vertical geophones (featuring 10 Hz frequency) have been installed at the same 
locations of the radar sensors in the Gadria channel, and are operational since 2012.  

In order to provide visual information on debris flow characteristics, three video cameras 
resolution 1024 x 768, at 10 frames per seconds) with spotlights – the latter automatically 
activated only in case of possible debris flows – have been installed at locations D1 
(corresponding to the debris retention basin) and D2 (corresponding to the lowermost 
radar sensor and geophones).  

An experimental station has been installed in 2003 near the site D3 by the company 
Siap+Micros (www.siapmicros.com) for developing and testing sensors and algorithms for 
debris-flow monitoring and warning using seismic sensors. The experimental station by 

http://www.siapmicros.com/
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Siap+Micros is independent from the monitoring system; its installation in the Gadria, 
however, has been motivated by the possibility of comparing station’s recording with data 
gathered by the monitoring system described above. 

Finally, two areas in the Gadria catchment (S1 and S2 in Figure 130) were chosen to 
monitor the main soil hydrological variables, without data transmission to the server.  

 

9.2.2.2 Saldur/Saldura and Sulden/Solda monitoring stations 

The Vinschgau/Venosta valley (South Tyrol, Italy) harbours about two thirds of the 
glaciated area in the Autonomous Province of Bolzano, containing glaciers in the Ortler-
Cevedale Group (37.45 km²), the Ötztal Alps (20.80 km²) and the Texel Group (3.35 
km²). The two study basins (Figure 131) monitored within the SEDALP project were (i) 
Sulden/Solda and (ii) Saldur/Saldura, which are of comparable size and relief, but differ 
considerably in terms of relative glacierized area, glaciers’ size and dynamics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 131: Saldur and Sulden River basins, in the upper Vinschgau/Venosta valley (western Aut. 

Prov. Bolzano). Map and general views (upper right Saldur, photo courtesy of Aut. Prov. Bolzano)  

 
The Sulden/Solda basin drains 161 km2, and is characterized by the largest relief, i.e. 

from 887 m a.s.l. of the confluence with the Adige/Etsch River (near Prad am Stilfser 
Joch/Prato allo Stelvio) to 3905 m a.s.l. corresponding to the Ortler/Ortles peak, which is 
the highest of the Eastern Alps.  Bedrock geology is very complex and comprises dolomitic 
and metamorphic rocks. Average annual precipitation in Sulden/Solda town (1900 m 

 

Prad/Prato 

Sulden/Solda 
basin 

Saldur/Saldura 
basin 

Prad/Prato 
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a.s.l.) is 860 mm. The Sulden basin hosts several glaciers together totaling ~18 km2 (in 
2009), corresponding to 11% of the total basin area. However, Carturan et al. (2013) 
have estimated that glacier area is likely to reduce by 50% over the next decades. 

The Saldur/Saldura basin drains 98 km2 ranging from 940 m a.s.l. (town of 
Schluderns/Sluderno) to 3738 m a.s.l. (Weiβkugel/Palla Bianca peak). The entire Saldur 
basin belongs to the Ötztal-Stubai complex and consists mainly of orthogneiss. Presently, 
about 5% of the basin is glacierized. The average annual precipitation in the mid valley 
(Mazia village, 1600 m a.s.l.) is about 700 mm. The monitored area is the upper Saldur 
basin, at elevations >2150 m a.s.l. (location of the main monitoring site) for a total area 
of 18.6 km2. The main glacier hosted in the basin lies between 2700 and 3700 m a.s.l., 
with a current extent of 2.8 km2, thus 15% of the monitored basin area is currently 
glacierized. For details on the instrumentations deployed in the Saldur River, please see 
the SEDALP document “Monitoring Concept PP1 - Saldur catchment”). 

In the Sulden/Solda basin, water and sediment fluxes have been monitored 
continuously at Stilfserbrücke/Ponte Stelvio (1100 m a.s.l., 130 km2 area) since May 2014 
at a station installed thanks to funding provided by the Province of Bolzano (AQUASED 
project) to the companies CISMA Srl and Mountain-eering Srl. The station is managed in 
collaboration with the Free University of Bozen-Bolzano, the University of Trento, and with 
the Hydrographic Office and the Hydraulic Engineering Dept. of the Aut. Province of Bozen-
Bolzano (within the SEDALP project).  

The Sulden monitoring is equipped with two stage sensors for water discharge, with a 
turbidimeter for suspended sediment, with eight geophone plates for bedload, and with 
acoustic “Japanese” pipe sensor (damaged by the 2014 flood, changed into a microphone 
installed below a plate in spring 2015). All sensors record continuously – from 5 kHz 
(geophones) to 5 min intervals (water stage sensors) – throughout the year (although the 
turbidimeter is removed during the icy winter months). Sediment samples are collected by 
an automatic water sampler (for fine sediment concentration, activated every week plus 
occasionally depending on water stage) and by a crane-operated bedload trap (for 
bedload, once per month from June to October, Figure 132). 

 

      
 

Figure 132: Left: the eight geophone plates installed right downstream of the check dam crest in the 

Sulden River; Right: the bedload trap operated by a crane, used for sensors calibration.  
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9.2.3 ARPAV - PP2 

9.2.3.1 Rio Chiesa monitoring station 

Catchment characteristics 

The Rio Chiesa test area is located upstream the Pieve di Livinallongo village (Veneto 
Region – Dolomite Area). The Rio Chiesa (Figure 133) is a steep torrent (mean channel 
slope: 45%) tributary of the Cordevole River (sub-catchment of Piave River basin, Eastern 
Italian Alps). The catchment (area: 0.95 km2; mean slope: 75%; mean altitude: 1820 m 
a.s.l.) (Table 32) is characterized by sandstones, marls and tuffaceous conglomerates 
outcrops (Wengen and Livinallongo formations); the upper portion of the basin is deeply 
affected by rainfall erosion processes with a great sediment production. The mean annual 
precipitation is about 1200 mm, with the monthly maximum value in July. Debris flows are 
usually triggered by strong thunderstorms during the summer season and are 
characterized by a very short duration (generally less than 1 hour), and a high destructive 
capacity. Therefore in 2007 a selective check-dam was built by the Regional Forestry 
Service just upstream the Regional Road, for risk mitigation; the check-dam is able to 
retain a sediment volume up to 2000 m3. 

 
Figure 133: Rio Chiesa catchment: geographic localization, watershed limit and hazard early warning 
system composition. 
 
Table 32: Main characteristics of the Rio Chiesa basin and main channel 

Catchment area  (km2)  0.95  
Minimum elevation  (m a.s.l.)  1175  
Maximum elevation  (m a.s.l.)  2462  
Mean catchment gradient  (%)  75 
Mean stream channel gradient  (%)  45 
Mean annual rainfall  (mm)  1200 
Length of the main stream  (km) 1.75 

 

The hazard phenomena in the test bed are debris flows or mud flows that start in the 
upper part of the basin in a range of altitude between 1900 m and 2100 m a.s.l., in an 
area subjected to erosion. In the following figures the head of the basin (Figure 134), the 
main channel and the lower basin (Figure 135) are shown. 
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Figure 134: Head of the Rio Chiesa basin and upper part of the main channel (colluvial incision) 
(left); main channel full of sediment just upstream the selective check dam (right) 
 

Description of the experimental hazard early warning system 

During 2007 the Regional Forest Service of Belluno built a permeable check dam about 
five hundred meters upstream the Regional Road n. 48. This control work represents a 
solution for little events with a limited quantity of debris (lower than 5000 m3). In the 
other cases the dam is not enough for stopping the main part of the materials flowing 
downstream and that may be destructive and much dangerous both for infrastructural 
damages and for human life (Figure 135). 

 
       

  

Figure 135: Selective check dam located in the middle-lower part of the Rio Chiesa (left); lower 
portion of the main channel: artificial chute and culvert after the debris event in July 2003 (right). 
 
 

The Rio Chiesa catchment has been interested by over 20 debris flow phenomena, starting 
from the ’60 years. Such debris flows interested a portion of the village of Pieve di 
Livinallongo, some municipal roads and the main Regional Road n. 48. For this reason, the 
test area allows both a monitoring activity and the test of debris flow triggering, 
delineation of inundated area and routing simulation models. The main analyses in the test 
area during the European Project PARAmount (Alpine Space Programme 2007-2013) were: 
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1. to design hazard maps and to interview local public offices and office work; 

2. the implementation of an early warning system related to rainfall monitoring and 
activated by real debris flow events; 

3. to test a hazard early-warning system (HEWS) for debris flow occurrence and 
evaluation of the performance of the tested system with field set-up, according to 
institutions concerned and the involved observers. 

The early warning system (Figure 133, Figure 136 and Figure 137) was implemented and 
tested in June 2012; it allows to share an alert signal to the institutions, the traffic routes 
and citizens that lives close to the stream. The test allows also an evaluation of the impact 
of debris flow against infrastructure network and therefore achieves the main objectives of 
project related to risk assessment and management. With the aim to furnish a good alert 
signal in real time, the debris flow monitoring system is based on 2 distinctive phases: 

• monitoring of the intense rainfalls able to produce a debris flow phenomenon; 
• debris flow event monitoring 
 

After a testing period, the HEWS will alert the public authorities in charge for managing 
the Regional Road and the settlement of Pieve di Livinallongo in order to improve risk 
management of the urbanized part of the catchment. The system is based on rainfall 
thresholds and on instantaneous alert messages; indeed the HEWS is designed both for 
monitoring debris flow and for alerting public bodies in charge. The main goals related to 
the monitoring and warning system are: rainfall warning thresholds estimation, debris flow 
motion detection, alert messages dissemination and reduction of energy consumption. The 
system is composed of two stations (Figure 133, Figure 136 and Figure 137) 

 Station 1 (ST1), located in the upper portion of the catchment (at 2120 m a.s.l. in 
the triggering zone) for rainfall monitoring; ST1 (Figure 136) is provided with: 1 
tipping bucket rain gauge (rain gauge-1; funnel’s mouth area: 1000 cm2; bucket 
capacity: 0.2 mm), 1 thermometer, 1 ultrasonic anemometer, 1 webcam, 1 
recording and transmission data unit via-UMTS and UHF, photovoltaic panels for 
energy supply. Rainfall data are recorded with a time frequency of 1’. When 
rainfalls occur, data transmission is performed with a time step of 5’. The main 
function of this station is to monitor the triggering factors for debris flow (intense 
precipitations) and consequently activate the early warning system.   

 Station 2 (ST2), located just upstream the village of Pieve di Livinallongo (at 1570 
m a.s.l. on the selective check-dam) for debris flows monitoring; ST2 (Figure 137) 
is provided with: 1 thermal camera, 4 echo sounders, 2 cable pulls, 1 recording and 
transmission data unit via-UMTS and UHF. The ultrasonic sensors measure the 
debris flows depth, while the cable pull are broken when a certain tension value is 
exceeded. The main function of this station is monitoring and detecting the passage 
of the debris flow through the channel. 

 

The 2 data recording/transmission stations (ST1 and ST2) are the terminal center for both 
the recorded data of rainfall and the debris flow sensors along the main channel. The 
stations are provided with solar panels for autonomous energy supply. Data and alert 
messages transmission is performed via-radio between the two stations, while via-GSM 
signal for technicians and public authorities involved. When rainfall intensity exceeds an 
assigned experimental threshold (4 mm/10’) ST1 sends a first warning message (SMS) to 
the operators involved and ST2 simultaneously switches on. The fixed rainfall threshold 
was a prudential value deriving from the analysis of the main events occurred during the 
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period 2011-2012; this value allowed to monitor all the debris flow events occurred till 
now. During extreme rainfall events the thermal camera (located in ST2) switches on and 
detects sudden flow depth variations and sediments motion. This camera has the 
peculiarity of recording the electromagnetic waves released by debris flow sediments 
recording a video; the camera is not affected neither by day/night alternation nor by 
weather conditions as huge rainstorms. Based on the recorded videos analysis, a software 
will be developed for video frames processing and detecting automatically debris flow 
motion; in the future the thermal camera could be consequently used as a warning sensor. 
The 4 echo sounders, located just upstream and on the selective check-dam (Figure 137), 
measure the debris flows depth. Cable pulls installed just upstream and downstream the 
check-dam filter sends an alert message (SMS) when an assigned value of cable tension is 
exceeded. All recorded data are sent to a server via GPRS/UMTS module except for 
thermal camera videos that are stored in a local memory stick. The management interface 
of the system allows to check and display the whole data set, query the sensors in real 
time, set up the operational parameters and carry out automatic test. 

