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Executive Summary 

 

This report provides the results of Work Package 7 (WP7). WP7 focuses on the integration of 

methodological approaches across scales and provides guidelines for policy development in 

the context of sediment and large wood management. 

Two guidelines with methodological explanations and good practice examples are provided 

as expected output of this WP. The contents of the first guideline are the estimation of 

sediment budget and scenarios determination to be used for flood mitigation in Alpine 

basins. The identification of morphological impacts related to hydropower plants and gravel 

extraction is dealt with in the second guideline. 

Sediment budget analysis consists in the evaluation of fluxes, sources and sinks from 

different processes. Different factors influence sediment and wood transport and need to be 

carefully evaluated within specific spatial and temporal scales. Correct approaches and tools 

to estimate sediment and wood budget that consider the river reach of interest, with its 

specific basin and channel processes in order to evaluate the availability of transportable 

material are focused on in the first guideline. 

Sediment mobility ranges from bedload (mountain and foothill reaches) to 

hyperconcentrated and debris flows (mountain reaches). Wood, is instead mainly delivered 

by floating, bank erosion processes and landslides. Different scenarios concerning the 

interaction with structures, sediment continuity, torrent-control strategies for sediment 

erosion and debris flows in relation to an efficient structure design are dealt with in the 

second part of the first guideline. In addition, sediment retention management and policy 

are discussed to highlight recent trends in the regulatory instruments. 

Dams represent one of the most significant human interventions in the hydrological cycle. 

Dams and reservoirs are built and operated for several purposes such as power generation, 

flood protection, drinking water or agricultural water supply, recreation, fishing, and others. 

The construction of a dam results in discontinuities to the river continuum; their presence 

can strongly interact with the sediment continuity from the upper parts of the basin to the 

area downstream of dams. 

While the 20th century focused on dam construction, the 21st will focus on sustaining the 

function of existing infrastructure as it becomes increasingly affected by sedimentation. The 

objective of sediment management is to manipulate the river-reservoir system to achieve 

sediment balance while retaining as much beneficial storage as possible, and minimizing 

environmental impacts and socioeconomic costs.  

Procedures for the identification of morphological impacts related to hydropower plants and 

gravel extraction are provided in the second guideline. The first part of the guideline is 

focused on reservoir sediment management plans and proposals for management 

improvement. Indicators for the evaluation of fluviomorphological impacts due to sediment 

removal or sediment supply reduction are presented in the second part of this guideline. 

Finally, recommendations and implications for policy, practitioners and for research are 

provided for both guidelines. 
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1. Introduction 

Surface erosion in basins and erosional processes along river channels, generate sediment 

transport. Our understanding of the dynamic equilibrium between the sediment supply from 

upstream and the river’s sediment transport capability is important for the success of 

overall integrated water resource management.  

Intensive sediment transport processes and sediment continuity have a notable impact on 

several water management issues in alpine river basins, with multiple use conflicts related 

to small hydropower plants, ecology, fishing, flood control, river morphology, tourism, etc. 

A conflicting ecological role of river sediment can be observed through different river 

management tasks. For example, in flood mitigation (Floods Directive) sediment transport, 

often in conjunction with large wood, may strongly amplify flood hazards.  

In the case of hydropower production (RES Directive) that requires dam installations and 

water level manipulation in reservoirs, technical, economic and ecological problems are 

often a consequence of a disrupted natural sediment continuum. 

The geological and climatic variability across the Alps generates complex patterns of 

sediment production and transfer, whereas management problems and conflicts are similar. 

Decision makers involved in river basin management in the Alps therefore urgently have to 

test policies able to reconcile these conflicting requirements. 

SedAlp EU project focuses on the integrated management of sediment transport in Alpine 

basins. It is directed towards an effective reduction of sediment-related risk while promoting 

the enhancement of riverine ecosystems and reducing the impacts of hydropower plants.  

The SedAlp EU project includes piloting actions in various representative Alpine river basins 

and contributes to sediment and wood transfer monitoring in a large set of Alpine 

catchments, in order to better understand spatial and temporal variability of processes. 

Based on processes understanding, planning, warning and predictive tools, sediment and 

wood management recommendations for hazard mitigation and protection of people are 

provided. SedAlp aims at developing a strategy policy and actions for the improvement of 

sediment continuity in Alpine river basins. 

The SedAlp project was divided into eight different work packages (WP) that are focused on 

specific tasks. This report provides the results of Work Package 7 (WP7). WP7 focuses on 

the integration of methodological approaches across scales and provides guidelines for 

policy development in the context of sediment and large wood management.  

Two guidelines with methodological explanations and good practice examples are provided 

as expected output of this WP. The contents of the first guideline are the estimation of 

sediment budget, including large wood monitoring, and scenarios determination to be used 

for flood mitigation in Alpine basins. The identification of morphological impacts related to 

hydropower plants and gravel extraction is dealt with in the second guideline. 
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2. Aims 

Sediment (including large wood) management in mountain watersheds, headwater systems 

and river basins must be based on the analysis and assessment of sediment regime-fluxes-

dynamics at different spatial and temporal scale, as well as the interactions with existing 

and planned man-made structures. WP7 provide guidelines to integrate methodological 

approaches considering different spatial scales and for policy development on sediment and 

large wood management. 

 

2.1.  Actions 

Developing scaling approaches to link basin and channel processes 

 Sediment yield-area scaling relations for mass-wasting and fluvial processes in the 

upper Adige basin; 

 Extension of the River Scaling Concept to sediment yield; 

 Development of a GIS-based planning system for targeting sediment management at 

hydrographic district scale. 

 

Estimation of present sediment transfer characteristics for the pilot basins 

 Exchange of sediment and large wood data, preparation of guidelines on sediment 

and large wood budget; 

 Characterization of source-to-sink sedimentary pathways in the Gadria and Strimm 

basins; 

 Investigations of sediment transfer characteristics based on results in WP5; 

 Estimation of the sediment yield for the upper Adige pilot basin. 

 

Estimation of sediment-wood budget in the pilot basins 

 Contemporary sediment budget of the Gadria and Strimm basins; 

   Estimation of large wood storage and distribution in 13 streams located in the 

Cordevole pilot site upstream of the Alleghe Lake; 

 Elaboration of a quantitative criterion for cost-effective “sediment and wood 

transport proof” channel design in urban areas, including high conveyance bridge 

cross-sections; 

 Investigations of sediment budget based on results in WP5. 

 

Assessment of different options for reservoir management in the context of the scaling-

approach 

 Assessment of different options for sediment retention basins management after 

sediment transport in the Chiesa and Rudan streams; 

 Overview on actual reservoir sediment management plans and proposal for 

management improvement; 

 Assessment of different options for reservoir management based on case study: III, 

Drau. 

 

Evaluation of the effects of sediment extraction for raw material use on sediment yield and 

related hydro-morphological aspects 

 Channel adjustments, vegetation cover dynamics and alteration of sediment fluxes in 

the Piave river; 
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 Evaluation of the impact of different sediment management strategies on channel 

dynamics on the Piave River; 

 Assessment of useful indicators for the evaluation of fluvial-morphological impacts; 

 Evaluation of the effects of sediment extraction/dredging for raw material use on 

sediment yield and related hydro-morphological aspects for pilot study reaches. 

 
 

2.2.  Expected outputs 

 Guidelines for estimation of sediment budget, including large wood monitoring and 

scenarios determination to be used for flood mitigation in Alpine basins; 

 Guidelines for the identification of morphological impacts related to hydropower 

plants and gravel extraction. 
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3.  Content Chapters – Outputs 

 

 

 

3.1. Guideline for estimation of sediment budget, including 

large wood monitoring and scenarios determination to 

be used for flood mitigation in Alpine basins 

 

3.2. Guidelines for the identification of morphological 

impacts related to hydropower plants and gravel 

extraction 
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3.1.1. Background  

 

A sediment budget is a balance between sediment volume entering and exiting a particular 

reach of a stream or a river. Sediment budget analysis, including large wood monitoring, 

consists in the evaluation of fluxes, sources and sinks from different processes. Different 

factors influence sediment and wood transport and need to be carefully evaluated within 

specific spatial and temporal scales. Correct approaches to estimate sediment and wood 

budget must consider the river reach of interest, with its specific basin and channel 

processes in order to evaluate the availability of transportable material. Knowledge on the 

transport characteristics is an additional requirement to link the sources of sediment and 

wood with the fluvial network, which permits the estimation of sediment and wood mobility. 

The understanding of boundary conditions as well as the role of the main ongoing processes 

at reach-scale are lastly essential to investigate each component of sediment or wood 

balance. 

In the first part of this guideline, the basis for a correct approach to sediment budget 

estimation including large wood monitoring is provided. The second part is instead more 

focused on the procedures for determining scenarios to be used for flood mitigation. 

During extreme events, anthropic areas are mainly exposed to two types of hazard: flooding 

and the impact of transported material (sediment and wood). Sediment mobility ranges 

from bedload (mountain and foothill reaches) to hyperconcentrated and debris flows 

(mountain reaches). Instead, wood is mainly delivered by floating, bank erosion processes 

and landslides. In the Alpine region a long tradition of the protection of human settlements 

exists, which concerns the realization of several activities to prevent flood damage. The 

most effective strategy is the control of water-sediment fluxes by means of deposition 

basins associated with check dams located at their outlet. In the last fifty years, closed 

barriers were replaced by open check dams. Thanks to productive research developments, 

these structures have registered progressive improvements in design and trapping 

efficiency. Different scenarios concerning the interaction with structures, sediment 

continuity, torrent-control strategies for sediment erosion and debris flows in relation to a 

good practice and efficient structure design are dealt with. In addition, sediment retention 

management and policy are discussed to highlight recent trends in the regulatory 

instruments. 

Finally, a series of good practical examples on sediment budget and the assessment of 

different retention management strategies are provided. 
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3.1.2. Problem description  

 

The sediment cycle starts with the process of erosion, whereby particles or fragments are 

weathered from rock. Action by water, wind and glaciers, as well as plants and animals, 

contribute to erosion of the earth’s surface. Fluvial sediment is the term used to describe 

the case where water is the key agent for erosion (Garcìa, 2008). Natural, or geological, 

erosion can take place slowly, over centuries or millennia considering ordinary flows, or 

much faster in the case of debris flow, hyperconcentrated flows or floods. Erosion that 

occurs as a result of human activities may be considered as an overtime event, due to the 

speed with which it takes place on the river systems. It is important to understand the role 

of each kind of process when studying sediment transport. The materials transported by 

streams and rivers are not only sediment, but also organic material such as Large Wood 

(LW). Large wood transport has specific dynamics composed of inputs and outputs from the 

considered spatial system (Douglas, 2001). The transport of sediment and wood can happen 

contemporarily when a flood, debris flow or hyperconcentrated flow occur. Analyzing a 

reach, the dynamics of transported material can be summarized in a sediment budget 

scheme as in Figure 1. The volume (V.) of transported material (sediment and wood), 

depending on the magnitude of the event, enters and leaves a reach (V. input and V. 

output), also generating some eroded and deposited areas (V. erosion and V. deposition). 

 

 

Figure 1. Dynamics of sediment, including wood transport in a reach. ΔV: Volume of Deposition less 

Volume of Erosion. 
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Although sediment and wood transport have a lot of positive ecological and morphological 

effects (Gurnell and Petts, 2006), these processes can be also a source of hazard for the 

presence and activities of humans (Comiti et al., 2006; D’Agostino and Bertoldi., 2014). 