The main goals of the system are testing new kinds of sensors for detecting debris flows, 
during the event itself. In addition, the instrumented catchment will provide high-quality 
information for deriving regional thresholds of rainfall intensity and/or cumulated values 
for debris flow triggering, which can be used for the warning systems. When rainfall 
thresholds are reached in correspondence of the upstream station, the system sends a 
first alert warning message, and at the same time the thermal camera and the other 
sensors of the downstream station are activated. During extreme rainfall events, all the 
sensors located in the downstream station are active for monitoring potential debris flow 
events. The thermal camera will be provided with a software for the pictures processing, 
thus automatically observing the debris flow movement. The camera has the advantage of 
recording the electromagnetic wave released by the materials, and then transforming it 
into a picture; it means that the camera is not affected neither by the day/night 
alternation nor by the weather conditions. 

 

 
Figure 136: Upstream station (ST1 - Rain gauge 1) located at the head of the Chiesa basin 
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Figure 137: Downstream station (ST2) in correspondence of the selective check dam (left); wire 
sensor in correspondence of the check dam (right) 
 

The critical rainfalls (those able to produce a debris flow) monitoring, allow to obtain a 
good forecast of the debris flow phenomena. So, the rainfalls monitoring has not the aim 
to produce an alert signal, but to activate the sensors for the debris flow passage 
individuation. Studies on the rainfall and runoff triggering debris flow, on the 
morphological and sedimentological characteristics of the debris flow area, and on the 
dynamics of flood are coming from experimental projects carried out by CNR – IRPI of 
Padua that planned and realized a monitoring system of debris flows along the stream 
supported by Avalanche Centre of Arabba (ARPAV). 

 

9.2.4 UNIPD - PP3 

9.2.4.1 Rio Cordon monitoring station 

Catchment characteristics 

The Cordon stream is a typical steep mountain torrent draining a basin area of 5 km2 at 
the elevation of 1763 m a.s.l., where the ARPAV experimental monitoring station was built 
(Figure 138). The mean channel slope is of 13.6%, but the longitudinal channel profile 
displays an alternation of high-gradient and low-gradient stretches. The channel is 
dominated by step-pool morphologies (Figure 139) giving high bed stability for flood 
events with recurrence intervals (R.I.) lower than 30-40 years (Lenzi, 2001). Runoff is 
usually dominated by snowmelt in May and June, however summer and early autumn 
floods represent a significant contribution to the flow regime. Usually late autumn, winter 
and early spring lack noticeable runoff events (Lenzi et al., 1990; Dalla Fontana, 1992). 
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Figure 138: Cordon stream catchment: geographic localization and watershed delimitation 
 

    

  

Figure 139: Cordon stream: channel bed morphologies (step pools and rapids) under minimum (left) 
and bankfull (right) water regime (R.I. = 2 - 3 years). 
 

Description of ARPAV monitoring experimental station 

Along the main stream, at 1763 m a.s.l., on 1986 ARPAV installed a gauge station for 
discharge and sediment transport measuring (Figure 141). The facility for measuring 
sediment transport operates by separing coarse bedload transport from fine sediments 
and water (Fattorelli et al., 1988; D’Agostino and Lenzi, 1996; Lenzi et al., 1999 and 
2000). The record of hourly liquid discharges makes possible the analysis of water flow 
regime, sediment budgets, and the realization of discharge rating curves. The measuring 
device of the Cordon stream consists of (Figure 140 and Figure 141): 

• 1 inlet channel; 
• 1 grid allowing coarse sediment to be separated from the water and fine sediments; 
• 1 diversion pool for water and fine material flowing through the grid; 
• 1 outlet channel to convoy water and fine material; 
• an enlargement for coarse material deposition limited by two walls, supporting a 

structure with ultrasonic sensors, being able to measure, in real time, the deposited 
coarse material; 

• 2 small buildings where the sensors, the recording instruments and the system for 
data acquisition are housed; 

• sensors for the recording of suspended sediment, water discharge and water quality 
characteristics. 
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The operation of the whole structure has been investigated using a hydraulic model at a 
scale of 1:12 (University of Florence, Department of Civil Engineering, 1986). The results 
of the trials carried out with this model provided useful information for the design of the 
experimental station (Fattorelli et al., 1988). The channels of the station were designed for 
a maximum discharge of 25 m3/s. The inlet channel was overdesigned to avoid any 
damage to the structure even in the case of a larger flood with high amounts of coarse 
sediment (Fattorelli et al., 1988). The station generally operates 40-45 weeks per year. 

 

  
 

 

 

Figure 140: Cordon stream catchment at 1763 m a.s.l.: plan view and frontal image of the ARPAV 
gauge station for discharge and sediment transport measuring (from Lenzi et al., 1999); particular 
of the inlet channel and separing grid for coarse sediments, and data recording sensors. 
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Figure 141: Photos of the Cordon stream ARPAV measuring station (from: Mao et al., 2010): a) 
Downstream view of the bedload storage area, the outlet flume and the two buildings hosting 
instrumentations and the emergency power system; b) Upstream view of the fine sediment settling 
basin; c) Downstream view of the separating grid, the bedload storage area and the cable frame 
which host the 24 ultrasonic sensors; d) Upstream view of the bedload storage area; e) Downstream 
view of the inlet channel; f) Downstream view of the outlet channel with the Partech SDM-10 light 
absorption turbidometer fixed under the bridge. 
 

Sensors and measured parameters 

The experimental station installed instruments allow the continuous record of:  

• bedload; 
• suspended load; 
• water discharge; 
• physical-chemical water quality characteristics and other parameters for the 

hydraulic flow characterization. 

The installed instruments are (Figure 140): 

• upstream location: hydrometrographs; water temperature sensor; water pH 
sensor; water electric conductivity sensor; turbidometer; computer for the sensors 
management and data recording; 

• downstream location: hydrometrographs; water temperature sensor; water pH 
sensor; water electric conductivity sensor; turbidometer; 

• other locations: rain gauge; 3 piezometers; 24 ultrasonic system; air temperature 
sensor; 

• Mondeval de Sora location (head of basin): rain gauge; air temperature sensor. 
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9.2.4.2 The Piave River 

The Piave River is located in Veneto Region (Italy) with a basin area of about 
4126.84 km2. The River flows for about 220 km long from near Peralba Mount 
(Belluno Province) at an elevation of 2037 m a.s.l. to the Adriatic Sea (Venice 
Province, Figure 142).  
 

 
Figure 142: Piave River localization (on the left) and its basin (on the right) 
 
The Piave River has three principal tributaries: the Boite River that is located near 
Perarolo di Cadore, the Mae River that is placed near Longarone and the Cordevole 
River which collects water from the western region.  
 
The climate is temperate-humid with an average annual precipitation of about 1350 
mm, with a minimum of 1000 mm in the north western side (including the basin of 
Cordevole River) and the higher is recorded in the central-eastern corner. The 
rainiest season is autumn, followed by the spring season. The high value of 
temperature is commonly recorded during the summer season (maximum of 33-
35°C). During the winter season the temperatures decrease until 2-3°C.  
 
The torrents at the headwater flow along very narrow valleys and are characterized 
by high slope. The valleys have the typical U-shape due to glaciers erosion. The 
landscape characteristics change from Ponte nelle Alpi and the River arrives to a 
former synclinal that directs the flow towards Feltre. After Feltre, the River enters 
into a narrower valley that cuts the Grappa-Tomatico-Cesen-Visentin mountain 
range, which stratification constitutes a long anticline arc. Finally, the River flows 
through a zone with a syncline disposition arriving to the deep gorge at Nervesa. 
This point constitutes the end of the mountain basin, and following the River flows 
along the Venetian plain.  
In the Piave River basin several and different rock types crop out with a variety of 
origin, composition and age: Schist-phyllite rocks (Paleozoic), Sandstone, marlstone, 
argillite and sedimentary rocks (limestone and dolomite). The most diffused rocks 
within the Piave River basin are limestone and dolomite. 
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The Piave is a gravel-bed River which has experienced a wide range of intensive 
human impacts that include phases of deforestation and reforestation, major dam 
building, water diversions, gravel mining and a range of bank protections. As a 
result, it has experienced considerable wide contraction and channel incision phases.  
Piave basin has been inhabited since prehistoric times. Its forest cover reached a 
minimum probably during the 19th century because of wood exploitation, cropping 
and farming. During 1930s-1950s dams were built along its channel network, 
intercepting sediments from 54% of the basin area. During the first years of the 20th 
century it was evident the need of electric energy generation and the development of 
irrigation systems. Since the ‘30s until the ‘60s all the current dams were 
constructed. The presence of artificial reservoirs has stopped the natural sediment 
flow during floods affecting the sediment balance in the fluvial network placed 
downstream.  
More recently, another human activity has altered the dynamic of these fluvial 
systems. Between 1960s and 1980s intense gravel mining was carried out.  
Natural and artificial reforestation has been taking place after World War I, most 
effectively after 1950s. Erosion and torrent control works started in the 1930s, but 
massively only after 1970s. 
The study area is located into the piedmont area called 'Vallone Bellunese' and it 
extends for around 5 km, from Ponte nelle Alpi to Belluno (Figure 143). 
 

 
Figure 143: the study area is located between the villages of Ponte nelle alpi and Belluno, into the 
'Vallone Bellunese'. Flow direction is from right to left. 
 
The average slope is approximately 0.45% and the median surface grain size is 
comprised between 20 mm and 50 mm. The study reach present a predominant 
morphology between braided and wandering. Along the study reach there are many 
vegetated patches, with different fluvial island from pioneer to stable. The left bank 
is characterized by the presence of a high terrace of about 15m, while the right bank 
is characterized by the presence of an extended floodplain. This floodplain is densely 
vegetated, presenting trees with maximum height around 25 m and maximum 
diameter of about 50 cm. 
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9.2.4.3 Cordevole River 

The Cordevole River (Figure 144) is the main tributary of the Piave River. The basin area 
(843 Km2) is characterized by mountainous terrain that generates a hydrographic network 
(1440 km, drainage ratio = 1.7 m-1) with a complex morphology, also due to the geology 
of lower slopes formed by erodible sedimentary rocks and quaternary deposits. It born at 
the Pordoi pass (1919 m a.s.l.), in the municipality of  “Livinallongo del Col di Lana” and 
flows into the Piave River near the town of Mel, (275 m a.s.l.). The main tributaries are 
the Fiorentina and Pettorina, in the proximity of Caprile Village, the Biois near Cencenighe, 
and Tegnas near Taibon. Downstream of Agordo the stream continues along a narrow 
valley where the water flow decreases considerably, due to the hydroelectric derivations. A 
few kilometers from the confluence in the Piave River, receives the Mis stream. The flow 
regime is characterized by a high runoff during the snowmelt period (May-June) with also 
significant summer storms, and low flows during the months of January-February (colder 
months). In autumn, intense and short duration rains causing flash floods are frequent. 
Part of the basin lies within the Belluno Dolomites National Park and there are several 
natural areas and landscapes of Regional interest. Woodlands cover about 40% of the 
territory, most of which occupied by spruce, and the local climate is influenced by altitude 
and exposure (mean annual temperature is ≈ 7° C and mean annual precipitation is ≈ 
1100 mm).The artificial interventions (check-dams, transversal structures, bank 
protections) are often present in the stream, and are located near villages and roads. 
Many of these interventions were built in the years following the 1966 flood that showed 
how these areas can be dangerous. Cross structures, as the check-dams actually are filled 
with sediment, and thus no longer functional. The interventions for hydroelectric power 
production, already designed in the 1930 for the presence of two natural basins 
(Marmolada Glacier and Alleghe Lake,) are mainly represented by the Masarè spillway 
(Alleghe), the Ghirlo dam (Cenceninghe) and the Mis dam. The location of the thirteen 
basins that are the subject of the LW quantification is shown in Figure 1. General 
characteristic of the study basins and monitored sub-reaches are reported in Table 1. 
Channels draining larger areas (3–30 km2) have progressively lower gradients (ranging 
from 10% to 20%), can be classed as semialluvial and are characterized by stable bed 
forms (cascade and step pool). Finally, larger basins (50–70 km2) have channels with bed 
slope <3%–6% and mostly planebed morphologies, but here the alteration due to grade 
control. 
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Figure 144: Whole Cordevole basin and River network (843 km2) In red is highlighted the high 
Cordevole catchment, upstream of the Alleghe Lake (246 km2), and 13 sub-basins (Table 33) 
 