Figure 2 shows the 2013 flood in a torrent reach (Figure 2-a) of the Rio Cordon (Italy) and 

in a foothill reach (Figure 2-b) of the Piave river. Inundations, erosions (Figure 2-c), 

hyperconcentrated flows, debris flows and LW occlusion against bridges (Figure 2-d) are the 

principal consequences of intensive rainfall events.  

 

 

 

                

                

 

 

a b 

c d 

 

Figure 2. Torrent (a) and river (b) flood, bank erosion (c) and bridge piers occlusion by LW (d). 

 

 

3.1.3. Process and relation  

3.1.3.1. Mountain streams 

The hydrographic network of a mountain basin usually presents steep slopes. Mountain 

streams are also named ‘torrents’ in Europe, meaning rivers with bed gradient ranging from 2-

3% to 60-65% and with modal values from 10% to 30% in the Alps (D’Agostino and Lenzi, 

1998). In these basins flood events are typically flash floods and associated to the entrainment 

of large amounts of sediment and wood. The adjective 'torrential' indicates also the impulsive 

response of the catchment to convective storm events. 

In mountain torrents the expected form of sediment transport is driven by the mean slope (S, 

m/m) of the thalweg profile. As a first approximation, the sediment transport capacity for large 

floods can be expressed by omitting the threshold conditions of sediment movement. The 

simplified equation of Smart and Jaeggi (1983) can be expressed as: 

 

6.15.2 Sqqs                                                       (1) 

 

where q is the unit discharge per unit width of the bed (m3/s/m) and qs is the unit 

bedload/hyperconcentrated flow rate (same units as q). Taking into account that Cv is the 

volumetric concentration of sediment: 

s

s
v

qq

q
C




                                                         (2) 
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And inserting Eq.(1) in Eq.(2), it follows that: 

6.1

6.1

v
S5.21

S5.2
C




                                                     (3) 

Equation (3) refers to experimental values of S to a maximum of 0.2. An equation comparable 

to Eq.(3) can be obtained using the experimental formula by Ou and Mizuyama (1994) and 

assessing the mean Cv value of the surge and the tail of a debris flow. Substituting the static 

concentration of the debris flow with the value of 0.65, the Ou and Mizuyama equation 

corresponds to Eq.(3) with a coefficient equal to 2.8 instead of 2.5 and an exponent equal to 

1.5 instead of 1.6. It is then possible to combine together the two transport relations. In Figure 

3 the slope S is represented as a function of Cv and the associated form of transport. For 

Cv0.15 bedload transport is assumed, for 0.15<Cv<0.30 hyperconcentrated flow, and for 

Cv>0.25 debris flow. There is obviously a coexistence for hyperconcentrated flow and debris 

flow where the occurrence of both is possible depending on the type of sediment in movement 

(i.e. Cv=0.3 of a granular flow is expected in a form of hyperconcentrated flow, while Cv 

around 0.25-0.30 of a silty-clay flow is a quite viscous muddy debris flow). It is worth 

observing in Figure 3 that the mean bed gradient is a powerful indicator of the transport form 

and, consequently of the ‘torrential’ phenomenon to be managed in mountain areas. Figure 3 

highlights four fields of competence in terms of mode of transport: 

- zone I, competent in bedload transport for S <0.18; 

- zone II, competent in hyperconcentrated for 0.18  S < 0.24; 

- zone III, competent in both hyperconcentrated and debris flow, for 0.24  S < 0.28 (mixed 

zone); 

- zone IV, competent in debris flow for 0.28 < S < 0.65. 

 

An additional morphogenetic factor reflecting the form of transport is represented by the 

Melton number Me (Me=H/A0.5; H=difference in elevation between the highest point of the 

basin and the fan apex; A=drained area in the fan apex) and the fan slope tan(αf). Improving 

a previous finding of Marchi et al. (1993), D’Agostino (1996) used historic data concerning 

extreme transport events on the Eastern Italian Alps and obtained the threshold line (αf in 

degrees):  

Me147f 
                                                 (4) 

For basin data above Eq.(4) mixed transport (hyperconcentrated and debris flows) occurred, 

while for data below the equation bedload transport events were observed. If the fan is absent 

or coalescing the value Me=0.5 may be used as threshold criterion, i.e. the condition Me  0.5 

suggests mixed torrents.  

The recognition of the dominant sediment and or wood transport in a specific catchment has to 

be carried out by means of field surveys of the river bed and deposition area. The gravitational 

aptitude of a mountain catchment to generate a certain form of sediment transport (Figure 3, 

and Eq. 4) is of great importance to support field surveys and to design the torrent control 

works, especially in a scenario of extreme floods. 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

21 

 

Figure 3.  Expected form of sediment transport as a function of the mean channel slope: B.L= 

bedload transport; H.F.= hyperconcentrated flow; D.F.=debris flow. 

 

3.1.3.2. Foothill gravel bed rivers 

The foothill rivers, characterized by a gravel bed, can be of three different morphological 

patterns: straight, braided and, wandering (Billi, 1994). Rivers with braided pattern (Figure 

4a) are favoured by high energy conditions, a very variable water discharge, abundant 

supply and availability of sediment, relevant quantities of bed load transport and non-

cohesive banks. They have a wide active channel usually composed of two or more channels 

similar in size, and riffle-pool bed-forms. Their length-depth ratio is usually higher than 40 

(it can even reach 300) and their slope is lower than 4%. Two main types of bars that differ 

in height characterize the braided rivers. Lower bars are subject to more frequent 

submersion and erosion phenomena compared to the higher bars, which are more stable. 

The main distinguishing characteristics of these two bars are referred to the particle size 

distribution and the presence of vegetation (Surian et al., 2009). 

Bars that are frequently submerged are characterized by coarse-grained sediments and lack 

of vegetation (or scarce presence). In more stable bars, which are also higher, finer surface 

sediments are more abundant, thus favouring the spread of vegetation. The vegetation 

helps to stabilise the bar by increasing its resistance to movement, thus lowering the 

current velocity above it and favouring in this way further deposition of finer sediments, 

according to a positive feedback process. Braided rivers are highly dynamic, with a 

continuous displacement of bars and channels during flood events. A further peculiarity of 

this morphological type is the difference between low-flow and ordinary overflow channels. 

During low flow, few channels are filled with water, whereas with an increasing discharge 

rate more and more channels collect water until filling the entire flood channel is filled, 

reaching a sinuosity value close to unity (Gurnell et al., 2009).  

Instead, wandering rivers (Figure 4b) have low or medium sinuosity (1.3 – 1.5) and belong 

to the intermediate shape between braided and meandering rivers (Billi, 1994). 

These rivers are usually characterized by the presence of alternate lateral bars, usually half-

moon in shape and by one single active channel. There may also be a secondary channel, 

which can be active (shear channel) or inactive (dead channel) and with a variable width, 

but not exceeding that of the main channel. There are also secondary transverse channels 

on the bars. The shear channel forms during strong floods due to the cross shear of lateral 

bar; it can subsequently become obstructed or abandoned, or, on the contrary, even widen 
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and become the main channel. The dead channel, instead, is the final part of a no-longer-

active channel, which is supplied only during floods with stagnant water. The main 

characteristic of these fluvial systems is the sinuosity variation by changing water discharge 

(Surian et al., 2009). During low or moderate flows, bars emerge and the river takes on a 

meandering shape (sinuosity equal to 1.5), which fades during bigger floods that provide an 

increase in water depth to cover a large part of the lateral bars, reaching a sinuosity level 

close to unity. Wandering rivers are considered as the evolution of braided rivers 

determined by anthropic influences. They are very common in the area covered by the 

SedAlp project and in many foothill areas (Moretto et al., 2013; Picco et al., 2014). 

Straight rivers (Figure 4 c) are very rare in nature. Generally there are no single channels 

10 times longer than the width of riverbed. Even when banks are straight, the main channel 

follows a slight sinuous course, which is due to the presence of alternate bars. Sinuosity 

(length of the river/length of the valley axis) reaches values close to unity, in the case of 

both moderate and flood flow. Single channels mainly originate in highland areas, where 

slopes are very steep (3-5%) and there is plenty of coarse-grained sediments (gravel, 

pebbles and rocks). In mountain regions single channels flow into the narrow bed of V-

shaped valleys and they generally are included in an undeveloped alluvial plain. A very 

common morphological characteristic that may observed in mountain rivers is a sequence of 

riffle-pools, i.e. very steep tracts having moderate water surface elevation followed by 

flatter stretches with higher water surface elevation. The distinctive alternation of riffle-

pools is linked to lateral bars and sometimes to longitudinal medians.  

 

 

Figure 4. Typical braided reach (a) of the Tagliamento River (Italy), typical wandering 

reach (b) of the Brenta River (Italy) and typical straight reach (c) of the Swale 

River (UK). 

 

Over half of the world’s largest river systems have been moderately to strongly affected by 

dams (Nilsson et al., 2005). The downstream hydrogeomorphic effects of high dams have 

been documented for more than 80 years (Petts and Gurnell, 2005). More recently, the 

ecological effects of regulated flow below dams have been investigated (Poff et al., 1997; 

Friedman et al., 1998). Flow regulation often dramatically alters the regime of alluvial rivers 

through both confined water-release scenarios and substantial reductions in transported 

sediment below dams (Church, 1995; Brandt, 2000). Channel beds and banks may undergo 

a wide range of adjustments to regulation (Grant et al., 2003). Channel narrowing 

downstream of dams is a common response along several rivers in the western United 

States (Allred and Schmidt, 1999; Grant et al., 2003) and in Europe (Comiti et al., 2011). 

However, along single thread alluvial rivers without bedrock control or relatively coarse bed 

sediment, a common effect is channel incision and subsequent widening through bank 

erosion (Friedman et al., 1998; Brandt, 2000). 

c) 
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3.1.4. Procedures for estimation of sediment budget  

3.1.4.1. Basin and channel processes 

 

 Sediment yield-area scaling relations for mass-wasting and fluvial processes in 

the Gadria and Strimm watersheds, Vinschgau/Val Venosta, Italy (P.P. 4) 

 

Introduction 

This is the first of three contributions that focus on the characterization of contemporary 

landslide-driven sediment dynamics in the Gadria (6.3 km2) and Strimm (8.5 km2) 

watersheds, two adjacent, steep headwater streams in the mid Vischangau/Venosta Valley, 

Eastern Italian Alps. First, we will introduce the study areas, the methods used to compile 

the database of sediment sources and deposits, then the area-yield scaling relation 

associated to shallow rapid failures will be derived. The second contribution (see section 

3.1.4.2) deals with the characterization of source-to-sink colluvial sedimentary pathways. 

The third contribution (see section 5 in the Annex) is concerned with the estimation of the 

contemporary colluvial sediment budget. All three contributions are based on a 

multitemporal inventory of colluvial sediment sources and deposits that occurred between 

the late 1940s and September 2012 (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Mapping of colluvial sediment sources in the Gadria and Strimm watersheds. The inventory 

is compiled via fieldwork and aerial photo interpretation of sequential photo sets (1959-

1969-1982/85-1995/97-2000-2006-2008-2011-2012). The drainage network is 

delineated manually. 
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Study Area 

The study basins, which are located within the Mazia (northern part) and Ötztal nappes 

(southern part) contain the following outcrops listed in decreasing order of appearance: 

paragneiss, orthogneiss, pegmatite, marble, phyllite, and micaschists. Most of Strimm 

Stream and the upper portion of Gadria Stream are underlain by paragneiss of the Mazia 

unit. This lithology presents frequent pegmatitic and phyllonitic intrusions, the result of a 

low-grade Permiam metamorphism. The southern part of the study area is dominated by 

orthogneiss, likely developed in a different metamorphic context within the Ötztal nappe. 

The presence of thick Quaternary deposits makes the spatial delineation of the transition 

between the two units difficult. Of particular interest are the kame terraces located along 

the headwalls of Gadria Stream. Made of relatively unstable glacio-fluvial materials, they 

provide a large amount of sediment to the channel network. In conjunction with the poor 

quality of rock masses, further confirmed by the presence of large tilted blocks, they 

constitute boundary conditions for generating high debris-flow activity. Therefore, the 

combination of steep topography, highly fractured rocks, and subvertical glacio-fluvial 

sediment stores, sets the conditions for the chronic debris-flow activity observed in Gadria 

Stream. Accordingly, debris flows are reported on a yearly basis along Gadria Stream and 

are at least an order of magnitude less frequent in Strimm Stream. 

 

Methods 

The compilation of the mass wasting inventory (Figure 5) follows the specifics detailed in 

Brardinoni et al. (2009, 2012, 2013). Specifically, the inventory is the result of visual 

inspection of: (i) four sequential sets of aerial photo stereo pairs (1959, 1969, 1982-1985, 

and 1992-95), ranging in nominal scale between 1:20,000 and 1:30,000; (ii) digital 

orthophotos (2000, 2006, 2008, and 2011); (iii) high resolution Bing Maps 

(http://www.bing.com/maps/) digital aerial photos (2012); and (iv) 2011 LiDAR shaded 

relief (i.e., generated from a 1-m gridded DTM).  

Landslide scars and deposits are mapped as polygons in GIS environment, starting from 

1959 aerial photos and proceeding forward in time. Each landslide scar has been 

characterized in terms of: (i) year of first identification and vegetation dynamics over time 

(e.g., actively eroding, partial vegetation regrowth, complete vegetation regrowth); (ii) 

movement type (e.g., debris slide, debris flow, debris avalanche, bank failure, chronic 

surficial erosion); (iii) morphological position at initiation (e.g., open slope, gully headwall, 

gully sidewall, gully channel, escarpment face, rock glacier body, and glacier front); (iv) site 

of sediment delivery (e.g., slope, cone, fan, gully channel, permanent channel); (v) land 

use (e.g., alpine, pasture, bushes, conifer forest, mixed forest and farmland); and (vi) 

surficial material (e.g., bedrock, till and colluvium). 

Fieldwork conducted in the summer of 2013 and 2014 complements remotely-based data, 

and has entailed: (i) measuring the geometry of 35 landslide scars (i.e., length, width, 

depth, area and volume); (ii) classifying the failed surficial materials (e.g., bedrock, till and 

colluvium); and (iii) ground checking for all sediment sources accessible in the field and the 

reliability of the attributes assigned from aerial photo interpretation (API). Geometric 

measurements have allowed to constrain the following area-volume equation (R2 = 0.92): 

 

                                                V = 0.15 A1.14      (5) 

http://www.bing.com/maps/
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 which was then applied to all the sediment sources mapped from API so that the areas of 

the API-polygons could be transformed into volumes. The combination of API sources and 

fieldwork yields an inventory that covers 65 years. This is a conservative estimate, for it 

includes not only the 1959-2014 period, but also the previous ten years, as landslide/debris 

flow tracks, depending on vegetation dynamics, remain visible and assuredly detectable 

from API for at least 20 years (Brardinoni et al., 2003). 

 

Results and Perspectives 

We mapped a total of 959 erosion and 219 deposition polygons (Figure 5), covering an area 

of 0.64 and 0.35 km2 respectively, which accounts for about 6.7% of the combined study 

basins. In order to avoid counting erosion and deposition of the same events, which would 

result in estimating the same sediment export twice at a given location, we based the 

evaluation of the contemporary colluvial sediment yield on the mapping of deposition lobes 

only. The areas of these lobes were transformed into estimated volumes of sediment 

mobilized by applying equation (5). The result is a well-defined area-specific sediment yield 

relation with a linear declining trend according to a scaling exponent equal to -1, which 

indicates that sediment yield is independent of drainage area. In other words, we see that 

colluvial sediment yield does not decline or grow with increasing drainage area. These 

results, based on deposition lobes only, are considered as minimal estimates of sediment 

export in the study time window. Future work will entail integrating the data with the ED30 

database (Autonomous Province of Bolzano) that includes field-based measurements of 

debris-flow deposition lobes (Brardinoni et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Specific sediment yield as a function of drainage area in the Gadria and Strimm watersheds. 

Yield is solely associated to the deposition zones of rapid shallow failures including debris 

slides, debris avalanches, debris flows and bank failures mapped within a time window of 

65 years (1949-2014). 
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 River Scaling Concept – Morphodynamics Evaluation Tool (P.P. 11) 

 

Introduction 

River engineering structures such as bank protection or bed sills act as constraints on river 

morphology and limit morphodynamic processes. Accordingly, the deviations of a river’s 

morphology from a natural reference condition are attributed to the degree of artificiality in 

the observed river section and so far river restoration works mainly aim at reducing artificial 

constraints within the river reach. Less attention has been paid to alterations of the 

sediment continuum between sediment production in the river catchment and downstream 

river reaches. However, especially in gravel bed rivers, the sediment supply from upstream 

is strongly reflected by morphodynamics such as bar formation or reworking of the river 

bed. Any alteration of the quantity of sediment supply (i.e. sediment discharge) or sediment 

quality (e.g. grain size) may affect the morphological appearance of a reach and determine 

its deviation from an undisturbed condition.  

The Morphodynamics Evaluation Tool – as an extension of the River Scaling Concept - 

accounts for sediment supply and sediment transfer as preconditions for sustainable 

morphodynamics in river reaches. At the reach scale, artificiality and the sediment budget 

are assessed. In contrast to existing evaluation methods for assessing hydromorphological 

state, no reference condition is needed for determining hydro-morphological alterations. 

Here, with re-established sediment supply and reduced artificiality, a river reach is expected 

to develop the morphodynamics that approaches an undisturbed condition. 

 

Evaluation concept 

The application of the River Scaling Concept - Morphodynamics Evaluation Tool (RSC-MET) 

for reach evaluation follows a three-step process (Figure 7). First, the connectivity of the 

reach to sediment production in its catchment is evaluated. In the second step, the 

sediment transfer through the river network to the downstream reach is analysed. In the 

last step, the reach itself is investigated for its own sediment budget and for its artificiality. 

The evaluation procedure is performed from catchment to reach scale in a hierarchical 

manner: the score assigned to the reach’s catchment with respect to sediment supply 

defines the maximum score that can be achieved by the river network score concerning 

sediment transfer. In turn, the river network score is the maximum possible score that can 

be achieved by the final reach score. In contrast to existing methods for assessing the 

morphological quality of rivers, by following RSC-MET the sediment supply is considered as 

a prerequisite for sustainable functioning of morphodynamics. The hierarchical procedure 

ensures causal analysis of morphodynamics rather than interpretation of symptoms 

observed in the investigated reach. 
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Figure 7. River Scaling Concept - Morphodynamics Evaluation Tool. 

 

(i)  Catchment  

In a first step, the catchment of the investigated reach is investigated for artificial sediment 

barriers such as torrent control structures or weirs from hydropower plants. By assigning 

throughput coefficients to the sediment barriers the proportion of the produced sediment 

that has access to the river network of the reach is calculated. Artificial compensation of the 

sediment deficit downstream from weirs may be acknowledged in the decision tree. 

However, its contribution may be reduced by a sustainability weighting factor, which lets 

the user define the sustainability of compensation measures. 

 

(ii)  River network 

The river network is investigated for alterations in the transfer of sediment from the 

catchment to the investigated reach downstream. River engineering works in the upstream 

river network may alter the sediment budget by changing the sediment transport capacity. 

Training works such as channel narrowing may increase bed shear stress and hence 

sediment transport. Gravel mining or artificial sediment supply also affects the sediment 

budget of the river network. Degradation (bed level lowering and/or channel widening) in 

upstream reaches would increase, and aggradation (bed level increase as well as channel 

narrowing) would decrease the amount of sediment that is transferred downstream. 

Aggradation, degradation and especially dredging activities and artificial sediment supply 

mostly occur over a limited time. A reduction or increase of sediment supply to the 

investigated reach would therefore imply that the actual morphological condition of the 

reach, whether it resembles a natural or an altered condition, is temporary. By evaluating 

the sediment transfer within the river network, the sustainability of the morphological 

condition is considered in the evaluation. 
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(iii)  River reach 

While morphodynamics evolve with local bed aggradation or degradation, within the length 

of the river reach the sediment budget has to be balanced in a dynamic equilibrium to 

maintain the morphological condition. This is investigated based on repeated surveys of the 

channel geometry (cross section surveys or surveys including the entire channel). Second, 

the degree of artificiality is evaluated at the reach scale, since the sediment budget in a 

reach may be balanced just because of artificial interference in the channel processes. Non-

erodible crossing structures or artificial sediment supply may prevent bed degradation, and 

a narrowed channel due to groynes or repeated dredging may prevent aggradation. At any 

rate the ecological status has to be evaluated separately as well as interrelations. 

 

 

 A GIS-based planning system for targeting sediment management at 

hydrographic district scale (P.P. 8) 

 

Network-scale variability of fluvial forms and processes has been investigated for 

decades by field-based data. Because remote sensing data with medium to high spatial 

resolution are now available at a national scale (digital elevation model, aerial 

orthophotographs), new possibilities arise to measure and understand stream networks at 

multiple scales by coupling geomatical and statistical tools.  

A GIS methodological framework was therefore developed to support spatial analysis of 

stream networks based on disaggregation and aggregation procedures of geographical 

objects derived from remote sensing data. First, a spatial database of elementary attributes 

was generated by continuously measuring the stream network at the scale of high 

resolution spatial units derived from spatial disaggregation of three basic geographical 

objects (streamline, valley bottom, and active channel, the latter on a limited area). Such a 

database can be used to answer a wide range of questions by delineating meaningful spatial 

units at the network scale through spatial aggregation procedures. Second, the Pettitt 

(1979) threshold test was used to delineate homogeneous spatial units relevant for stream 

network measurement and to derive thematic maps in relation to simple spatial requests. 

Additional tests are now available to delineate reaches based on dichotomous variables 

(HMM algorithm) or periodic patterns (Wavelet analysis). Recently, all the tools developed 

have been implemented in an ArcGis tool box. 

The methodological framework can be used to answer a large range of questions and 

develop planning strategies for restoring rivers and floodplains in the context of constraining 

legislative frameworks at the national scale (e.g., the Water Framework Directive within the 

European Union). Because rivers exhibit a wide range of properties, applied questions are 

often many and a given sampling strategy is never adapted to cover the entire range of 

objectives and spatial requirements. For example, the methodological framework can be 

used for developing large-scale sampling designs, elaborating classification schemes, 

extrapolating data or developing a modeling approach (e.g. modeling how the changes in 

the watershed settings propagate in the stream network, from the reach scale to the scale 

corresponding to in-channel features). Because it is a database that can be shared, it is also 

possible to accumulate data over time, improve techniques used, recalculate procedures 

and test hypotheses allowing both progressive regional understanding of geomorphic 

features and providing objective information for targeting actions. 
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Figure 8. Schematization of the three types of nested spatial units introduced in the methodological 

framework for the GIS measurement of stream networks. 