Table 33: main characteristic of the 13 study basins localized into the upper Cordevole basin 

 

 Basin Stream 
order Area Forested 

area 
Mean 

elevation 
Mean 
basin 
slope 

Channel 
length 

Mean 
channel 

slope 
Dominant bed 
morphology 

  (Km2) % (m a.s.l.) (%) (Km) (%)  

1- Biancoa 1 1,2 69 1724 72 2,2 38 cascade / bedrock 

2- Minierea 1 1,5 57 1886 75 1,9 28 falls / bedrock 

3- Codea 2 2,2 89 1776 41 1,7 26 cascade/ bedrock 

4- Molini 2 2,9 91 1609 51 3,6 16 step-pool / bedrock  

5- Valbona 2 3,8 49 1888 76 3 21 cascade 

6- Ornella 2 6,7 53 1961 54 4,6 18 cascade 

7- Cordon 3 7,7 32 2075 47 5,5 10 step-pool 

8- Davedino 2 8,7 48 1961 60 4 16 cascade 

9- Codalunga 4 13,5 43 1930 55 6,4 10 cascade / step-pool 

10- Andraz 4 27,2 44 1950 49 7,7 13 cascade / step-pool 

11- Pettorina 4 51 41 1944 65 12,9 6 artificial / riffles c 

12- Fiorentina 5 b 58 b 51 1838 55 12 4 artificial / riffles c 

13- Cordevole 5 70 29 1194 51 13,3 3 artificial / riffles c 
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9.2.4.4 Tagliamento River 

The Tagliamento River is a gravel-bed River located in northeastern Italy (Figure 145). It 
has a drainage basin of 2871 km2, a length of 178 km and a slope varying in the range 
~0.003-0.005 m m–1. Multiple-thread channel pattern and numerous islands characterize 
most of the River, although in some segments it is closely confined between flood 
embankments (Gurnell et al., 2001). Along the length of the River, a strong climate 
gradient (from an alpine to a Mediterranean condition) influences on average annual 
precipitation (from 1000 to 3000 mm), temperature (from 5 to 14 °C), humidity and 
consequently vegetation patterns (Tockner et al., 2003). The flow regime is characterized 
by spring and autumn floods from snowmelt and long rainfall events, respectively (Tockner 
et al., 2003). The Tagliamento River floodplain is an important biogeographical corridor 
with a strong longitudinal, lateral and vertical connectivity, high habitat heterogeneity, a 
characteristic sequence of geomorphic types and very high biodiversity (Tockner et al., 
2003). Thanks to the minimal management applied to vegetation on islands and within the 
riparian forest, fluvial processes and natural biological processes dominate the vegetation 
establishment and the erosion and deposition of vegetation and wood debris (Gurnell et 
al., 2001). For these reason, the Tagliamento River is considered as one of the most intact 
and less disturbed Rivers in the Alps with high ecomorphological complexity and dynamics 
(Ward et al., 1999; Tockner et al., 2003). 

The studied sub-reach is located near the village of Folgaria nel Friuli (Fig.1) and is named 
Cornino. The Cornino can be described as a wide bar-braided sub-reach sub-reach with a 
length of ~3 km and a wide of ~800 m. The sub-reach has a longitudinal slope of ~0.003 
m m–1, and the grain size of the bed sediment is characterized by D50 = 0.035 m 
(Bertoldi et al., 2012). 

 

 
Figure 145: Location of the Tagliamento basin 
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9.2.5 CNR - PP4 

9.2.5.1 Moscardo pilot area 

The Moscardo Torrent is a small stream of the Eastern Italian Alps, instrumented by CNR 
IRPI for debris-flow monitoring. Since January 2013, the Department of Agriculture and 
Environmental Science of the University of Udine is collaborating at the debris-flow 
monitoring activities in the Moscardo catchment. The Moscardo Torrent basin is located in 
the Carnic Alps (northeastern Italy); from the administrative point of view, it lies in the 
territory of Friuli Venezia Giulia Autonomous Region. Figure 146 shows a map of the 
Moscardo Torrent basin; the main morphological parameters of the basin closed at the fan 
apex are listed in Table 34.  

 
Table 34: Basic characteristics of the Moscardo Torrent basin 

Geographical coordinates of basin centroid 46° 34’ 20’’ N 

13° 02’ 07’’ E 

Basin area (km2)  4.1 

Minimum elevation (m.a.s.l.)  890 

Maximum elevation (m.a.s.l.)  2043 

Mean basin gradient (%)  63 

Length of the main channel (km)  2.76 

Mean gradient of the main channel (%)  37 

Annual precipitation (mm)  1660 

Dominant lithology  Flysch 

 

 
Figure 146: Map of the Moscardo basin with location of monitoring equipment. 
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The rocky substratum of the basin is made of Carboniferous flysch, represented by highly 
fractured and weathered shale, slate, siltstone, sandstone and breccia. Quaternary 
deposits, mostly consisting of scree and landslide accumulations, are common in the 
basin. The presence of a deep-seated gravitational deformation at the valley head, the low 
rock mass quality and its highly shattered state make the steep slopes of the basin prone 
to rockfalls and shallow slope failures, which supply large amounts of debris to the 
channel. Large sediment source areas are present in the upper part of the basin and along 
the main channel. Debris-flow initiation points can vary from event to event, being 
generally located at the head of the main channel; typical gradients in the initiation area 
are of 20° to 30° for the main channel and of 30° to 50° for channel banks and hillslopes. 
The source material consists of scree deriving from the weathering and wasting of rocks. 
The deposits of the Moscardo Torrent led to the formation of a huge, asymmetrical fan 
that spreads over the receiving valley bottom forcing the main stream (But Torrent) to 
flow to the toe of the opposite valley slope. The fan extends southward for about 2.7 km 
(Figure 146) and covers an area of 1.46 km2; it has a composite slope ranging from 7° - 
8° at the proximal part and 4° - 5° in the lower area. 

The climatic conditions of the Moscardo basin are typical of the easternmost part of the 
Italian Alps, with abundant precipitation throughout the year, cold winters and mild 
summers. Precipitation in the study region is caused by cyclonic storms and local showers, 
both influenced by local orographic conditions. Average annual precipitation amounts to 
1660 mm with 113 rainy days per year. Precipitation mostly occurs as snowfall from 
November - December to March - April; winter is the driest season with monthly values of 
80 - 100 mm. Debris flows in the Moscardo Torrent take place in summer months, from 
June to the end of September.  

Most of the basin slopes are covered by coniferous forest and mountain shrubs; a vast 
bare area (tussock and scree) is present in the upper part of the basin and along the main 
channel. A number of check dams, which are intended to prevent bed erosion and to 
stabilise channel have been built along the main channel of Moscardo Torrent. 

The first monitoring system was installed in 1989: it consisted of two ultrasonic sensors 
and one rain gauge. In the following years, the monitoring instrumentation underwent 
several changes, with the installation of seismic sensors at different locations along the 
main stream and one video camera. Due to economic constraints, in the most recent 
years, the installed equipment was reduced: two ultrasonic sensors for the measurement 
of flow stage in mid fan area and two rain gauges installed at different locations in the 
catchment (Figure 146). The monitoring instrumentation currently installed is essentially 
intended to extend the time series of debris flow data in the Moscardo torrent, with 
observations on time of debris-flow occurrence, characteristics of debris-flow hydrographs 
and relations with rainfall. The monitoring site is a 75 m long reach of the Moscardo 
Torrent on the alluvial fan (46°33’53” N, 13°00’46” E). At the monitoring site, the channel 
bed is 8 m wide and has an average slope of 11.6 %.  



205 

 

 

 

9.2.6 LfU - PP6 

The German part of the SedAlp-Project is conducted by the Chair of Physical Geography of 
the Catholic University of Eichstätt-Ingolstadt on behalf of the Bavarian Environment 
Agency and in collaboration with the Authority for Water Resoruces Weilheim. 

The test areas are located in the Bavarian Northern Limestone Alps and belong to the Isar 
catchment area (8960.32km²) between the Sylvenstein reservoir at River kilometre 224.4 
and the power station Bad Tölz at River kilometre 199.0 – also called “Isarwinkel” (Figure 
147). The catchment area of the “Isarwinkel” is 287km² and receives a mean annual 
precipitation of 1700mm.  

 
Figure 147: Overview over the research area and test areas within (own image, 2014) 
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This area was chosen because of the construction of the Sylvenstein reservoir in the mid 
1950ies. In 1958 the Sylvenstein reservoir was put into operation after four years of 
construction and is fed by the Rivers Isar, Rißbach, Walchen and Dürrach. The most 
important facts about the Sylvenstein reservoir are listed in following Table 35. 

 
Table 35: Basic characteristics of Sylvenstein reservoir (LfU) 

Catchment area 1139m² 
Annual precipitation 1750mm 
Discharge Lake Walchen/Ammer (mean) 40m³/s 
Mean annual inflow/outflow 570 Mio. m³ 
Mean inflow/discharge of the reservoir 14m³/s 
Mean amount of compensation water to reduce low water 57 Mio. m³ 
HQ100 inflow (reservoir) 950 m³/s 
HQ1000 inflow (reservoir) 1400m³/s 
Total storage space 123.3 Mio. m³ 
Water surface of Lake Sylvenstein (normal level, summer/winter) 3.5/3.9 km² 
Water surface of Lake Sylvenstein (maximum level) 6.6 km² 

 

The reservoir acts as a barrier for bedload and suspended load as well as the longitudinal 
sediment transfer and thus interrupts the sediment continuum. This has heavily impacted 
and still impacts the sediment budget and morphodynamics of the Isar reaches 
downstream. Not only the reservoir influenced the development of the Isar, but also 
different engineering measures, like the weir construction in Krün (1923) and the stream 
diversion of the Walchen in 1950 which amounted to about 50% of the remaining 
discharge. Following Table 36 contains present information about the discharge values at 
the stream gauge Lenggries (located near the mouth of Hirschbach torrent) and 
represents the runoff characteristics in the surveyed section of the River Isar. 

 
Table 36: Hydrologic parameters at Lenggries 

Stream gauge Lenggries [m³/s] 
NQ 1.8 HQ10 320 
MNQ 6.4 HQ20 370 
MQ 20.2 HQ50 460 
MHQ 214.0 HQ100 550 

 

Monitoring sites 
Tributaries are important as a provider for bedload and a natural regulation of a potential 
lack of sediment, in this context due to the Sylvenstein reservoir. As a consequence, four 
tributaries of the Isar River were surveyed. Additionally in 2013, gravel was re-inserted at 
two sites (Steinbock monument and 3rd sill downstream the reservoir) within the area of 
interest, conducted by the Authority of Water Resources in Weilheim. The further 
development of artificially inserted gravel deposits has not been monitored and analysed 
until now but could also be important as regulation for the sediment deficit and thus needs 
investigation. 
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9.2.6.1 Arzbach torrent 

The first monitoring site is located downstream the mouth of Arzbach torrent. River 
Arzbach leads into the Isar orographic right at River kilometre 207.8 and its catchment 
area is exposed to the North, East (Figure 148). 

 

Figure 148: Watershed basin of Arzbach torrent (Bönsch & Schomers, 1998) 
 

In following Table 37 the basic characteristics of Arzbach basin are summarized. About 
75% of the area is covered with woodland. There are several engineering measures within 
the River course, like barriers for wood and debris flow, but the sediment continuum is not 
interrupted.  