 

 

 

Following this methodology, we tested the capacity of the functional sector concept 

(Petts and Amoros, 1996) when used to assess the risks of environmental changes 

(Bertrand et al., 2012). The application of this concept is illustrated by examples focusing 

on the potential impacts of sediment replenishment on functional sector diversity used as a 

proxy for habitat diversity, and on trout distribution at a network scale. A cluster analysis 

performed on the components of a principal component analysis established a functional 

sector typology based on channel planform parameters. We calculated an index of present 

and 1948 functional sector diversity for the entire channel network to highlight past 

evolutions. A sensitivity analysis was then performed to predict changes in functional sector 

diversity resulting from defined options of sediment reintroduction through planned forest 

removal. A similar procedure was developed to evaluate likely changes in brown trout 

distribution resulting from the impacts of the actions on canopy cover and summer water 

temperature. Two examples were used as pilots to evaluate a sensitivity analysis approach 

based on functional sector types (FSTs) to test management actions aimed at improving 

aquatic ecology.  

Similarly, but at another spatial scale, the methodology was applied to discriminate 

torrents according to whether they are susceptible to producing debris-flow or fluvial fans 

from morphometric indicators measured at the scale of the catchment and the fan itself. A 

database of 620 upland catchments from several mountain ranges in temperate climates 

was compiled from the literature to propose robust discriminant morphometric thresholds 

for debris-flow versus fluvial responses. Linear discriminant analysis (LDA) and logistic 

regression (LR) were performed using the whole data set, and a leave-one-out cross-

validation was used to evaluate performances of the models. Sensitivity and specificity 

scores obtained for LDA and LR were 0.96 and 0.73, and 0.95 and 0.75, respectively. 

Models are based on indicators such as the Melton index (R), a normalized index of the 

gravitational energy of the catchment, and the fan slope (S) which have been calculated at 

the scale of the southern European French Alps using the GIS procedures described above 

to map torrents according to their susceptibility to debris flow (Bertrand et al., 2013; 

Bertrand, 2014). 
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Figure 9. Network-scale mapping of total stream power and location of gaging stations – Rhône 

hydrographic district. 
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3.1.4.2. Estimation of sediment transfer characteristics for Alpine 

basins  

 

 Sediment and large wood data collection for sediment and large wood budget 

(P.P. 9) 

 

The monitoring and analyses of suspended sediment concentrations (SSCs) and bedload 

(BL) are important for understanding the processes directly connected with soil erosion, 

extreme hydrological events and ecological conditions involving catchments and streams. 

Information about the concentrations of suspended solids and amount of bedload in the 

river network is also important from the integrated water resources management point of 

view. Suspended sediments are composed of organic and inorganic materials and can 

include, among other particles, nutrients, pesticides and other chemical pollutants (Nourani 

et al., 2012). High concentrations of these particles can aggravate the ecological conditions 

of streams, which can endanger fishes and other aquatic organisms (Bilotta and Brazier, 

2008). Most of the suspended sediment and bedload is generally transported during a few 

extreme events (Lenzi et al., 2003). However, in some cases moderate magnitude and high 

frequency flows can have even greater influence on the suspended sediment loads (Tena et 

al., 2011) and also bedload. 

 

Comprehensive analyses of measured data are necessary to improve the understanding of 

processes that are correlated with sediment movement. Trend analyses, which can be 

performed at different scales (global, continental, national or basin), along with a basic 

mass balance analysis, is another important aspect of the sediment data analysis. 

 

The Slovenian Environment Agency (ARSO) performs SSC and BL monitoring in Slovenia. 

SSC measurements began in 1955. Over more than 50 years of measurements, the network 

of monitoring stations was modified many times. At most stations, measurements were 

performed primarily only during high flow events. SSC samples were collected with one-litre 

bottles from a point in the measuring cross-section and generally between 10 and 20 

centimetres below the water level. In the laboratory, the SSC samples were dried and 

filtered (Ulaga, 2005; Bezak et al., 2013), then concentrations were determined. Figure 10 

shows the locations of gauging stations where the monitoring of SSCs was performed in the 

past. The number of measuring years is given in brackets. Stations where the 

measurements were continuous (daily) and where observations were performed mainly 

during high flows are marked by different symbols. Continuous daily SSC data are available 

until 2006, between 2006 and 2012 observations were performed only during high flows, 

however not all were recorded (Bezak et al., 2013). In the next few years ARSO intends to 

renew the SSC measuring network, with manual sample collection being replaced by 

continuous high-frequency turbidity observations. Turbidity sensors will be installed in 

stations where continuous SSC observations were performed prior to 2006. 

 

Few BL measurements were performed from 1955-1965, and these were not continuous. 

Due to the scarcity of BL data and the fact that BL observations were performed more than 

50 years ago, sediment dynamics, mass balance and trend analysis for Slovenia was based 

on SSC data.  
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Figure 10. Locations of gauging stations where SSC measurements were performed with the digital 
elevation model of Slovenia. 

 

Table 1 shows some basic properties of the analysed catchments and gauging stations that 

have at least three years of continuous daily SSC measurements. For the Šentjakob (Sava 

River), Radeče (Sava River), and Veliko Širje (Savinja River) gauging stations, different 

periods were also examined). The values presented in Table 1 are based on the SSC and 

discharge data, which were collected by ARSO.  

 

The trend analysis for the SSC samples at a national scale indicates that approximately half 

of the samples expressed a negative trend and half a positive trend. Nevertheless all the 

statistically significant trends were decreasing. Possible reasons for the statistically 

significant negative trends include construction of wastewater treatment plants, 

sedimentation in the hydropower plants reservoirs and closed mines in some regions. 

Furthermore, in the past, soil erosion in Slovenia was a more apparent problem because of 

higher percentage of farming areas. Only 36% of Slovenian territory was covered by forest 

in 1875. Nowadays it has more than 60% of forest areas and the percentage is increasing. 

Consequently, the soil erosion rates are presumably declining, which is also evident from 

the SSC trend analysis. 
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Table 1. Basic properties of gauging stations with at least three years of continuous SSC 

measurements. 
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Gornja 

Radgona 
Mura 1977-2005 10,197 150.7 49.5 407,388 

Petanjci Mura 1956-1973 10,391 171.7 111.0 
1,015,94

8 

Polana Ledava 1963-1973 208 1.6 140.7 20,985 

Ranca Pesnica 1967-1973 84 1.1 55.1 3,769 

Zamušani Pesnica 1967-1973 478 5.8 47.6 15,057 

Šentjakob Sava 1955-1973 2,285 97.5 23.9 142,775 

Šentjakob Sava 1978-1993 2,285 84.3 23.8 157,370 

Hrastnik Sava 1997-2006 5,177 152.7 24.0 241,030 

Radeče Sava 1955-1973 7,084 232.3 84.1 838,544 

Radeče Sava 1975-1993 7,084 209.0 69.5 739,304 

Laško Savinja 1990-1993 1,664 38.7 25.1 98,586 

Veliko Širje Savinja 1955-1973 1,842 45.6 54.5 167,766 

Veliko Širje Savinja 1978-1989 1,842 45.3 51.3 216,285 

Veliko Širje Savinja 1994-2005 1,842 39.9 46.8 216,237 

Kobarid Soča 1962-1973 437 35.1 19.3 52,560 

Miren Vipava 1985-2005 590 16.7 19.0 29,785 

 

Large wood data collection for large wood budget estimates 

Large wood (LW) that falls into torrent channels plays an important role in forming pools, 

riffles, impoundments, affecting water flow speed and sediment transport, and creating 

more complex channel geometry. LW increases hydraulic resistance (Shields and Gippel, 

1995; Manga and Kirchner, 2000; Shields et al., 2003), water retention time (Ehrman and 

Lamberti, 1992), sediment storage (Smith et al., 1993), etc. Therefore, it is important to 

understand how fallen wood effects hydraulic processes in torrents. Forestry services 

usually have good data on the estimates of the volume of the total forest stand; however, 

these data are difficult to relate to potential LW budgets that could potentially become large 

woody debris in stream channels. In order to estimate LW recruitment potential in torrential 

watersheds and to describe the interactions of wood and torrential sediments in a cascading 

forested torrent channel, we performed a field survey on the lower reach of the Kuzlovec 

torrent in the Gradaščica River catchment, using classical forestry field survey methods and 

a terrestrial laser scanner (TLS). The 595.5 m long section of the torrent channel was 

scanned with TLS. 574 wood pieces that correspond to the LW definition were found in the 

torrential channel and on the neighbouring slopes (15 horizontal metres on either side of 

the torrent). The calculated volume of LW was compared to the volume obtained from field 

measurements performed by a forestry expert on a shorter subsection. Results are 

summarized in Table 2.  
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Table 2. Large wood volume calculation based on comparison with field measurements in 

two smaller test areas. 

 

 Large wood pcs. Volume 

[m3] 

Complete volume 

[m3] 

Corrected volume 

[m3] 

Field 

measurements 

129 14.1   

TLS calculation 106 13.6 48.7 50.5 

 

The total LW volume was calculated as 48.7 m3. The smaller volume obtained from the TLS 

is mainly a consequence of the inability to detect some wood pieces or their parts from the 

TLS data due to terrain configuration and TLS shadows (almost 20% of the total LW length 

was not detected). Considering the correction factor (14.1m3/13.6m) the total sum of LW 

volume along the scanned channel was estimated to be 50.5 m3 or ~0.1 m3 per running 

metre of channel. This corresponds to a dead tree volume of approx. 30 m3/ha. The 

distribution of LW along a section of the Kuzlovec torrent is shown in Figure 11. If compared 

to the average forest stand for the studied area (346 m3/ha), LW found close to the torrent 

channel represents ~9% of the woody biomass. 

 

 

Figure 11. DTM and the distribution of LW along a reach of the Kuzlovec torrent. 

 

Large wood budget - sleet apocalypse in Slovenia  

Large wood damaged during natural disasters (thunderstorms, extreme wind, sleet, etc.), if 

not properly managed, can be a source of large woody debris in streams and rivers. 

At the end of January and during the first days in February 2014 Slovenia was hit by 

freezing rain, heavy snow and devastating sleet. 11 out of 13 regions were affected (Figure 

12). This resulted in the greatest natural disaster in Slovenian forests, called a “sleet 

apocalypse” and caused havoc across forests and parks. 
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Figure 12. Slovenian regions affected by the 

sleet event. 

 

 

Figure 13. The areas of greatest forest damage 

by municipalities (Slovenia Forest 

Service, 2014). 

The Ministry of Agriculture and Environment of Slovenia estimated that about 40% of 

forests or 500,000 hectares of woodland were damaged. In some places 80% of the forest 

was damaged. Deciduous trees were more affected than conifers. Figure 3 shows the 

estimated % of damaged forest by municipalities. Total volume of fallen and damaged trees 

after the storm was approximately 11 million m3 and represents about 275% of the average 

annual harvest in Slovenia. According to the estimates made by Slovenian Forest Institute, 

damage in forests caused by the sleet amounts to around 194 million € (Slovenian Forest 

Service, 2014).  

The recovery of forests will take a long time. First, the damaged forest roads will have to be 

rebuilt, fallen and damaged trees will be removed from the forests. Forests will then need to 

be restored by either natural or artificial forest management measures. Slovenian forests 

are very renewable so natural regeneration will be dominant. However, artificial 

regeneration by planting seedlings will be necessary in some areas. Unfortunately, in August 

and October 2014 during several flood events, the problems related to the presence of the 

damaged trees in Slovenian forests that were transported along the river network as large 

woody debris became even more pronounced. Figure 14 shows the large woody debris 

deposition at a collapsed bridge in the Gradaščica River catchment. 