Table 37: Basic characteristics of Arzbach basin (supplemented by Bösch & Schomers, 1998) 

Geographical coordinates of the area of interest (gravel bar 
downstream the tributary junction) 

47°42'40" N 
11°33'37" E  

Catchment area [km²] 16.8 
Length of main channel [km] 9.5 
Minimum elevation [m.a.s.l.] 680 
Maximum elevation [m.a.s.l.]  1700 
Annual precipitation [mm] 1700 
Lithology (Percentage, concerning different groups)  
Bedrock (e.g. Hauptdolomit, Lias-Oolitkalke, Wettersteinkalk) 
Bedrock of variable strength (e.g. Zementmergel, Dogger-/Lias-
Fleckenmergel) 
Looser rock (e.g. Pleistocene deposits, debris) 

5% 
15% 

 
80% 

 

The area of interest is surveyed with high-resolution DEMs, derived from terrestrial LiDAR 
and drone-based data, historical and recent drone-based aerial images, as well as cross 
profiles. 
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9.2.6.2 Hirschbach torrent 

Hirschbach torrents leads into the Isar orographic right at River kilometre 212.5 and its 
catchment area is exposed to the West (Figure 149) 

 

Figure 149: Watershed basin of Hirschbach torrent (Bönsch & Schomers, 1998) 
 

The most important basic information about the Hirschbach basin is listed in following 
Table 38. About 82% of the area is covered with woodland. Comparable to tributary 
Arzbach, also in the course of River Hirschbach several engineering measures, especially 
barriers, have been installed. Nevertheless the sediment transport to the mouth is not 
interrupted.  

 
Table 38: Basic characteristics of Hirschbach basin (supplemented by Bösch & Schomers, 1998) 

Geographical coordinates of the area of interest (tributary junction) 47°40'15" N 
11°34'30" E 

Catchment area [km²]  11.5 
Length of mean channel (including tributaries) [km] 27.8 
Minimum elevation [m.a.s.l.] 689 
Maximum elevation [m.a.s.l.] 1600 
Annual precipitation [mm] 2000 
Lithology (Percentage, concerning different groups)  
Bedrock (e.g. Hauptdolomit, Wettersteinkalk) 
Bedrock of variable strength (e.g. Jura-Mergel, Allgäu-Schichten) 
Looser rock (e.g. Pleistocene deposits, debris) 

20% 
40% 
40% 

 

The area of interest is surveyed with high-resolution DEMs, derived from terrestrial LiDAR 
and drone-based data, historical and recent drone-based aerial images, as well as cross 
profiles. 
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9.2.6.3 Jachen torrent 

Jachen torrent is a natural discharge from Lake Walchen, has several tributaries and leads 
into River Isar orographic left at River kilometre 215.5 (Figure 150) 

 

Figure 150: Watershed basin of Jachen torrent (Bönsch & Schomers, 1998) 
 

In following Table 39 , the basic characteristics of Jachen basin are listed. Within the 
course of River Jachen and also its tributaries, several engineering measures have been 
conducted. For example, a five meter high barrier in the course of tributary “Große Laine” 
retains annually about 1000m³ of sediment. Furthermore sediment is extracted at 
different stations and thus the sediment transport and delivery is interrupted. But River 
Jachen is the most important tributary with a high discharge and consequently influences 
the sediment budget and transport/erosion capacity of River Isar. If the continuum is 
restored and extraction is stopped/reduced, there is a high potential of sediment delivery.  

 
Table 39: Basic characteristics of Jachen basin (supplemented by Bösch & Schomers, 1998) 

Geographical coordinates of the area of interest (tributary junction) 47°38'53" N 
11°35'3" E 

Catchment area [km²]  85.34 

Length of main channel [km²] NA 
Minimum elevation [m.a.s.l.] 692 
Maximum elevation [m.a.s.l.]  1559 
Annual precipitation [mm] 1700 
Lithology (Percentage, concerning different groups)  
Bedrock (e.g. Hauptdolomit, Plattenkalk) 
Bedrock of variable strength (e.g. Branderfleck- & Raibler-Schichten) 
Looser rock (e.g. Pleistocene deposits, debris) 

33% 
33% 
33% 

 

The area of interest is surveyed with high-resolution DEMs, derived from terrestrial LiDAR 
and drone-based data, historical and recent drone-based aerial images, as well as cross 
profiles. 
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9.2.6.4 Schwarzenbach torrent 

 

Figure 151: Watershed basin of Schwarzenbach torrent (Bönsch & Schomers, 1998) 
 

About 75% of the area is covered with woodland. Other basic facts about the 
Schwarzenbach basin are listed in following Table 40. At the so called “Baumgartner weir” 
bedload is retained and extracted and reduces the sediment delivery into the River Isar 
significantly. Thus the sediment transport is interrupted and there is high bedload 
potential if the continuum is restored.  

 
Table 40: Basic characteristics of Schwarzenbach basin (supplemented by Bösch & Schomers, 1998) 

Geographical coordinates of the area of interest (tributary junction) 47°39'2"N 
11°34'57"E 

Catchment area [km2] 18.7 
Length of main channel [km] 12.5 
Minimum elevation [m.a.s.l.] 691 
Maximum elevation [m.a.s.l.]  1450 
Annual precipitation [mm] 1700 
Lithology (Percentage, concerning different groups)  
Bedrock (e.g. Hauptdolomit, Muschelkalk) 
Bedrock of variable strength (e.g. Juramergel, Allgäu-Schichten) 
Looser rock (e.g. Debris, Pleistocene deposits) 

40% 
20% 
40% 

 

The area of interest is surveyed with high-resolution DEMs, derived from terrestrial LiDAR 
and drone-based data, historical and recent drone-based aerial images, as well as cross 
profiles. 
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9.2.6.5 Sediment input site at the “Steinbock monument” 

Because of the sediment deficit which potentially leads to incision, at two sites in the 
surveyed section downstream the Sylvenstein reservoir, sediment was artificially re-
inserted. The sediment is taken from upstream the Sylvenstein reservoir, where it is 
extracted at bedload retention works.  

The first sediment input site is located at the “Steinbock monument” (Figure 152). 

 

Figure 152: Sediment input site at the “Steinbock monument” (own image, 2014) 
 

In October 2013 about 6300m³ of bedload have been deposited upon a gravel bar in the 
main course (Figure 152, Table 41). The area is monitored with high-resolution DEMs, 
derived from TLS and drone-based data, drone-based aerial images as well as cross 
profiles. 

 
Table 41: Basis characteristics of the sediment input site at the “Steinbock monument” 

Geographical coordinates of the area of interest 47°36'42"N 
11°34'59"E 

Amount of deposited sediment (Oct. 2013) [m³] 6300 
Mean elevation [m.a.s.l.]  723 
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9.2.6.6 Sediment input site downstream the 3rd sill of the Sylvenstein reservoir  

The second site is located downstream the 3rd sill of the Sylvenstein reservoir. 

 

Figure 153: Sediment input site downstream the 3rd sill of the Sylvenstein reservoir (own image, 
2014) 
 

Also in October 2013 about 4000m³ of sediment have been deposited at this site (Figure 
153). Some more basic facts are listed in following Table 42. 

The development of the artificial sediment depots above the water level is monitored by 
combining digital elevation models (DEMs) from multi-epoch terrestrial LiDAR and DEMs 
and orthophotos derived from drone-based surveys. The entrainment of the sediment and 
the development of gravel bars below water level are surveyed by help of cross profiles 
downstream. 

 
Table 42: Basis characteristics of the sediment input site downstream the 3rd sill 

Geographical coordinates of the area of interest 47°35'44"N 
11°33'13"E 

Amount of deposited sediment (Oct. 2013) [m³] 4000 
Mean elevation [m.a.s.l.] 711 
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9.2.7 Irstea - PP7 

9.2.7.1 Réal Torrent 

The Réal is a very active debris-flow torrent located in the upper Var River catchment in 
the Southern French Prealps (Figure 154, Table 43). It flows into the Tuébi River, a 
tributary to the Var River, near the small village of Péone. The 2.3-km2 catchment has a 
relief of 870 m (1218–2088 m a.s.l.) and a mean slope of ~30°. Bedrock geology is 
composed of Palaeogene sandstones and alternating sequences of Cretaceous and Jurassic 
marls and limestone. Quaternary deposits cover about 70% of the catchment. Most of the 
sediment supply to the channel comes from alluvial fills formed behind a glacier during the 
Last Glacial Maximum. The unconsolidated deposits are composed of a stratified mixture of 
coarse gravels and boulders with a fine matrix of sand and clay, and are prone to intense 
gullying and landsliding. An active deep-seated landslide deforming Jurassic black marls 
since the 1920s is located on the right bank of the main channel in the upper catchment 
(Figure 154A). Field observations reveal that debris flows generally initiate in a very active 
gully entrenched into the fluvio-glacial deposits. This unnamed gully is referred as “the Big 
Ravine” (Figure 154A). Three debris flow monitoring stations have been deployed along 
the main channel in late 2010 to survey the activity of the torrent (Navratil et al., 2013). 

 
Table 43: General description of the Réal Torrent 

Country/Region/Province France / Provence-Alpes-Côte-d’Azur / Alpes-Maritimes 
Geographic coordinates 06°54’30’’E – 44°07’03’’N 
Drainage area 2.3 km² 
Main River basin Var River 
Range of elevation 1218 – 2088 m a.s.l. 
Geology (dominant rocks) Sedimentary (sandstones, marls, limestone) 
Quaternary legacy Glaciated 
Mean annual rainfall 1049 mm 

 
The rainfall regime of the study area is Mediterranean, with a primary peak in autumn and 
a secondary peak in spring. A mean annual rainfall of 1049 mm was recorded at the Météo 
France station of Péone for the 1951–2004 periode. This station is located at 4 km from 
the Réal Torrent, on the opposite hillside, at an elevation of 1659 m a.s.l. The channel of 
the torrent is dry most of the time; runoff occurs only during spring to summer convective 
storms and long-lasting autumn showers. Debris flows typically occur between May and 
September during high-intensity rainfall events. 

 

The main channel of the Réal presents a mean slope of 0.16 and a mean active width of 
~25 m (range: 15−55 m). The channel morphology is a complex assemblage of erosional 
and depositional forms resulting from both debris-flow and bedload transport. In the upper 
part of the valley, the active channel is wider and can occupy the entire valley floor (Figure 
154A). Old vegetated debris-flow deposits are observed along the main channel. Between 
the exit of the hillslope-confined valley and the confluence with the Tuébi, the Réal flows 
along a short 250-m reach entrenched into the recent terraces of the Tuébi, without 
forming a typical alluvial fan. This is explained by the high sediment transport capacity of 
the Tuébi that is high enough to remobilise sediment coming from the Réal. 
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The main channel of the Réal was controlled by eight check-dams constructed between 
1933 and 1983, and managed by the forest and torrent-control service of the Alpes-
Maritimes Department (ONF-RTM06). Five of these check-dams are cut-stones dams 
constructed between 1933 and 1935, and all of them are now totally or partially buried by 
debris-flow deposits. The archives of ONF-RTM06 revealed that cut-stone check-dams of 
the Réal were regularly heightened after their construction, attesting channel aggradation 
of the Réal during the 20th century. The three other check-dams are concrete dams 
deployed between 1976 and 1983. One of them is now partially buried by sediment. 
Historical data about debris-flows of the Réal are scarce. The only reported debris-flow 
volume concerns an event of 20,000 m3 that occurred at the end of the 19th century. 

 

Three debris-flow monitoring stations were deployed in late 2010 along the main channel 
of the Réal. The monitoring system is based on a combination of different techniques 
involving rain gauges, seismic sensors (geophones), flow stage sensors (ultrasonic and 
radar sensors), and digital cameras. The first station (Réal S1) was deployed in the upper 
reach of the torrent, close to active sediment sources. It is located 300 m downstream of 
the confluence with the Big Ravine. The intermediate station (Réal S2) is located 615 m 
downstream of Réal S1, and the downstream station (Réal S3) is located 900 m 
downstream of Réal S2, near the catchment outlet. Each station is equipped with a low 
power consumption CR1000 datalogger (Campbell), a 10 Ah battery, and a 55 W solar 
panel providing a complete autonomy. A 5-Hz recording frequency is used, except for 
rainfall which is recorded for 5-min time increments. An additional 2 Go memory provides 
data storage autonomy of about 80 days. A GSM module transmits the 5-min resampled 
data table to a server in order to remotely control the data and the good functioning of the 
sensors through a web interface. 