  

 

 

 

Figure 14. Large woody debris in the Gradaščica River channel. 

 

As a possible solution for the management of the fallen tree trunks, these could be sold at a 

discounted price to the wood-processing industries or used for bioengineering constructions 

for stream channel and bank protection and stabilisation. E.g., a Krainer wall is a very 

applicable system of round wooden logs used for stream channel stabilisation. 
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 Constraining source-to-sink colluvial sedimentary pathways in the Gadria and 

Strimm watersheds, Vinschgau/Val Venosta, Italy (P.P. 4) 

 

Introduction 

This contribution aims to characterize the redistribution of colluvial material (i.e., derived 

from shallow-rapid failures) across the landscape components of the Gadria and Strimm 

watersheds, mid Vinschgau/Val Venosta, Eastern Italian Alps. In addition to the mere 

quantification of sediment yield with drainage area, we are interested in quantifying and 

ranking the colluvial sedimentary pathways that link sites of erosion (or mass-wasting 

initiation) to sites of deposition (or terminus/run-out). In so doing we should be able to 

shed some light on the sediment yield black box presented in the first contribution about 

the same study basins (see section 3.1.4.1). 

 

Methods 

The basis for the analysis is the multitemporal inventory of colluvial sediment sources 

presented before, and as such follows the specifics proposed by Brardinoni et al. (2009) 

(see section 3.1.4.1 for further details). For the same reasons detailed earlier, we limit our 

analysis to volumes associated to deposition polygons only. In addition, we classify and 

stratify our mapped mass-wasting events according to morphologic position at initiation, 

transport, and deposition so that we can trace sediment fluxes from initiation sites (Table 

1), across the relevant transport zones (Table 4), and down to the deposition areas (Table 

5). This classification procedure was initially undertaken via aerial photo interpretation 

(API), and was followed by two field campaigns of ground truthing in the summer of 2013 

and 2014. Initiation sites include: (i) bedrock-talus transition; (ii) open slope; (iii) 

escarpment face; (iv) gully headwall; (v) gully sidewall; (vi) gully channel; and (vii) river 

bank (Figures 15 and 16). Transport zones include: (i) talus slope; (ii) talus cone; (iii) gully 

channel; (iv) perennial tributary; and (v) main channel. Deposition sites, or termini, 

include: (i) kame terrace; (ii) rock glaciers & moraines; (iii) talus slope; (iv) talus cone; (v) 

colluvial fan; (vi) gully channel; and (vii) main channel. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. (a) Open-slope rotational slide delivering material directly to a main channel (high 

sediment delivery potential). (b) Debris-flow deposit resting on a vegetated colluvial fan 

that has no opportunity for reaching the drainage network (low sediment delivery 

potential). 

a b 
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Figure 16. (a) Headwall gully system (top left) feeding a debris-flow channel that is directly 

connected to Strimm Stream (high sediment delivery potential). (b) Debris slides 

triggered at open-slope and gully-headwall locations connected to gully channels 

(medium-to-high sediment delivery potential). 

 

Results 

In the 1949-2014 study period we estimate that the 219 active sediment sources have 

mobilized a total of 110,000 m3 of material across the Gadria-Strimm system. This figure 

does not include the volumes of sediment transported by channelized debris flows along the 

main stems of Gadria and Strimm Streams. Initiation sites are numerically dominated by 

gully headwalls, which account for nearly half of the total, followed by gully sidewalls and 

gully channels (Table 2). The similar ranking, observed in terms of mobilized volumes, 

confirms that gullies are by far the most unstable sites in the area as they generate 81% of 

the sediment (Table 3). 

 

Table 3. Number of sediment sources and associated mobilized volumes of debris stratified by 

morphologic position at initiation site. 

Initiation site 

Volume of debris Sediment sources 

(m3) % Count % 

Bedrock-talus 

transition 3,429 3.1 12 5.5 

Open slope 6,064 5.5 21 9.6 

Escarpment face 6,329 5.8 26 11.9 

Gully headwall 43,079 39.3 98 44.7 

Gully sidewall 30,668 28.0 24 11.0 

Gully channel 14,974 13.7 37 16.9 

River bank 5,085 4.6 1 0.5 

a b 
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From gully headwall and sidewall locations sediment is routed downstream chiefly through 

gully channel systems (ephemeral channels, 50.8%) and through perennial tributary 

channels (22.1%) (Table 4). About 22% gets transported across talus cones and talus 

slopes in which the opportunity for travelling further downstream decreases dramatically. 

Sediment deposition exhibits a more composite pattern of redistribution among geomorphic 

elements (Table 5). About 40% is delivered to unchannelled topography (i.e., kame 

terraces, rock glaciers and moraines, talus slopes and talus cones) and as such will increase 

the sedimentary storage component of the study basins. Over 37% of the material enters 

the perennial channel network and will therefore be subjected to ordinary fluvial transport. 

About 22% of material ends up on steep gullies and colluvial fans whose transport regime is 

dictated by the magnitude and frequency of debris flows. Future work will involve combining 

the present volumetric data with the ED30 database (Autonomous Province of Bolzano) that 

includes field-based measurements of debris-flow deposition lobes (Brardinoni et al., 2012) 

along the main channels of Gadria and Strimm basins. 

 

Table 4. Number of sediment sources and associated mobilized volumes of debris stratified by 

morphologic position along the transport zone. 

Transport zone 

Volume of debris Sediment sources 

(m3) % Count % 

Talus slope 14,286 13.0 47 21.5 

Talus cone 10,330 9.4 43 19.6 

Gully channel 55,664 50.8 118 53.9 

Perennial tributary 24,263 22.1 10 4.6 

Main channel 5,085 4.6 1 0.5 

 

 

Table 5. Number of sediment sources and associated mobilized volumes of debris stratified by 

morphologic position at deposition site. 

Deposition site 

(terminus) 

Volume of debris Sediment sources 

(m3) % Count % 

Kame terrace 3,568 3.3 10 4.6 

Rock glacier & moraine 4,707 4.3 13 5.9 

Talus slope 27,621 25.2 92 42.0 

Talus cone 8,440 7.7 42 19.2 

Colluvial fan 16,127 14.7 28 12.8 

Gully channel 7,978 7.3 15 6.8 

Main channel 41,187 37.6 19 8.7 
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 Sediment transfer characteristics (P.P. 11) 

 

Introduction 

The sediment transport in a river is part of the natural sediment cycle. Rivers act as ‘jerky 

conveyor belts’ (Ferguson, 1981), episodically transporting sediment eroded within a 

catchment towards the basin outlet. Not all of the transported sediment reaches the basin 

outlet, given storage processes along the river and its floodplain. This ‘sediment delivery 

problem’ (Walling, 1983) makes a quantification of sediment transfer challenging. This 

chapter provides a summary of factors determining sediment transfer, and of methods for 

assessing the sediment transfer through the river network.  

Transfer of sediment may occur in longitudinal, lateral and vertical direction (Fryirs, 2013). 

The linkages differ between the headwater, mid-catchment and lowland plain (Figure 17). 

Sediment may move downstream with intermediate storage within channel features such as 

bars, or may be laterally transferred into more permanent zones of storage such as the 

floodplain (Fryirs and Brierley, 2001). Erosion of the floodplain through riverbank erosion 

may again release sediment that was immobile for long periods of time. In vertical 

direction, sediment may form an armouring layer which protects from bed erosion, or fines 

may fill the interstices of gravel. 

In most Alpine rivers and in many rivers worldwide, these linkages are subject to significant 

alteration. Human modification of the rivers (e.g., river straightening, protection of banks, 

construction of dams) or change of land use may affect (or even block) the linkages for 

sediment transfer along the river. Additionally, climate change may affect a river’s 

hydrology and hence the fluvial process of sediment transport; apart from impacts on 

sediment production due to vertical shifts of the treeline and snowline (Evans and 

Slaymaker, 2004) or effects on morphodynamics given a change of riparian vegetation. 

 

Determining sediment transfer 

The components of sediment transfers in an investigated river section can be quantified 

based on repeated surveys. Rating curves for bedload and suspended sediment transport, 

as well as the hydrology for the investigated time period (i.e. the time span between two 

surveys) are needed at least at one cross section for calculating average sediment yields. 

Additional knowledge of grain size distributions in the riverbed and riverbank allows 

estimating the proportions of suspended sediment and bedload released in the case of 

erosion, or the proportions of suspended sediment and bedload transport that are 

depositing in the case of aggradation. 
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Figure 17. Sediment linkages in an idealized catchment (Fryirs, 2013) 

 

Based on the elevation differences between the earlier and later survey and on the 

knowledge of the corresponding grain sizes, the sediment transport (bedload and suspended 

sediment) can be calculated within the entire river section, allowing to also back-calculate 

the sediment supply that entered the investigated river section from upstream. Abrasion 

(mechanical disintegration of particles) needs to be accounted for as it changes the grain 

size distribution, also causing a transition of bedload to suspended load. Cross-sectional 

surveys are sufficient for determining the elevation differences, if the distance between the 

cross sections is not too large for capturing the river’s morphology (in regulated rivers a 

distance similar to channel width or larger may be sufficient). The porosity of the sediment 
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has to be estimated to be able to relate measured masses of sediment transport to volumes 

resulting from bed elevation differences.   

Frings et al. (2014) established a sediment budget for the regulated Rhine River for a 21-

year period (1985-2006). Based on the budget components these authors used, the 

following budget can be established for rivers, where bank erosion may occur: 

    SOOOOIIII afedbatu                                       (6) 

with Iu sediment input from upstream, It sediment input from tributaries, Ia artificial 

sediment supply, Od sediment transport out of the river section at the downstream end, Oe 

sediment extraction, Of floodplain sedimentation, Oa abrasion, and ∆S change of stored 

sediment due to bed level changes. Units are uniformly in tonnes/a or m3/a.  

 

Figure 18. Components of sediment transfer determining the sediment budget of a river reach. 

 

Calculation based on cross-sectional surveys 

When the cross section surveys also cover the riverbanks and floodplain, supply from bank 

erosion (Ib) and sediment output through floodplain sedimentation (Of) may be subsumed 

together with bed level changes in S. The elevation differences measured at one cross 

section from two points in time produce an area of cross-sectional change. Calculating the 

mean value of cross-sectional change from the cross sections at the upstream and 

downstream boundary, and multiplying by the distance between the cross sections gives the 

change of sediment storage S.   

In a cross section downstream of a cross section with known sediment transport, the 

sediment transport can then be calculated via: 

   aetaud OOSIIIO                                               (7) 

The obtained values for sediment transfer have to be evaluated with consideration of the 

flow events in the investigated time period. The results of sediment budget analyses tend to 

include significant temporal and spatial clumping (Walling, 1983), especially when obtained 

from short timeframes. 
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3.1.4.3. Considering effects of formative and effective discharge 

assessment 

 

 Effective discharge for bedload and for suspended load (P.P. 11) 

 

Design floods are hypothetical floods which are often used for different river planning 

activities and floodplain management investigations. The basic idea is to use a typical 

discharge condition, which allows a detailed understanding and description of sediment 

related issues. The integration of this typical discharge over time leads to a design flood. 

The selection of the used design flood depends on the question of interest. The most 

commonly used design flood is defined by its probability of occurrence Qri and often applied 

for the design of flood protection systems. Typical design floods based on the return interval 

are Q5, Q10, Q30, Q50, Q100, Q300. 