 
Figure 154: General presentation of the Réal Torrent debris-flow monitoring system. (A) Shaded 
relief map of the Réal catchment derived from an airborne LiDAR survey. Positions of the 3 
monitoring stations, the 9 geophones (Geo1A to Geo3C) and the complementary raingauge are 
mapped. (B) Long profile of the Réal Torrent from the channel head of the Big Ravine to the 
confluence with the Tuébi, with the position of the monitoring stations and geophones. 
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Ultrasonic and radar sensors are used to monitor flow depths and to reconstruct flow 
sections for each monitoring station. At Réal S1, the cross section is controlled by a check-
dam and it can be considered as fixed during the flow (Figure 155A). Two ultrasonic 
sensors and one radar sensor were attached to a cable lying above the 20-m wide 
channel. At the two other stations, the channel is uncontrolled so the cross section 
topography was regularly surveyed after each important flow event. At Réal S2, the 
channel is confined between a vegetated debris-flow levee on the right bank and a 
bedrock outcrop on the left bank. The bankfull width is 7-m wide and only one ultrasonic 
sensor was deployed (Figure 155B). One ultrasonic sensor and one radar sensor were 
deployed at Réal S3 (bankfull width of 13 m) (Figure 155C). The sensors were mounted on 
a pedestrian bridge. 

 

 
Figure 155: Views looking upstream of the monitoring stations Réal S1 (A), Réal S2 (B) and Réal S3 
(C) 
 
At each station, 3 vertical Geospace GS20-DX geophones were deployed near the flow 
section to estimate the debris-flow front velocity. A distance interval of approximately 
100-m was chosen to ensure a good resolution of the measurement. A 5-Hz sampling 
frequency attributed to the technical limitation of the datalogger is thus insufficient to 
directly record the signal output of the geophone, i.e. a voltage proportional to the ground 
vibration velocity. To respect the Nyquist-Shannon criterion, an electronic interface 
conditions geophone analogue signal output by rectifying (i.e. full-wave rectification), 
filtering (cut-off frequency of 2.5 Hz) and amplifying it. The offset and gain of this 
interface can be calibrated for each geophone individually to take into account the soil 
properties of the River banks and the specific location of each geophone. 
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The stations S1 and more recently S2 (since mid-2014) were equipped with a digital 
camera that takes pictures once a day and every 10 s during flows and stores them on its 
own memory card (Campbell 660 at Réal S1 and Canon EOS 1200D at Réal S2). During 
flows, the digital camera is turned on when a rainfall threshold is exceeded, and is 
triggered once the flow front has crossed the upstream geophone. It provides qualitative 
information about the flow. 

9.2.7.2 Manival Torrent 

The Manival is a debris-flow torrent near Grenoble, located in the eastern flank of the 
Chartreuse Range in the Northern French Prealps, well-known for the size of its fan, 
recognized as one of the largest in the French Alps (Figure 156). It flows into the Isère 
River in the Grésivaudan valley. The 3.6-km² catchment above the 25 000-m3 sediment 
retention basin has 1130 m of relief with a mean slope of 39° (Table 44). Bedrock is 
composed of highly fractured, alternating sequences of Jurassic marls and limestone. The 
bedrock is covered by thick colluvial deposits which are mobilized by shallow landslides, 
hillslope debris-flows and snow avalanches. Limestone rock faces are prone to active 
rockfall which supplies debris to talus slopes. 

 
Table 44: General description of the Manival Torrent 

Country/Region/Province France / Rhône-Alpes / Isère 
Geographic coordinates 05°49’47’’E – 45°16’53’’N 
Drainage area 3.6 km² 
Main River basin Isère River 
Range of elevation 570-1738 m a.s.l. 
Geology (dominant rocks) Sedimentary (marls and limestone) 
Quaternary legacy Glaciated 
Mean annual rainfall 1450 mm 
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Figure 156: General presentation of the Manival Torrent catchment above the sediment retention 
basin, showing the location of the debris-flow monitoring station (Google Erath view) 

 
The mean annual rainfall measured at the nearest meteorological station (Saint-Hilaire-du-
Touvet, Météo-France) is 1450 mm. Precipitation consists of convective storms in spring 
and summer (May to September) where debris-flows typically occur, steady low-duration 
rainfall in the autumn (September to December) where bedload transport occurs, and 
snow in the winter (January to March) where the channel is dormant. 

 

A frequency analysis of maximum daily rainfalls based on the long-term rainfall time series 
of Saint-Hilaire-du-Touvet (1964-2010, elevation of 970 m a.s.l, located 5 km from the 
Manival, on the same hillside) gave a 10-yr daily rainfall of 88 mm (90% confidence 
interval : 83-94 mm). This calculation was based on a monthly sampling of maximum 
daily rainfalls to increase the size of the sample and to provide a more accurate estimate 
of extreme rainfalls. The torrent is ungauged and therefore, quantitative data on flow 
discharges is not available. 

 

Upstream of the 25 000-m3 sediment trap, which is located at the distal limit of the upper 
third of the alluvial fan, the mean channel slope is 0.016 over 1.8 km to the apex of the 
alluvial fan. This steep-slope channel has a mean active width of ~15 m (range: 10-20 m) 
and presents a typical morphology of a debris-flow scoured channel with levees, boulder 
fronts and coarse lags (Figure 157A). It is entrenched into the wide alluvial fan (40 to 250-
m wide, increasing downstream). Macroforms related to bedload transport are observed 
along the main channel. They can be defined as gravel wedges with well sorted grain-size 
distributions (Figure 157B). These macroforms partly or totally fill the debris-flow scoured 
cross-sections and reveal that bedload transport is an important component of the torrent 
sediment budget. 
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Figure 157: Views looking upstream of the Manival study reach showing (A) debris-flow levees and 
coarse lags and (B) gravel wedges filling the U-shape debris-flow channel 
 
Approximately 180 check-dams were constructed since the 1890s throughout the main 
channel and small gullies. They are managed by the French forest and torrent-control 
service of the Isère Department (ONF-RTM38). Nineteen concrete check-dams are present 
along the study reach. Before the 1970s, debris-flows propagated in the upper fan through 
several active channels, but to avoid the maintenance of check-dams along secondary 
channels, the ONF-RTM38 decided to concentrate debris-flows along one single channel 
constrained in the right-side of the fan by embankment works (gravel levees). Archive 
analysis of the Manival flood history during the last two centuries showed that the torrent 
can produce large debris-flows ranging from 10 000 to 60 000 m3 (ONF-RTM38, 2008). 
Between 2008 and 2010, the Manival has produced one debris-flow each year depositing 
into the sediment trap. 

 
A debris-flow monitoring station was deployed in the upper catchment of the Manival 
Torrent in autumn 2011 (Figure 158). The station is similar to the ones already described 
for the Réal Torrent (a Canon 550D digital camera, a set of 3 geophones, a tipping-bucket 
rain gauge and an ultrasonic sensor). The flow stage sensor is installed at the location of 
an old cut-stone check-dam. 

 

 
Figure 158: View looking upstream of the Manival debris-flow monitoring station 
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9.2.7.3 Moulin Ravine 

The Moulin Ravine is part of the ORE Draix-Bléone (Long-Term French Environmental 
Research Observatory) dedicated to erosion and hydrology of small mountain catchments. 
The observatory is composed of small gully complexes resulting from the dissection of a 
large Jurassic black marls outcrop of the Digne Prealps in SE France. The catchments were 
equipped between 1983 and 1988 for the measurement of rainfall, water discharge, and 
sediment transport. 

 

The Moulin catchment (drainage area: 8.9 ha) is an intermediate-size gully complex 
drained by a 350 m long fifth-order alluvial channel, highly coupled to hillslopes (Figure 
159, Table 45). The mean channel slope of the main trunk is 0.06, for a mean active 
channel width of ~3 m. The wider downstream reaches are characterized by a micro-
braided channel constrained laterally by hillslopes. The presence of alluvial stores in the 
stream network indicates a regulation effect of sediment transport by the alluvial system. 
The vegetation cover occupies 46% of the catchment. Eroded slopes are entrenched in 
black marls. Most of the vegetation is established on Holocene colluvial deposits. 
Elevations range from 849 to 985 m. The monitoring began in 1988. 

 

 
Figure 159: The Moulin catchment: (A) general situation; (B) hillshade view of the lidar-derived 
digital surface model of the Moulin catchment with the location of the bedload monitoring station 
 
Table 45: General description of the Moulin Ravine 

Country/Region/Province France / PACA / Alpes-de-Haute-Provence 
Geographic coordinates 06°21’42’’E – 44°08’32’’N 
Drainage area 0.089 km² 
Main River basin Bléone River 
Range of elevation 850-925 m a.s.l. 
Geology (dominant rocks) Sedimentary (Black marls) 
Quaternary legacy Unglaciated 
Mean annual rainfall 900 mm 
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An automatic Reid-type (or Birkbeck) bedload slot sampler was deployed in late 2011 in 
the Moulin catchment at Draix (ORE Draix-Bléone) to obtain a continuous record of 
bedload fluxes in extreme conditions of sediment transport. The Draix catchments in the 
Jurassic black marls of the Southern Prealps of Digne are recognized as very active 
eroding catchments. Total annual sediment yields measured since the early 1980s reach 
values of several thousands of t/km²/yr. Suspended sediment concentrations are also very 
high, reaching values of several hundreds of g/l during spring and summer convective 
storms. Bedload transport was routinely measured at catchment outlets by topographic 
surveying of sediment retention basins for almost 30 years. These data only give the total 
bedload yield integrated over the duration of the event. With the deployment of a bedload 
slot sampler in the Moulin catchment (drainage area: 9 ha), it is now possible to record 
bedload flux for a sampling time of 20s. Results obtained with this new equipment will give 
interesting information about (i) instantaneous bedload fluxes, (ii) bedload responses to 
hydraulic conditions, (iii) grain size-distribution of bedload, and (iv) the regulation effect of 
the channel on the bedload response. 

 

The regional Mediterranean climate is characterized by a mean annual rainfall of 900 mm, 
with an average of 200 days per year without rain and only 5 days with rainfall higher 
than 30 mm. Maximum rainfalls occur during spring and autumn. Summers are dry but 
characterized by heavy storms. Winters are cold, with frequent freeze and thaw cycles. 
The freezing-thawing, completed by the wetting-drying action, is the major process for 
black marl weathering. 

 

The discharge of the Moulin is monitored since 1988. The 5, 10, and 20 years return 
period instantaneous peak discharges obtained from flood frequency analysis are 0.8, 1.0 
and 1.3 m3/s, respectively. Typical flood hydrographs are characterized by a very flashy 
rising limb, with peak discharges classically attained in around 10 minutes after the 
initiation of the flow. Flow events generally occur during spring and summer convective 
rainfall, and during autumn long duration frontal rainfall. 

 

The bedload monitoring station is composed of a Reid-type (or Birkbeck) automatic slot 
sampler with a full capacity of 0.34 m3 (~ 500 kg) that was deployed in September 2011 
at the exit of the catchment. A stainless steel cover plate was designed with a slot of 
adjustable size and position along the section (Figure 160). The sampling width was fixed 
at 4 cm (~10 times the D50 of the channel). The precision of the two pressure sensors 
used to monitor water depths and the pressure in the pillow is 1.2 mm. This gives a mass 
flux resolution of about 0.2 kg/sm for a 1 minute sampling period. The sampling interval of 
the bedload record is fixed at 10 s. 

 

The calibration curve of the sampler was obtained by loading pieces of concrete of known 
mass and volume in the box filled with water. The linear fit of the data gives the constant 
which is used to obtain the submerged mass from the pressure response. An annual 
inspection of the pressure response is recommended to control the potential shift of the 
sampler, but this is known to be quite stable over time, as long as robust rubber pillow is 
used. 
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Figure 160: View looking upstream of the bedload slot sampler 
 
The inner box of the sampler was designed with a side-wall door in the flow direction to 
facilitate sediment sampling during data collection in the field. A chain-pulley system is 
used to lift the box and put it on the bank and empty it. During this operation, slices of 
10-cm depth are systematically collected for grain-size distribution analysis of bedload 
samples. The slices are sieved in the lab down to 0.063 mm to compute a grain-size 
distribution curve. The following size gradations are used for computing the distribution: 
0.063, 0.5, 2, 4, 8, 11.30, 16, 22.6, 32, and 45.3 mm. The five largest grains of each slice 
are systematically measured manually (b-axis). 