Morphodynamic investigations dealing with sediment transport are often focused on the 

long-term stability of river channels. The representative discharge used for these studies is 

called channel forming discharge Qcf. The basic concept behind the channel forming 

discharge is to use a steady discharge for a known alluvial channel geometry. Given enough 

time, this channel forming discharge would produce width, depth and slope equivalent to 

those produced by the naturally occurring hydraulic conditions. Although the concept of the 

channel forming discharge is not universally accepted (Shields, 2008), it provides a very 

helpful tool for sediment related investigations on rivers.  

After Shields (2008), the definition of a single value for the channel forming discharge 

seems difficult in many cases. Therefore, the following terms have been suggested to 

quantify the channel forming discharge Qcf :  

 Effective discharge Qeff (the discharge that, over time, transports most of the 

sediment) 

 Bankfull discharge Qbf 

 Discharge based on a statistical return interval Qri 

Generally, the effective discharge Qeff requires a large data set and is very useful for 

investigations concerning channel design. The bankfull discharge Qbf can be very dynamic in 

unstable channels and field indicators for determination of Qbf can be misleading. The 

discharge based on a statistical return interval Qri is often used for a first estimation of Qeff 

but contains no physical basis.    

For determining the effective discharge the following process is suggested:  

1. Create a frequency distribution (histogram) for discharge  

2. Create a sediment transport rating curve (based either on monitored or calculated 

bedload data) 

3. Integrate the two relations by multiplying the sediment rate for a specific discharge 

class by the discharge. The maximum value (a x b) is the effective discharge 

Figure 9 presents the conceptual idea in the establishment of the effective discharge Qeff. 

Shields et al. (2008) recommend that the record period for the hydrograph should be at 

least 10 to 15 years. Furthermore, the use of daily mean values for the discharge tends to 

slightly underestimate the sediment transport and therefore Qeff. There are no definitive 

rules for the selection of the most appropriate interval and number of classes for the 
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creation of a histogram (Thorne, 1998). However a setup of 25 classes with equal arithmetic 

intervals seems to produce good results (Hey, 1997).  
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Figure 19. Construction of the effective discharge: multiplying the discharge frequency histogram and 
the sediment rating curve to produce a collective sediment discharge histogram.  

 

If available, it is recommended to split the total sediment rating curve into bedload and 

suspended load. Due to the dissimilar transport characteristics, bedload and suspended load 

rating curves will differ. This leads to different results for the calculation of the effective 

discharge. The effective discharge for bedload (QeffB) of a gravel bed river (Dellach/Drau) is 

shown in Figure 20. The presented QeffB at the station is 285m³s-1, which is slightly lower 

than the annual flood (300m³s-1). In contrast, Figure 21 shows the effective discharge for 

suspended load (QeffS) at the same station (Dellach/Drau) with a result of 175m³s-1. Due to 

the usage of the same discharge frequency, the distribution of the collective sediment 

discharge (a x b) looks somehow similar in both graphs, with a wide plateau of transport 

intense discharges. The effective discharge for suspended sediment (QeffS) can be derived as 

110m³s-1 lower discharge than the effective discharge for bedload (QeffB). Furthermore, the 

distribution of QeffS is shifted to lower discharges. 
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Figure 20. Effective discharge for bedload at the monitoring station Dellach/Drau using a 112 year 
hydrograph of the Oberdrauburg gauging station (10km upstream Dellach/Drau). 
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Figure 21. Effective discharge for suspended load at the Dellach/Drau monitoring station using a 112 year 
hydrograph of the Oberdrauburg gauging station (10km upstream Dellach/Drau). 

 

Discussion 

The calculation of the channel forming discharge Qcf using Qeff, Qbf or Qri provides single 

values for the design discharge. After integration of these values over time, they can be 

used as design flood to calculate sediment budgets. However, natural fluvial systems reveal 

a huge variability in the processes occurring that are very difficult to describe with a single 

discharge value or design flood. Therefore, it is important to consider the whole transport 

distribution rather than focus on one single discharge value. Furthermore, the specific aim 

of the investigation and a good understanding of the relevant process are of great 

importance.  

For specific river engineering and management questions, the relevant discharge (or range 

of discharges) may differ greatly from the calculated channel forming or effective discharge. 

For example, the long-term evolution of the riverbed is strongly dependent on the range of 

discharge where most of the material is transported. In the presented Qeff for the Drau River 

(Figure ), around 60% of the total bedload is transported in discharges lower than Qeff. It is 

known that the use of transport rating curves tends to overestimate the sediment transport 

at high discharge conditions. The estimated 60% is therefore likely to be even higher, which 

underlines the great importance of the discharge range between mean discharge and the 

annual flood for the riverbed evolution. On the contrary, the stability of bridge piers and 

riverbanks is typically endangered by big flood events with much higher discharge rates 

than described by Qeff. For suspended sediment, transport rates in medium flow conditions 

are relevant concerning the deposition in reservoirs, whereas very high transport events 

have an impact on fish habitats for example. Based on the question of interest, the selection 

of the relevant result may differ and must be defined individually for every investigation. 

For problems related to deposition issues, sediment yields and budgets are of great 

importance. Sediment transport rates on the other hand have influence on the actual water 

level during flood events or the grain size distribution of the transported sediment. Design 

floods only show the maximum sediment yield per discharge class. However, extreme floods 

may lead to much higher specific transport rates and yields. Thus, major dislocations, river 

widenings and formation of secondary channels may occur during extreme events despite 

the fact that the highest yield occurs at a discharge less than the annual flood.  
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3.1.5. Procedures for determining scenarios to be used for flood 

mitigation  

3.1.5.1. Interaction with structures and sediment continuity (P.P. 3) 

Natural river systems are typically characterized by a sort of dynamic equilibrium between 

erosion and deposition processes thanks to the remobilization of sediment during flood events 

and also during low flow conditions. This natural and dynamic equilibrium is affected by the 

impact of human interventions. Generally, the building of artificial structures (e.g. dams, check 

dams, bank protections.) produces sedimentation processes in the upstream parts of the fluvial 

network and erosional processes along the downstream reaches. This typically produces 

problems of a surplus of sediments in the upper part of the basin and, on the other hand, a 

sediment deficit along the lower part of the river network. As a result it is possible to see 

reservoir sedimentation, riverbed degradation and many other morphological changes.  

Sedimentation processes are, typically, in equilibrium in a natural river system. The 

construction of human structures influences this balance. In fact, reservoirs and less steep 

reaches decrease the flow velocities, turbulences and bed shear stresses. These reductions 

lead to deposition of the sediment transported as bedload and suspended load. This increase in 

sedimentation can reduce the storage volume by “filling up” the reservoir upstream of dams or 

check dams. On the other hand, decreased reservoir volume reduces and - in extreme cases - 

eliminates the capacity of hydropower production, water supply, irrigation and flood control 

benefits (Morris and Fan, 1998). 

Upstream of the dams, reservoirs are subjected to several types of sedimentation as a function 

of the geomorphology (geology, slope, topography and land use, drainage density, climate, 

etc.) of the watershed and the biological cycles in the reservoir or the drainage basin, in the 

following order of importance. 

 

1) Erosion of the drainage basin produces dissolved substances and mineral particles in an 

assortment of sizes, shapes and types that are related to the rock type and slope of the 

drainage basin. In addition, landslides produce debris flows. Sediment is delivered to the 

reservoir both as suspended sediment load and as bed load. 

2) Sedimentation occurs due to plant debris from the drainage basin and from vascular 

plants and phytoplankton in the reservoir. The debris decomposes very slowly and often 

forms alternating layers with mineral deposits. The mud resulting from this type of 

sedimentation is very fine and extremely fluid, often with a gelatinous texture. 

Accumulation of mud at a rate of several centimetres per year often causes problems when 

a reservoir is drawn down or drained. It has a very high organic content resulting in heavy 

consumption of dissolved oxygen. The proportion of sedimentation caused by each type 

may be assessed by on-site visual observations and by analyses of the sediment deposit. 

 

In this context, the reduction of storage capacity reduces and eventually eliminates the 

capacity for flow regulation and concomitant benefits such as water supply, flood control, 

hydropower, navigation, recreation, and environmental aspects that depend on releases from 

the storage basin.  

The ecological impacts of a disruption of longitudinal and lateral river continuity can be a 

reduction of dynamic processes and habitat diversity, changes in ground water levels, sediment 

regime and water temperature, etc. Ecological challenges are closely linked to 
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hydromorphology because living organisms react to abiotic factors in their habitat, like flow 

velocity, bed material, and suspended sediment concentration 

There is also a mutual interaction between sedimentation and hydropower. In fact, not only 

does hydropower affect sediment regime and river morphology, but also hydropower activities 

are affected by sediment transport.  

A lack in sediment transport from the upper part of the basin, due to the retention and 

deposition of sediment in reservoirs and just upstream of the check dams produces, generally, 

a decrease of the sediment transport in the lower part of the basin. This produces further 

erosion in these reaches.  

Inhibited sediment continuity can produce bedload deficit generating riverbed degradation. 

 3.1.5.2. Performing analysis of different types of torrent control 

works (P.P. 3) 

Protection actions against floods linked to sediment and wood transport need the estimation of 

sediment and wood budget, so as to be able to understand, in a quantitative way, the reach 

behaviour associated to specific flood events and to plan sustainable managing actions. 

The planning of sustainable actions are grouped in two main categories acting at catchment 

scale:  

 extensive not structural actions dealing with forestry, soil bioengineering and shallow 

landslide management;  

 intensive hydraulic works concerning transversal and/or lengthwise structures along the 

river networks.  

Furthermore, mountain hydraulic works are of two functional types:  

 consolidation structures; 

 retention structures. 

The former aim to stabilise the stream bed and the banks in the upper and middle part of the 

catchment, slow down degradation of the bed profile, and reduce the sediment supply to the 

fan areas. Consolidation works consist of a sequence of check-dams, bed sills, grade control 

structures or man-made artificial step pool systems (Lenzi et al., 2000). 

Retention structures aim to control the transit of impulsive water-sediment flows, which would 

otherwise not be absorbed by the terminal reach of the torrent or by the man-made 

canalization flowing on the alluvial fan, or would not be discharged at the junction with the 

receiving river. Retention structures consist of check dams of suitable height (2.5-12 m) and 

their function is to trap and partly strain the estimated amount of sediment volume (Vs) in the 

expected form of transport and to release slurries with lower Cv if compared to the entering 

sediment flow rates. Standard localization of these check dams is around (upstream and/or 

downstream of) the fan apex, with a few exceptions due to particular topographic conditions. 

Functional failure of these structures may cause loss of human life and economic damage to 

houses and infrastructures, because several concurrent phenomena can occur: 

- direct impact of high density fluxes against buildings and vehicles; 

- vast burial of depositional areas or fans by sediments; 

- deep erosion of the channel during the recessional phase of the event; 

- direct clogging of the channel and/or culverts and following avulsion, flooding and 

erosion of unprotected areas; 

- clogging of the junction tributary-receiving river and retrogressive filling up with 

sediment of the tributary; 
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- clogging of the junction tributary-receiving river in the receiving river: lake formation in 

the river, backwater profile and inundation upstream of the clog, dam break hazard 

affecting the downstream river reach.  

Traditional retention check dams were constructed as closed barriers (Thiery, 1891; 

Valentini, 1912), but for 20-30 years these structures have been replaced by straining 

check dams, thus by barriers with openings in their vertical face; such works are called 

open check dams (Figure 22). Therefore, it is essential to consider the sediment and wood 

transport processes for developing more efficient and sustainable structures and protection 

strategies. 