 

The water discharge of the Moulin is monitored by two gauging stations located few 
meters downstream of the bedload monitoring station. The first gauging station is 
equipped with a trapezoidal section for the measurement of high discharges (from 750 to 
2500 l/s), and the second gauging station is equipped with a Parshall flume for the 
measurement of low discharges (from 9 to 750 l/s). Water depths sensors with a 
resolution of 1 mm are used for the two stations. Rating curves were derived from gauging 
during a large range of discharges. 

 

Suspended sediment concentrations are recorded at the catchment outlet since 1988 by 
means of a specifically designed turbidimeter adapted to very high SSC (up to 600 g/l). An 
ISCO sampler is also used to calibrate the turbidimeter. 

 

Time-integrated bedload transport is measured by topographic surveying of a sediment 
retention basin with a full capacity of 120 m3. The basin is regularly dredged to maintain 
its capacity over time. Topographic surveys are done after every competent flow events, 
as far as this is possible given the time available between two flow events. 

The Moulin catchment is also equipped with 39 cross-sections where 89 scour chains have 
been deployed to monitor scour and fill depths along the stream network with alluvial 
stores. These scour chains are surveyed after every significant flow events since 2007. 
This information is used in complement with the bedload monitoring to characterize 
channel conditions during flow events (aggradation, degradation, and stability). 
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9.2.8 CNRS - PP8 

9.2.8.1 Rhône River Site (Génissiat) 

Characteristics of the Genissiat dam 

The Genissiat dam came into service in 1948 and is located within the gorges of the upper 
Rhône, 7 km downstream from Bellegarde-sur-Valserine, 50 km downstream from Geneva 
and 160 km upstream from Lyon (Figure 161). It is a gravity dam 105m high, 100m wide 
at its base and 140m long at its top, forming a reservoir 23 km long stretching to the 
Swiss border. It is installed with six vertical Francis turbines and six water supply points, 
joined to the dam, which have a semi-cylindrical shape and a radius of 6m. These water 
supply points constitute a preferential zone for accumulations of wood on the surface of 
the reservoir due to the quite deep vortex they generate (Figure 1). This mixes the wood, 
ensuring a homogeneous structure and layer thickness. The residence time at mean 
annual discharge is 12 hours. Thus, the replenishment of water in the reservoir is quite 
quick, which explains why the wood reaches the dam rather than sinking in the reservoir. 
The dam is equipped with three submerged sluices but these do not allow the retained 
wood to escape. 

The Rhône, whose watershed has an area of 10 910 km2 at Genissiat, has a complex 
hydrological regime. Its routing through Lake Geneva (altitude 371 m, surface area 585 
km2) suppresses some of its glacial character. With a mean annual flow of 356m3 s_1, it is 
still characterized by summer high flows but its seasonal variations are more subdued than 
is typical of a glacier-fed regime. Lake Geneva retards and attenuates the peak flows, and 
interrupts transfer of wood and sediments. At Genissiat, the Rhône is supplied with dead 
wood coming from the watersheds of the Arve and the Valserine. 

 
Camera 
An Axis 211W camera was set up on the dam in February 2011, focusing on the reservoir 
and the wood raft. Images were taken every 10 minutes with a 480*640 pixels resolution 
(Figure 161). 

 

 
Figure 161: Accumulation of floating material at the Genissiat dam (In Moulin and Piégay, 2004) 
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Figure 162: General view of Genissiat dam, location map and position oft the camera (the red circles 

on the three upper photos upper on the map indicate the location of the camera) 
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9.2.8.2 Ain River Site (Chazey) 

The Chazey site is located on the lower Ain River, a sixth-order piedmont River in France. 
The channel is typically single thread with occasional islands, a wandering typology with 
prominent meander scrolls and cutoff channels. Bed material sizes are a gravel–cobble mix 
with a median size of 2_5 cm. The River has undergone a gradual narrowing and 
afforestation since the 1950s due to the construction of dams in the upper part of the 
watershed, most notably the Vouglans reservoir that controls 31% of the drainage area, 
and demographic trends that have seen a gradual shift of agricultural activity out of the 
floodplain (Marston et al., 1995; Liebault and Piégay, 2002). Tree species are a mix of soft 
and hardwood species dominated by black poplar (Populus nigra) that reach 75 cm in 
diameter and 25m in height. Wood influx has been estimated from an analysis of aerial 
photographs at 18 to 38m3/km/yr (Lassettre et al., 2008). 
 

Floating wood in transport is measured on the River at Pont de Chazey, where a stream 
gauge is maintained by a regional authority (DIREN Rhone-Alps, gauge V2942010) (Figure 
163). The Ain River has a drainage area of 3630km2 at this location, with an unvegetated 
channel width of 65 m, a mean slope of 0_15%, and a biannual flood of 930m3/s. An 
estimated bankfull discharge of 530m3/s at this site was confirmed by visual observation. 
Under existing wood transport classification systems, the Ain River is considered a large 
River due to its drainage area (Seo and Nakamura, 2009) and the fact that tree heights 
are less than the channel width, even at low flow, so that wood transport can be 
considered supply limited (Gurnell et al., 2002; Marcus et al., 2002). 

 

An Axis 221 Day/Night™ video camera was installed in the spring of 2007 at the Pont de 
Chazey gauging station (Figure 163 and Figure 164). The camera was located on the side 
of the River closest to the thalweg to provide a maximum resolution where the majority of 
wood was observed to pass. The height of the camera was 9_84m above the base flow 
water surface at a sufficiently wide angle to afford a view of the entire River width during 
most periods. Near bank regions were not always visible during floods. The camera model 
was selected for its low-light sensitivity and Ethernet control capabilities. Videos were 
recorded continuously at a maximum frequency of 5 frames per second (fps) and a 
resolution of 640_480 pixels. During periods with lower internet transmission speeds, 
image frequency was occasionally reduced automatically to frequencies as low as 3 fps. 
The video feed was transmitted via remote servers to a computer at the University of Lyon 
and saved in movie jpeg format (*.mjpg) in 15 minute segments. At minimum 
compression, each video segment occupied approximately 94Mb of memory so that a 
300GB hard drive stored approximately 30 days of video. Flood levels were reviewed every 
few days and videos of interest were saved for later analysis. 
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Figure 163: Location of the camera at Pont de Chazey along the Ain River, France 
 

 
 

 
Figure 164: Location of the Camera on the Gaging station of Chazey and examples of views collected 
from it 
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9.2.8.3 Drôme River Site (Allex) 

The study is located in the downstream reach of the River Drôme – a sixth order (Strahler, 
1957) free flowing piedmont River located in the south-east of France. The River Drôme is 
a tributary of the River Rhône and drains a catchment of 1640 km2 (Figure 166). Daily 
mean discharge is 18 m3 s−1 (Q2 – 160 m3 s-1; Q50 – 370 m3 s-1) as recorded at the 
Saillans station (20 km upstream of the study reaches) over the 1910–2005 period. The 
combination of a steep slope (3–28 m km-1), abundant bed load and a hydrological 
regime characterized by high flood peaks (generally in the early spring and autumn), 
define the braided pattern of this gravel bed River. The summer months are generally 
periods of exceptionally low flow (2–3 m3 s-1). 

The cameras are located in an embanked reach, constrained along its entire length by 
dikes on both banks. The major structures along the embanked reach were constructed 
gradually over a period of 49 years, as funds permitted, between 1775 and 1824 (Landon, 
1999). The River Drôme was subject to intensive gravel mining and related channel 
degradation (Landon and Piégay, 1994). But gravel mining activities ceased in the 1980s 
and since then the River channel has settled into a new equilibrium state; gravel mining is 
thus no longer a relevant influence on current geomorphological conditions (Landon, 1999) 

Two cameras Axim 211 were installed in April 2015 at Pont d’Allex (Figure 166 and Figure 
166). Similarly to the one of the Ain, the camera model was selected for its low-light 
sensitivity and Ethernet control capabilities. Videos were recorded continuously at a 
maximum frequency of 5 frames per second (fps) and a resolution of 640_480 pixels. The 
video feed is transmitted via remote servers to a computer at the University of Lyon and 
saved in movie jpeg format (*.mjpg) in 15 minute segments.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 165: Location of the two cameras installed on the Allex bridge on the Drôme River 
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Figure 166: Views of the two cameras on the Allex bridge. One is focused on the foreground (first 
arch of the bridge) whereas the second one provides a general view of the cross-section 
 

9.2.9 UL FGG - PP9 

9.2.9.1 Description of the Gradaščica River experimental catchment 

General information 
The Gradaščica River catchment is positioned in the transitional area between the Dinaric 
and Alpine region in the central part of Slovenia (Figure 167). The headwater section flows 
through the varied mountain relief of the Polhov Gradec Dolomites, and is carved with 
numerous ravines and valleys. The Gradaščica River catchment comprises an area of 
158.82 km2 and reaches deeply into the Polhov Gradec mountainous area. Steep slopes, 
fairly high altitudes and abundance of precipitation result in a quick rise in the water level 
and consequently, in torrential response of the Gradaščica River and its numerous 
tributaries. The plain area of the Ljubljana catchment widens in the eastern part of the 
catchment. The River network density is high (2.2 km/km2) due to prevailing steep 
topography. The total length of the Gradaščica River channel down to the Bokalce dam is 
26.1 km and the average channel slope is 0.73 %. The Gradaščica River catchment area 
down to the water station Dvor has an area of 78.83 km2; the main channel length is 15.4 
km.  

Main streams in the headwater parts of the catchment are Mala voda and Božna, after 
their confluence near the town of Polhov Gradec, the River is named Gradaščica. Mala 
voda stream and Božna stream have typical torrential characteristics. Mačkov graben 
torrent and Kuzlovec torrent as two experimental watersheds are tributaries of the Božna 
stream. The average slope of the main Mačkov graben torrent channel is 9.3 % and the 
stream length is 1780 m; the average slope of the Kuzlovec torrent channel is 22.2 % and 
the stream length is 1300 m. The location of the considered research catchments is shown 
in Figure 168. 

The Gradaščica River has a rain-snow regime. Highest stream discharges can be observed 
especially during autumn rainy period and during early spring as a consequence of 
snowmelt. High streamflows can be also observed during summer storms which are 
frequent in the Polhov Gradec mountainous areas, lowest stream discharges are usually 
observed in July. The knowledge of the hydrological, hydraulic conditions and sediment 
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transport processes in the Gradaščica River catchment is important in view of the flood 
hazard situation in the western part of the urbanized area of the city of Ljubljana. 

 

Geology 

The Polhov Gradec mountainous could be characterised by quick exchanges of carbonate 
and non-carbonate geological base with intermittent layers of younger quaternary 
sediments. As a consequence both, fluvial and karstic morphologic features can be found 
in the area. The area relief is highly versatile with only few plain areas. The oldest 
aggregates originate from permkarbonates (clayish silts, alevrolites, sandstones and 
conglomerates) and can be found easterly of the confluence of Božna and Mala voda 
stream. From the early perm originates dolomite, which is grained and porous. Most 
widely present are sediments from trias (marl limestone, dolomites, sandy slates). Valley 
bottoms are covered by medium to thick layers of River sediments. 

 

Climate 
The climate of the Gradaščica River catchment has moderate continental climatic 
characteristics. Its position in the Alpine-Dinaric climatic barrier is responsible for high 
rainfall amounts (yearly averages between 1600 and 1800 mm of rainfall). According to 
the rainfall data at the rain gauge station Črni vrh above the town of Polhov Gradec, 
highest yearly rainfall sum was 2750 mm in year 1965. Highest rainfall sums are observed 
in autumn which is typical for Mediterranean climatic characteristics, high rainfall sums can 
be also observed during summer which indicates also the influence of more continental 
climatic characteristics.  

 

 
Figure 167: Gradaščica River catchment on a map of Slovenia. 
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Figure 168: Gradaščica River catchment area down to the water station Dvor and location of 

Kuzlovec and Mačkov graben research catchments. 

 

Monitoring system 
In the Gradaščica River experimental catchment and Kuzlovec torrent subcatchment 
several hydrological variables were observed. The location of the considered research 
catchment is shown in Figure 169. The measuring equipment included in the monitoring 
system, which is used for observations of different important hydrological and 
meteorological parameters, is listed below:  

1) 6 automatic rain gauges (Onset RG2-M) are located in the area of in the Kuzlovec and 
Mačkov graben research catchments.  

2) 2 water level data loggers are at the outlet of the Kuzlovec and Mačkov graben research 
catchments and at the state water monitoring station Dvor at the Gradaščica River.  

3) In-stream turbidity measurements (Hydrolab MS5 sonde) are performed during 
extreme hydrological and meteorological events at different locations. 

4) Disdrometer is located in Ljubljana and at Črni vrh in the vicinity of the Kuzlovec and 
Mačkov graben catchments. 

5) At-point discharge measurements are performed during extreme events using Flo-
tracer (salt dilution flowmeter) and FlowTracker (Acoustic Doppler Velocimeter).   

6) Terrestrial Lidar Scanning of a section of the Kuzlovec torrent channel. 

The locations of the rain gauges, water level data loggers, in-stream turbidity 
measurement location and location of the disdrometer at Črni vrh are shown in Figure 169. 
Discharge measurements were performed at points where water level data loggers are 
located. 
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Figure 169: The monitoring system at the Gradaščica River experimental catchment. 

 
 
Methodology for estimation of suspended sediment concentration values 
Sediment transport during extreme events can cause large economic damage. 
Furthermore, suspended sediment concentration (SSC) and bedload observations are 
usually not as often as discharge (Q) and precipitation (P) observations. Therefore, a 
reliable procedure is needed for the estimation of suspended sediment loads (SSL) based 
on the discharge and precipitation data. Copula functions, which are useful mathematical 
tool, can be applied to deal with a multivariate problem of suspended sediment transport. 
In the last decade copula functions have been used in several geophysical applications, as 
e.g. multivariate flood frequency analysis, multivariate drought analysis, multivariate 
precipitation analysis, geostatistical interpolations, flood coincidence risk analysis, 
assessing the risk of dam overtopping. Furthermore, copula functions have also been used 
for trivariate frequency analysis of peak discharge, hydrograph volume and suspended 
sediment concentration data from several stations in Slovenia and USA (Bezak et al., 
2014a) and have been also used for the estimation of monthly sums of the SSC for one 
station in Slovenia based on the measured Q and P values (Bezak et al., 2014b). 
Therefore, copula functions can also be applied to construct an event based trivariate 
copula model using next variables: peak discharge (Q), accumulated rainfall (P) and 
suspended sediment load (SSL), which can be used for the estimation of the SSL based on 
the measured Q and P values.  

 

METHODOLOGY AND DATA 

Figure 170 shows the methodology, which was used for the event definition and variables 
(Q, P, SSL) selection.  
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Figure 170: Presentation of the methodology for the event definition and variables selection, 
namely: peak discharge (Q), accumulated rainfall (P) and suspended sediment load (SSL) 
 

An event based copula model, which can be used for the estimation of missing SSL values 
based on the measured Q and P, is defined with the use of next variables: 

-peak discharge (Q) [l/]; 

-accumulated rainfall (P) [mm]; 

-suspended sediment load (SSL) [kg]. 

 

First step was to separate rainfall data based on the rainfall events. If the inter-event (IE) 
time (dry spell period) between two consecutive rainfall events was smaller than 6 hours, 
two rainfall events were combined into one rainfall event, in opposite situation these two 
events were not joined (Figure 170). The selected procedure is similar as the one, which is 
used for the RUSLE R factor calculation. The start (beginning) of the event was selected 
based on the start of the rainfall event (Figure 170); the end of the event was defined 6 
hours after the end of the rainfall event (Figure 170). The time between the start and end 
point is the duration of the event, which will be used for further analysis. The accumulated 
rainfall (P) was defined as rainfall sum between the starting and ending point of the event. 
The peak discharge variable (Q) was defined as the maximum discharge value between 
the starting and ending point of the event. Furthermore, the suspended sediment load 
(SSL) variable was defined as the sum of the suspended sediment load, which was 
transported during the start and end of the event (and not just during the rainfall event). 
The value 6 hours, which was selected to separate consecutive events (Figure 170), was 
selected due to the fact that overland flow in this time period becomes negligibly small. 
Meaning that due to the torrential characteristics of the Kuzlovec torrent, discharge quickly 
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raises and also decreases (in less than 6 hours). Detailed overview of the discharge data 
was made in order to ensure that the selected time period is sufficient to capture the 
falling limb of the hydrograph. In all events, which were defined based on rainfall events, 
the 6 hours’ time interval was sufficient time to capture the end of the event, meaning 
that after 6 hours baseflow was dominant contributor to the runoff.  

 

In the Kuzlovec torrent a continuous discharge and rainfall measurements were performed 
in years 2013 and 2014. For the purpose of this analysis a continuous discharge and 
precipitation data from June 2013 to May 2014 were selected. During this period the 
turbidity measurements were also performed using the Hydrolab MS5 probe, however 
these observations were not continuous and therefore an estimation of the missing data is 
needed. The 20 minute time interval was used for the purpose of this analysis; however 
discharge measurement were performed at 10 minute time interval. During the operation 
of the Hydrolab MS5 turbidity probe 21 events were recorded and during these events also 
discharge and precipitation observations were available. These events occurred in all four 
seasons (winter, spring, summer, autumn). Based on the defined events (procedure is 
described in previous paragraph) we extracted values, which were used for the calibration 
of the copula model (Q, P and SSL). The symmetric trivariate Gumbel-Hougaard copula 
from the Archimedean family of copulas was selected for modelling Q, P and SSL 
variables: 

 

exp �−�(− ln𝑢1)𝜃 + (− ln𝑢2)𝜃 + (− ln𝑢3)𝜃�1/𝜃�             (1) 

 

where u1, u2 and u3 are marginal distribution functions (cumulative distribution function-
CDF) for the selected variables (Q, P and SSL) and 𝜃 is the copula parameter. Generalized 
Pareto, Gumbel and log-Pearson type 3 distributions were selected as marginal 
distributions of variables Q, P and SSL, respectively. These distribution functions were 
selected using graphical and Kolmogorov-Smirnov tests. The symmetric copula function 
was selected because the dependence among all three pairs of variables was similar, 
namely the Kendall’s correlation coefficients for the pairs of variables Q-P, Q-SSL and P-
SSL were 0.70, 0.78 and 0.70, respectively. The copula parameter was estimated using 
the maximum pseudo-likelihood method. Using the measured data, namely Q, P and SSL 
values for 21 events, we have defined the copula model, meaning that the marginal 
distributions and copula parameters were estimated. Furthermore, next equation was used 
for the estimation of the SSL values based on the measured Q and P values: 

 

𝑓𝑞,𝑝(𝑠𝑠𝑉) = 𝑃{𝑆𝑆𝑆 ≤ 𝑠𝑠𝑉|𝑄 = 𝑞|𝑃 = 𝑝} = 𝜕2𝐶𝜃(𝑞,𝑝,𝑠𝑠𝑠)
𝜕q𝜕p

/ 𝜕2𝐶𝜃(𝑞,𝑝)
𝜕q𝜕p

          (2) 

 

Left side of this equation (Eq. 2) is always between 0 and 1. The uniform distribution was 
used to generate random values between 0 and 1 (10,000 values were generated for each 
case) to replace the left side of Eq. 2. Because Q and P were known (measured values) Eq. 
2 has only one unknown variable, which is SSL. However, the solution of the Eq. 2 cannot 
be analytically found, therefore the numerical method was used to find the result of the 
Eq. 2. For each pair of variables Q and P, 10,000 values were generated using the uniform 
distribution and for each of the generated values the solution of Eq. 2 was found, meaning 
that SSL was estimated. This procedure yields a distribution of the possible SSL values for 
the given Q and P values, meaning that empirical confidence intervals can also be 
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constructed (gray lines in Figure 171). The median of the possible solutions of Eq. 2 (blue 
line in Figure 171), which contained 10,000 values, was selected as the estimated value of 
the SSL for the given event. 

 

 
Figure 171: A distribution (10,000) of possible cumulative distribution function values (CDF) of 
variable SSL for the given Q and P values 

 

CONCLUSIONS 

The presented methodology for the estimation of the SSL values was eventually compared 
with multiple linear regression (MLR) model and both methods gave comparable validation 
results (Nash–Sutcliffe model efficiency coefficient and root mean square error model 
selection criteria were used), however for some events with smaller magnitudes (low 
accumulated rainfall amounts) the MLR method yielded negative SSL estimates, which of 
course is not meaningful. Therefore, due to this reason and because the presented copula 
model also gives empirical confidence intervals as one of the outputs, the presented 
methodology was used for the estimation of the SSL values for events where the Hydrolab 
MS5 probe was not used for measuring turbidity in the Kuzlovec torrent. 

 

Despite the fact that copula model was calibrated based on the measured Q, P and SSL 
values, the presented methodology does not accounts for the sediment depletion 
(exhaustion) effect during successive runoff events. Furthermore, one of the assumptions 
is also that sediment transport occurs only with the coincidence with the rainfall events. 
However, this assumption should be justified because there are no anthropogenic 
influences in the Kuzlovec torrent, meaning that sediment transport is consequence of the 
overland flow, which is also present only during rainfall events.    
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9.2.10  BOKU - PP11 

Figure 172 shows the four BOKU study areas within the SedAlp project. The stations 
Lienz/Isel, Lienz/Drau and Dellach/Drau are located in Eastern Tirol and Carinthia and 
belong to the Drau River system. The station Maria Alm/Urslau is located in the state of 
Salzburg.  

 
Figure 172: study area, Source: digHAO (Version 3.0.2) 
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9.2.10.1 Lienz - Drau 

General Catchment Characteristics:   

 
Figure 173: catchment area Lienz – Drau, Source: digHAO (Version 3.0.2) 

The catchment size of the station Lienz/Drau is shown in Figure 173 and covers an area of 
668 km² (Table 46). Geologically the catchment area persists mainly of limestone and 
dolomite (Lienzer Dolomiten).  

Climate – Hydrology 

Table 46 shows an overview of the hydrologic conditions of the Drau at the station 
Lienz/Drau. The hydrologic regime after PARDE (1933) can be characterized as 
nivoglacial. The hydrologic condition at the station is strongly influenced by the water 
power plant Strassen Amlach. The power plant diverts water from the Drau into a 22km 
long pressure pipe which leads to a 24 km long River stretch with residual conditions. Two 
kilometers upstream the station, the water is given back to the original Drau Riverbed 
causing intense upsurge and downsurge.    

 
Table 46: hydrologic parameters at the station Lienz/Drau 

Catchment Size [km
2
]: 668.0 

Slope [mm
-1

]: 0.0025 

Height above sea level [m]: 679.87 

Average Flow [m3s-1]: 

Highest occurring Flow [m3s-1]: 

Lowest occurring Flow [m3s-1]: 

Time series: 

13.4 

156 (07.10.1998) 

1.5 (23.12.1998) 

(1988-2009) 



236 

 

 

 

A typical hydrograph at the station Lienz/Drau is presented in Figure 174. The hydrograph 
is characterized of reduced discharge in the cold season and increased discharge in 
summer due to snowmelt. Intense rain events, typically occurring between May and 
November, lead regularly to peak discharges. Due to effect of the power plant Strassen 
Amlach, high daily fluctuations in discharge can be observed.  

 

 

Figure 174: Hydrograph Lienz – Drau, 2012, (15 minutes mean values) 

General Description of Monitoring Site 

The measuring station Lienz/Drau is located in Eastern Tirol in the city of Lienz. It is the 
oldest with geophones equipped station in Austria and was constructed 2002. The Drau 
River at the station has a width of 17 m with artificial reinforced Riverbanks. Due to the 
limited space at the station, direct bedload monitoring is relatively difficult to conduct. The 
better part of the information about bedload transport is gained by the geophone 
installation (16 geophones).  

 

             
Figure 175: Measuring station Lienz/Drau (a,b) 

 

 

Listing of applied Measurement Methods 

(a) (b) 
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• 16 Geophones over cross section 
• Bedload sampler (Large Helley Smith, modified BUNTE sampler) 
• Turbidity sensors 
• Pressure Transducers for water stage monitoring 
• Water temperature sensor 
• Cable railway for flow velocity profile measurements 

Listing of measured Parameters 

• Geophone Parameters (per minute an Geophone) 
o Impulses  
o Integral 
o Maximum Amplitude 

• Bedload rates [kg m-1 sec-1] 
• Water stage/discharge 
• Turbidity 
• Water temperature 
• Flow velocity 
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9.2.10.2 Lienz – Isel 

General Catchment Characteristics  

The catchment size of the station Lienz/Isel is shown in Figure 176 and covers an area of 
1198.7 km² (Table 47). Geologically the catchment area persists, contrary to the station 
Lienz/Drau, mainly of crystalline rock. 