The first organized actions at basin scale for controlling sediment transport in mountain 

rivers date back to the 16th century (Benini, 1990). In that period building materials 

consisted of wood and stone. Consolidation check dams were placed in the upper and 

intermediate reach of the basin where degradation processes were active, while retention 

check dams (RCD) were built in the fan apex or in a suitable reach of the torrent along the 

fan. The optimum locations for a retention check dam were rocky gorges and the 

downstream end of wide reaches. The rocky gorge guarantees valid static conditions and 

offers the chance of raising the original check dams height. The upstream widening 

maximize the sediment storage capacity for a given dam height.  

 

Figure 22. Example of an open retention check dam following the Genet type: tributary in the Susa 

Valley (Turin, Piedmont Region, Italy). 

During the years 1935-1970 material for building check dams changed according to the 

improving technology: boulders or stones cemented with mortar first, then concrete and 

reinforced concrete. Retention check dams increased the capability to bear dynamic thrusts 

associated to slurry flows. Along with such innovation the functional goals of RCD changed 

and were directed to look for a more selective sediment entrapment. In fact, the behaviour 

of closed RCD had shown several negative outcomes: 

1) The efficiency is temporarily limited to a few flood events if the storage capacity is not 

re-established through removal of deposits. 

2) Unimportant ordinary flood events may reduce the storage capacity and decrease the 

expected trapping efficiency on the occasion of subsequent severe events. 

3) It is not necessary to trap all sediment sizes, because only the coarsest components 

cause damage and inability to convey flows. 

4) The continuous retention of sediments, even for ordinary floods, can reduce the sediment 

supply causing bed degradation and lack of sediments for lowland rivers and riverbanks. 

5) The adoption of RCD does not allow to focus the trapping efficiency depending on the 

prevalent form of transport (bedload, debris flow with or without logs).   
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6) The RCD interrupts the river continuum in mountain streams and damages the river 

ecosystem, mainly as regards fish migration. 

Taking into account points 1 and 2, French engineers (Genet, 1953; Monet, 1966) designed 

the first filtering-retention check dams (FRCD), inserting rectangular openings crossed by 

horizontal beams of steel in the vertical wall (Figure 22). The adoption of FRCD spread in 

France and in the Alpine region (Austria, Switzerland, Italy) (Puglisi, 1967; Kronfellner-

Kraus, 1970; Fattorelli, 1971) and also in Japan (Watanabe et al., 1980).  

An FRCD classification results from the main design goals: 

- Dosing check dams, when the function of reduction of sediment discharges around the 

flow peak is predominant (Üblagger, 1972); 

- Trapping check dams, when the aim of stopping most sediment volumes and particularly 

the coarsest components prevails. 

Dosing check dams are designed to partially reduce and modulate sediment discharges and 

the coarsest sediments passing downstream of a given channel cross-section. The objective 

is achievable through the hydraulic backwater induced by openings inserted in the wall of 

the check dam. For a flow rate (Qd) greater than the critical discharge for sediment motion 

(Qc) the openings have to become sections of control of the water surface profile. The 

resulting backwater profile reduces the mean flow velocity upstream of the barrier and then 

causes: 

- sedimentation and deposition behind the dam; 

- Cv reduction in the flow downstream of the structure. 

During the falling phase of the flood, when the backwater is no longer active, part of the 

deposit tends to be slowly eroded and facilitates a certain self-cleaning of the storage area 

and sediment supply in the downstream reach. 

The geometry of the openings consists often of a single rectangular slit (Figure 23) or 

single/multiple windows (rectangular, circular, etc.) associated to an overhanging spillway. 

The spillway can be designed to cooperate with the openings in bringing out the backwater 

profile, but is more frequently designed to discharge autonomously - as a spare spillway - 

the maximum discharge (from Q100 to Q200; subscript indicates the return period of Qd) in 

the case of complete obstruction of the openings. The design of openings can force the flow 

approaching the narrowing to recover the specific energy (H, head above the bottom) 

required by the control section (Hc). For a slit dam Hc corresponds to the flow energy at 

critical condition; for a flow under a gate (e.g. a window check dam) Hc depends on the 

head-discharge relationship of the opening geometry.  

 

 

Figure 23. Open slit dam built in the terminal reach of the Prampèr torrent (Belluno, Italy). 

The openings are designed according to the energy approach based on the following 

equation: 
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1c HkH                                                        (8) 

where k is a coefficient of amplification - to set from 2.0 to 2.5 - expressing the wanted 

increase of energy with respect to that available (H1) upstream of the depositional reach. 

The energy heads in Eq. (8) can be assessed for a water discharge such that the bed load 

transport is rather active. D’Agostino and Lenzi (1996) and Mao and Lenzi (2007) analyzed 

the passage from a selective transport to a condition of quasi equal mobility in an Alpine 

torrent of the Dolomites (Rio Cordon experimental basin, Italy). They found that sediment 

motion achieves a quasi-equal mobility when the water discharge is close to 3-4 times the 

critical discharge of motion of the mean diameter. According to these findings the water 

discharge to insert in Eq. (8) is advisable as a value just below the condition of quasi-equal 

mobility: Qd = (2-2.5) Qc. The goal is not to consume the storage volume before it is 

necessary and to guarantee the entrapment when the coarsest sediments are entrained 

during the flood.  

Mountain streams are particularly hazardous on the occasion of the transit of impulsive 

sediment fluxes. Protection against torrential floods associated to hyperconcentrated and 

debris flow can be obtained through the construction of a deposition area close by the FRCD 

that favours the trapping function of the expected sediment volumes (Figure 24). These 

works are mainly located at the fan apex and upstream of villages and infrastructures at 

risk.  
 

 

 a)                                                                               b) 

Figure 24. Filtering check dam (reinforced concrete and H steel beams) to retain debris flows in 

alpine torrents (Trento, Italy: a) Fersina river valley (Trento, Italy): b) Avisio river valley.  

Trapping FRCDs protect the stream-river junction but are also very helpful when the 

channel conveyance of the stream is not able to guarantee the passage of peak discharges 

at high sediment concentration. So, only a sediment flux turned into a bedload can pass 

through the channel with a freeboard. If there is a lack of a sufficient storage volume (Vmax) 

the deposition area can be excavated and the contours can be raised with properly 

protected and reinforced levees. In some circumstances the required storage capacity is 

shared out between a series of detention basins, each of these is closed by FRCDs that have 

an increasing trapping capacity from upstream to downstream. As first retention structure, 

a debris-flow breaker can be adopted (Figure 25) if it is necessary to reduce the flow energy 

and its potential force of impact against buildings and roads. The structure is designed using 
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single or multiple buttresses (reinforced concrete) with the upstream face protected by 

plates of steel.  

 

Figure 25. Debris flow breaker (Dugal mountain stream, Trento, Italy). 

Flow-breaker systems also assist in addressing the flux and in spreading out the debris flow 

inside the deposition area. When check dams are designed to control debris flow, five main 

factors have to be estimated as regards the characteristics and magnitude of the flood. 
 

1 - Debris flow composition and rheology. It is important to know if a mudflow, a turbulent 

granular flow, or a mixed mud-debris flow is expected and if these phenomena will come 

with a certain amount of woody debris. The catchment geology and the morphology of 

lateral levees (ridges) and deposits support the analysis. Igneous and massive metamorphic 

rocks generate mostly granular debris flows, while schistose metamorphic and sedimentary 

silicic-clastic rocks are associated to muddy flows (Moscariello et al., 2002). Levees with 

sharp crests are indicative of frictional-collisional flows, while rounded crests reflect viscous-

plastic mudflows (Bardou et al., 2003). Measurement of the grain size distribution of 

previous deposits and the assessment of the coarsest sizes of sediments making up the 

debris-flow surges is also compulsory for the filter design. 
 

2 - Frequency of occurrence. Historic information and field surveys investigating the 

sediment sources areas feed the analysis. In addition, the degree of connection between 

landslides, bare soil zones and the hydrographic network support the classification of the 

catchment under study as sediment-supply limited or sediment-supply unlimited (Bovis and 

Jacob, 1999). Low frequencies of occurrence are typical in the first case (1/30-1/200 year-

1), high-medium frequencies (1/2-1/10 year -1) are common in the second. 
 

3 - Peak discharge and overall volume of debris-flow. A geomorphologic approach is 

preferable for supply limited basins, taking into account the expected recharge rate of the 

torrent for a certain period of time (30-100 year). Literature data on European Alps 

(Spreafico et al., 1999; Marchi and D’Agostino, 2004) and British Columbia (Hungr et al., 

1984) report debris yield rates of the channel ranging from 0.5-1 m3/m for not very erodible 

networks, to 30-50 m3/m for deep gullying of the valley (>20 m) and widespread bank 

instabilities. Values of 3-10 m3/m are quite common for active debris flow catchments: 

slope of the stream banks close to their limit of stability, depth of channel incision in the 

order of 4-8 m. For supply unlimited catchment a conceptual transformation of a flash flood 

hydrograph into a debris-graph allows to evaluate if the hydraulic capacity of transport 

matches the available geomorphic volumes. D’Agostino and Marchi (2003) proposed the use 

of the volumetric method (Hashimoto et al., 1978) integrated over the time (t) through the 

formula: 
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where Qd is the debris flow discharge (m3 s-1) associated to the water discharge Q (Vd and V 

are the correspondent volumes of the whole event), c and ce are the static concentration of 

bed sediments before the triggering (c=0.60-0.70) and the debris-flow sediment 

concentration in motion respectively. According to laboratory experiments, the ratio ce/c 

reaches a maximum close to 0.9 (Hashimoto et al., 1978; Tubino and Lanzoni, 1993) for 

steep channel slopes (slope angle >20°). The assumption of a constant ratio ce/c=0.9 for 

the whole duration of the flood is a too severe hypothesis in relation to real debris flow 

surges and a trend of c(t) could be assessed. The function ce(t) is simulated by setting a 

maximum value of ce (Ou and Mizuyama, 1994): 

 
  5.1

5.1

maxe
tanc3.41

tanc3.4
c






                                                (10) 

and a minimum, as an upper limit of the bedload transport, ce min=0.20. Then a linear 

variation of ce can be assumed from ce min to ce max by starting from the time when Qcr is 

largely exceeded (2-3 Qc) to the peak time of Q(t). Similarly, ce decreases linearly from 

maximum to minimum in the falling slope of the hydrograph. Eq. (10) contains the 

triggering water discharge Q and also an additive water discharge (Q’) generated by the 

collapse of the hillslope-channel fully saturated by water (Qd=Qs+Q+Q’; with Qs=sediment 

discharge). The value of Q’ can be expressed as:  

  )QQ(c1'Q d                                                (11) 

which, integrated over the time (Q’ becomes the volume V’), allows to assess the real 

sediment volume (Vs=Vd – V – V’). As an alternative, the solidification of Q’ gives an 

immediate cautionary overestimation of Vs as the difference between the total volume, Vd 

produced by Qd(t), and the triggering water volume V associated to Q(t). 