 
Figure 176: catchment area Lienz – Isel, Source: digHAO (Version 3.0.2) 

Climate – Hydrology 

Table 47 shows an overview of the hydrologic conditions of the Isel at the station 
Lienz/Isel. The hydrologic regime after PARDE (1933) can be characterized as 
nivoglacial. Furthermore, the discharge on the station is strongly influenced by glaciers 
which cover around 5% of the catchment area.      

 
Table 47: hydrologic parameters at the station Lienz/Isel 

Catchment Size [km
2
]: 1198.7 

Slope [mm
-1

]: 0.0035 

 Height above sea level [m]: 667.20 

Average Flow [m3s-1]: 

Highest occurring Flow [m3s-1]: 

Lowest occurring Flow [m3s-1]: 

Time series: 

38.9 

720 (03.09.1965) 

3.00 (04.03.1963) 

(1951-2009) 
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A typical hydrograph at the station Lienz/Isel is presented in Figure 177. The hydrograph 
is characterized of reduced discharge in the cold season and increased discharge in 
summer due to snowmelt. Intense rain events, typically occurring between May and 
November, lead regularly to peak discharges. Due to the effect of the glacier, daily 
fluctuations in discharge can be observed.  

 
Figure 177 Hydrograph Lienz – Isel, 2012, (15 minutes mean values) 

General Description of Monitoring Site 

The measuring station Lienz/Isel is located in Eastern Tirol in the city of Lienz. The 
geophone installation was constructed 2006 and persists of 32 geophones (Figure 179). 
The Isel River at the station has a width of 40 m with artificial reinforced Riverbanks. 
Direct bedload monitoring at the station is conducted with the TIWAG sampler which is 
inserted into a metal pillar (Figure 178).  

 

         
Figure 178: station Lienz/Isel; direct bedload sampling with TIWAG-sampler (a), geophone 

installation (b) 

 

(a) (b) 
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Figure 179: station Lienz/Isel; high discharge conditions at the isel (a), gauging station (b) 

 Listing of applied Measurement Methods 

• 32 Geophones over cross section 
• Bedload sampler (stationary TIWAG sampler) 
• Turbidity sensors 
• Pressure Transducers for water stage monitoring 
• Water temperature sensor 
• Cable railway (flow velocity/suspended sediment profile measurements) 

Listing of measured Parameters 

• Geophone Parameters (per minute an Geophone) 
o Impulses  
o Integral 
o Maximum Amplitude 

• Bedload rates [kg m-1 sec-1] 
• Water stage/discharge 
• Turbidity 
• Water temperature 
• Flow velocity 

(a) (b) 
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9.2.10.3 Dellach - Drau 

General Catchment Characteristics  

The catchment size of the station Dellach/Drau is shown in Figure 180 and covers an area 
of 2112 km² (Table 48). Geologically the catchment area persists of crystalline rock from 
the Isel catchment and limestone from the upper Drau catchment. 

 
Figure 180: catchment area Dellach – Drau, Source: digHAO (Version 3.0.2) 

Climate – Hydrology 

Table 48 shows and overview of the hydrologic conditions of the Drau at the station 
Dellach/Drau. The hydrologic regime after PARDE (1933) can be characterized as 
nivo-glacial. The catchment area at Dellach/Drau consists mainly of the catchment areas 
Isel and upper Drau.       

 
Table 48: hydrologic parameters at the station Dellach/Drau 

Catchment Size [km
2
]: 2112.0 

Slope [mm
-1

]: 0.001795 

 Height above sea level [m]: 600.04 

Average Flow [m3s-1]: 

Highest occurring Flow [m3s-1]: 

Lowest occurring Flow [m3s-1]: 

Time series: 

62.6* 

850 (03.09.1965)* 

8.47 (13.02.1999)* 

(1898-2009)* 

*Data of gauging station Oberdrauburg (10km upstream of Dellach) 
 
 



242 

 

 

 

A typical hydrograph at the station Dellach/Drau is presented in Figure 181. The 
hydrograph is characterized of reduced discharge in the cold season and increased 
discharge in summer due to snowmelt. Intense rain events, typically occurring between 
May and November, lead regularly to peak discharges. Due to the effect of the glacier, 
daily fluctuations in discharge can be observed. Overall the hydrograph on the station 
Dellach/Drau is relatively similar to the hydrograph of the Isel, the biggest tributary of the 
Drau.  

 

 
Figure 181: Hydrograph Dellach - Drau, 2012, (15 minutes mean values) 

 

General Description of Monitoring Site 

The measuring station Dellach/Drau is located in Carinthia in the Drau valley. The 
geophone installation was constructed 2006 and persists of 40 geophones (Figure 182-a). 
The Drau River at the station has a width of 50 m with artificial reinforced Riverbanks. 
Direct bedload monitoring at the station is conducted with LHS (mobile crane) and 3 
bedload traps (Figure 182-b, c). 

 

       
Figure 182: Station Dellach/Drau; geophone installation (a), mobile crane (b), lifetable bedload trap 

(c) 

 

 

(a) (b) (c) 
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Listing of applied Measurement Methods 

• 40 Geophones over cross section 
• Experimental Hydrophone for measurement of bedload transport intensity 
• Two “Reid”-Type bedload traps 
• One liftable Bedload trap 
• Bedload sampler (Large Helley Smith sampler) 
• Turbidity sensors 
• Bubble Sensor for water stage monitoring 
• Water temperature sensor 
• Radar sensor (surface flow velocity) 
• ADCP (flow velocity, discharge) 

Listing of measured Parameters 

• Geophone Parameters (per minute an Geophone) 
o Impulses  
o Integral 
o Maximum Amplitude 

• Bedload transport rates [kg m-1 sec-1; kg m-1] 
• Water stage/discharge 
• Turbidity 
• Water temperature 
• Surface Flow velocity 
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9.2.10.4 Urslau/Maria Alm 

General Catchment Characteristics 

The catchment of the station Urslau/Maria is in in the alpine region of the province 
Salzburg in Austria (Figure 183b) and covers an area of 56 km² (Table 49). The catchment 
area is situated in the Upper Eastern Alps. Geologically the catchment area persists of 
crystalline rock from the Greywacke Zone and Limestone from the Northern Limestone 
Alps. Figure 183 a and c show the downstream and upstream section of the monitoring 
site.  

 

 
Figure 183: Site of bedload monitoring station (a,c), Location of catchment area (b) 
 

Climate – Hydrology 

Table 49 shows and overview of the hydrologic conditions of the Urslau at the station 
Saalfelden. The hydrologic regime after PARDE (1933) can be characterized as moderate 
nival. The drainage area upstream the measurement station is 56 km2, bed width equals 
8.2 m and the average bed slope near the station is 2%. 

 
Table 49: hydrologic parameters of the Urslau at the station Saalfelden 

Catchment Size [km
2
]: 121.8 

Slope [mm
-1

]:  

 Height above sea level [m]: 729.3 

Average Flow [m3s-1]: 

Highest occurring Flow [m3s-1]: 

Lowest occurring Flow [m3s-1]: 

Time series: 

4.41* 

110 (12.08.2002)* 

0.25  

(1951 - 2011)* 

*Data of gauging station Saalfelden (5km downstream of Maria Alm) 
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A typical hydrograph of the Urslau is presented in Figure 184. The hydrograph is 
characterized of reduced discharge in the cold season and increased discharge in summer 
due to snowmelt and episodic intense rain events, typically occurring between May and 
November, lead regularly to peak discharges.  

 

 
Figure 184: Hydrograph Urslau - Saalfelden, 2008-2010 
 

General Description of Monitoring Site 

The measuring station Urslau/Maria Alm is located the alpine region of the province 
Salzburg in Austria situated in the Upper Eastern Alps. The geophone installation was 
constructed 2010 and persists of 7 geophones (Figure 185a). Direct bedload monitoring at 
the station is conducted with a Bunte-type sampler (mobile crane) and a bedload trap 
(Figure 185a,b). 

 

 
Figure 185: Bedload trap downstream geophone device (a), Sampling box (b) 
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Listing of applied Measurement Methods 

• 7 Geophones over cross section 
• One “Reid”-Type bedload trap 
• Bedload sampler (modified “BUNTE” sampler) 
• Turbidity sensors 
• Pressure Sensor for water stage monitoring 

Listing of measured Parameters 

• Geophone Parameters (per minute an Geophone) 
o Impulses  
o Integral 
o Maximum Amplitude 

• Bedload transport rates [kg m-1 sec-1; kg m-1] 
• Water stage/discharge 
• Turbidity 
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9.2.11  IzVRS - PP12 

9.2.11.1 Bistričica 

Bistričica is the watercourse which originates in the Kamnik-Savinja Alps, more 
specifically, in south-eastern slope of Krvavec, under the Križišče (1658 m). From its 
source on flows in its Riverbed by eponymous valley to Stahovice (430 m) where as a 
right tributary flows into the torrential River Kamniška Bistrica. 

 

Figure 186: Bistričica catchment (red) is part of Kamniška Bistrica Hydrosystem – the sediment-

related hot-spots are marked in purple colour (retention dams and sediment deposition) 

The catchment area is mostly steep and morphologically highly diverse. Most of the 
catchment area is oriented towards the south, southeast and southwest. In this direction 
is oriented left slope, covering 3/4 of the total catchment area. Catchment (11.5 km2) is 
an elongated shape, approximately 5.75 km long and about 2 km wide with Q100  =51.22 
m3/s and differences in discharge (Figure 186). The average channel inclination of the 
upper part is within a range of 14% to 23%, in middle part 6.3 – 8.9%, and in the lower 
part is about 5.3 – 6.8%. 

 

PP12 work was focused on the real possibilities for upgrading implementation of public 
service for water management in terms of protection against the harmful effects of 
unbalancing sediment's regime and unwanted wooden debris. Maintenance of dams is one 
of the regular work, which has to be planned with an annual plan that arises from 
observational data of River's supervisors. With the intention to improve dams and 
deposition areas observation, documentation and planning processes, was established new 
systematical operative approach of retention's monitoring, tested on Bistričica (Figure 
187). 
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Figure 187: Typical conditions in observed and measured retention basin of Bistričica retention check 

dam (named also Štrancar’s dam or Klemenčevo 1) 

Beside consolidation check dam are retention dams very common measure for mitigation 
sediment related risk in Slovenia torrential catchments. Water management sector in 
Slovenia is responsible for sediment management since 1884. In the last two decades, 
Slovenia is facing poor management of water infrastructure mostly due to lack of 
maintenance funding. Consequently, water infrastructure including torrent check dams, 
and sediment retention check dams is degrading, not adequate maintained and in 
consequently in many cases not functioning, which is additionally increasing sediment-
related risks. Adequate implemented and documented monitoring can enable correct 
prioritization of maintenance needs and improve knowledge about sediment transport. 

We have to use the available data and link them with documented natural processes. 
Slovenian torrents are not directly included in the network of gauging stations so they 
have no-measured discharges. Gauging station is situated on the central water course of 
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the River basin Kamniška Bistrica in town Kamnik, but its values during the high waters 
not necessary reflect the conditions in specific torrential tributaries upstream. Second 
reliable available information is data about precipitation from precipitation station, which 
are good and relatively densely located on Slovene territory. 

Reviewing the situation of retention barriers and fulfillment of retention basins is carried 
out within the framework of the implementation of the state public service in the field of 
water management as one of the tasks of regular monitoring. We propose, that the 
frequency of inspection depends on the "importance level" of the object: Retention 
facilities of Class A has to be reviewed at least twice a year: in autumn (October-
November) and spring (May-June) and after every elevated or high water or torrential 
outbreak; facilities of classes B and C, the review has to be carried out at least once a year 
in autumn (October-November) and after every elevated or high water or torrential 
outbreak (methodology described in Annex). Following each inspection, the data entered 
in the overview table and in upgraded state data base of water infrastructure (described in 
Annex). 
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