Empirical equations, when applied to the pertinent geographical region, are complementary 

to strengthen the estimation of volumes and peak discharges, which have been assessed 

via geomorphic and hydrologic approaches. Marchi and D’Agostino (2004), after a data 

filtering and multiple regression analysis of 125 debris flow events in the Easter Italian Alps 

(Vs range of data: 103 -106 m3), obtained the equation: 

70.135.1

s SA65000V                                           (12) 

where Vs is in m3, A is the basin area drained at the fan apex (km2), S is the mean gradient 

of the main stream (m/m). The authors attempted to disconnect Eq.(12) from the region of 

calibration. After the rearrangement of the equation and the minimization of the sum of the 

quadratic losses between computed and observed volumes , they obtained:  

2

s SV9.2V                                                   (13) 

with V the probable runoff volume (m3) associated to the debris flow event. D’Agostino and 

Casonato (2000) remarked that, despite its empiric origin, Eq.(13) is close to Eq. (9). In 

fact, at the time scale of the whole event, a mean volumetric concentration ce-mean=Vs/Vd, 

(Vd =total volume of water plus sediment) may be introduced. Thus Eq.(6) becomes:  
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                                              (14) 

which is not too far from Eq.(3).  

A notable data collection of peak discharges values Qd max (m3/s) versus Vs (m3) was carried 

out by Rickenmann (1999). The author proposed a semi-theoretical line, which satisfies the 

Froude scaling and is very close to data of granular debris flow. The equation is: 

6/5

smaxd V1.0Q                                                (15) 

It is possible to match the empirical equation proposed by Mizuyama et al. (1992) for 

muddy debris flow, with an equation having the form of (13) and fitting the Froude 

similarity. In this case a coefficient equal to 0.011 instead of 0.1 results. This comparison 

proves that data sets collected in different parts of the world converge clearly to different 

durations linked to granular or muddy flows.  

 

4 - Probable angle of deposition. The angle of deposition (d) is a crucial variable that drives 

the cost-benefit analysis of the FRCD under design. In fact, for a given dam height (Z) the 

storage volume Vmax depends in a quadratic way on Z and in a linearly inverse way on the 

difference between the bed slope (So) and angle of deposit. From a physical point of view d 

is almost coincident with the angle of dynamic equilibrium of a slurry flow, which is the 

minimal angle of bottom profile not to slow down the flow. When the debris front comes up 

against the filtering barrier and loses water, its Cv and friction slope increase. Angles of 

deposition have values between 3° and 10°(12°): the lowest values concern mudflows rich 

in clay and silt, while the highest values deal with granular flow containing many boulders 

larger than 0.3 m (intermediate diameter). Mean values from 5° to 8° are associable to well 

sorted mud-debris flows. Rheological tests conducted in the laboratory can drive the choice 

of d , but field observations of occasionally stopped surges are a more reliable method to 

refine the d estimation.  

 

5 - Dynamic forces. The correct structural design requires a certain degree of safety with 

regard to the external forces in play. In fact the dam must be stable in the case of sliding, 

overturning and collapse of the foundation terrain. Furthermore, normal and shear stresses 

have to be borne by the reinforced concrete and steel beams (Figure 24). Most severe 

conditions occur in the case of debris flow and the impact force (Fd) exerted against a closed 

barrier is certainly on the safe side to estimate Fd. Several researchers proposed the 

computation of the maximum dynamic pressure (pmax in N m-2) associated to Fd using the 

equation: 

2

bmax up                                                      (16) 

where u is the mean flow velocity in m s-1,  is a dimensionless impact factor depending on 

the rheological properties of the debris flow, b is the bulked flow density in kg m-3. A first 

theoretical deduction of Eq.(21) descends from the momentum conservation of a fluid jet 

impacting normally on a large extension plate at steady state condition. In this case  is 

equal to 0.5. Taking into account the unsteady condition of an impacting debris flow 

Armanini (1997) envisaged two different behaviours: the surge impact on the wall is mainly 

diverted in the vertical direction or is reflected in the opposite one, generating a wave 

propagating upstream. After some simplifications of the momentum balance for a control 
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volume, in both cases the mean pressure results as proportional to the mixture density and 

to the square of the front velocity. The approximation of accepting Eq.(16) for an unsteady 

impact are partly counterbalanced by the value assigned to . Values of  ranging between 

1 and 2 are admitted for low sediment concentrations surges and equal to 2 for bentonite 

(Watanabe and Ikeya, 1981). Armanini and Scotton (1992) presented impact tests carried 

out in a flume with a rough bed and a 47% slope. They obtained the highest value (=2.2) 

for a mixture of water and cylindrically shaped PVC material and the lowest (=0.45) for a 

granular flux (100% of anionic resin, density equal to 1080 kg m-3). From model tests with 

a calcareous-dolomitic mixture, Holzinger and Hübl (2004) found maximum  values around 

2.5-3.5 for Froude number between 1 and 2. After using Eq.(16) for the computation of the 

impact force Fd, it results that: 

uQρλAuρλF maxdbw
2

bd ==                                   (17)                                                                                                                                   

where Q is the front debris flow discharge and Aw is the cross-sectional area of the flux at 

the impact, u is the front velocity associated to Qd max. Coefficient  is usually set to 1, given 

that the average value (pm) of the dynamic pressure against the wall is less than pmax. 

Hungr et al. (1984) suppose the entire peak of the surge as a single flow prism travelling 

with a uniform velocity equal to the mean velocity and proposed a formula similar to 

Eq.(16) with =1. The authors advised distributing the load “over an area as wide as the 

expected surge, but about 1.5 times greater in height to account for the formation of a 

stagnant wedge in front of the toe of the barrier”. The last terms of Eq.(17) also imply that 

for = 1 the dynamic force is computed by the vanishing momentum of the flux before the 

impact. If the wall is inclined at an  angle with respect to the main direction of u, the 

horizontal component of Fd derives from multiplying Eq.(17) by sin .  

Lichtenhahn (1971) and the Service Federal des Routes et des Digues (1973) reported an 

estimation of Fd deduced from the structural collapse of check dams that were not filled with 

debris before the front arrival. By assuming a triangular distribution of the pressure, the 

back-calculated dynamic force falls in the following magnification range of the hydrostatic 

thrust: 

2

d Zg
2

1
)107(F                                         (18) 

where  is the unit weight of the water and Z is the height of the structure or the surge 

depth when the dam height exceeds the front height. Eq.(18) envisaged a maximum 

pressure near the bottom: 

Z50Z100p bmax                                            (19) 

where  is the water density (b  2 ). D’Agostino and Casonato (2000) stressed that 

laboratory experiments conducted with granular material (coal slack) by Scotton and 

Deganutti (1997) corroborates Eq.(19); these latter authors found the following maximum 

pressures: 

Z)5.735.24(p bmax                                        (20) 

with a mean value of pmax - for tests concerning an inter-granular solution of carboxy-

methyl-cellulose in water - equal to 52 b Z , thus similar to Eq.(19). The same research 
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observed the mean value of 0.76 pmax of the maximum pressures at different locations along 

the walls.  

After the assessment of the above described five basic features, the design may be focused 

on the check-dam filter, its height, type and size of its openings.  

The height Z of 10 m is often a static limit for the terrain of foundation to bear the load of 

the dynamic force, which depends on the same Z (Eq.18-20). On the other hand, the 

efficiency of the work is more satisfactory if the maximum storage volume Vmax is close to 

the estimated volume Vs (Eq. 9,12,13).  

As a rule of thumb the building of FRCD systems with an overall Vmax<0.35-0.40 Vs is to be 

avoided. In fact, the arrangement of a deposition area with a too low retention capacity can 

lead the inhabitants into a false security, because the rate of mitigation is largely exceeded 

by the residue hazard. In such circumstances a higher public perception of the potential 

hazard is preferable to a weak remedy. 

Many types of filter are in use. They have the shape of gratings facing the flow or more 

often inclined with  angles close to 40°-45°. In this way the horizontal component of Fd is 

reduced and the total clogging of the filter after the debris surge passage is avoided. The 

filter geometry is composed by a series of openings (silts, windows), which may or may not 

have the same area. The correct functioning of the filter during the flood event has to be 

such that the barrier is permeable for bedload transports and is selective when the bulked 

discharge reaches sediment concentrations of hyperconcentrated flows and debris flows. 

According to event back-analyses carried out in Japan (Ikeya, 1989) and Italy (D’Agostino 

et al., 2004), the main parameter governing the behaviour of the filter is its relative 

spacing, which is expressed by the ratio between the minimum dimension Bmin (regardless 

their vertical or cross-horizontal position) and a reference diameter of the transported 

sediments. The condition of permeability for bedload transport can be expressed through: 

3
D

B

bl

min                                                             (21) 

where Dbl indicates the maximum size of transported material for a medium scale flood (i.e. 

Dbl = from D75 to D84 of the armoured bed surface). While the condition for a quasi-total 

trapping of a debris flow occurs if: 

0.25.1
D

B

df

min                                                     (22) 

with Ddf=maximum boulder diameter of the debris flow. 

 

Concluding, retention check dams have a long tradition in the Alps to mitigate effects of 

torrential floods. At the beginning of the 20th century these works were deemed temporary, 

because they are passive works that do not prevent the occurring of flood events coupled to 

high sediment transport rates. The main action to manage a mountain catchment was 

stabilization, restoration and reforestation of sediment sources areas, and the consolidation 

of those reaches of mountain networks where degradation processes were active 

(Demontzey, 1891). This basic concept still remains fully valid, but the increasing human 

pressure on mountain areas encouraged many improvements and functional specialization 

of retention check dams. The structures were transformed from closed to ‘open’ filter-

retention check dams and their use spread, because they do not require an integral 

restoration of the basin and offer a quick mitigation of the torrential hazard. 
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We reported here the main keys-points to design FRCDs and highlighted how their 

functional specialization can be shared between bedload and debris flow control. In several 

cases both types of events coexist in the same basin and a single FRCD has to cope with 

them. In such circumstances the defence against debris flow prevails, but the designer must 

assess a filter capable of managing all forms of sediment transport with the possible 

association of woody debris. Even though the current FRCDs appear less temporary if 

compared to the first closed barriers, in the long run they still need to be aided by a 

systematic maintenance of the stabilization measures operating in the basin (forest 

management, soil bioengineering and hydraulic works) and by a far-seeing and sustainable 

soil use. 

An example of both performing and continuous monitoring after Filtering Check Dams 

building on the Rudan Stream (Italy) and its performance analysis are reported in 3.1.6 

good practice sub-section. 

 

 Hazard proof bridge structures with respect to wood transport. Results from lab 

experiments (P.P. 1) 

 

Supporting connectivity and mobility in the Alps have been recognized as objectives of high 

priority. Event documentation highlighted the role of wood entrapment at bridge cross 

sections as one crucial damage trigger, putting the stability of the bridge at risk or inducing 

channel outbursts and thereby affecting floodplain inundation. 

Despite these risk factors being largely acknowledged, in the design procedures adopted no 

specific verifications of the hydraulic functionality of bridge structures with explicit 

consideration of scenarios with woody material transport are required. 

In fact, blocked driftwood at bridges can trigger different processes. The increase of 

upstream water elevation (backwater effects), flooding in the vicinity, changes in sediment 

transport, the reinforcement of scouring effects at piers or failure of the bridge are possible 

consequences (Lange and Bezzola, 2006). Figure 26 shows an example of a failed bridge 

structure. The collapse of the bridge was caused by the increased hydrostatic forces 

(damming upstream of the bridge), the increased hydrodynamic forces (contracted flow, 

current velocity), and the forces of the increased projected area acting on the structure. 

Failure due to scour evolution at bridge piers and abutments in combination with the 

previously mentioned processes are also reported (Bradley et al., 2005). 

 
Figure 26. Effects of debris accumulation at a bridge structure, New York (Bradley et al., 2005).  
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Hence, the identification of robust design criteria for planning and adapting bridge 

structures in order to reduce their vulnerability with respect to wood transport is essential. 

Here we discuss, supported by the results of lab experiments conducted at the University of 

Innsbruck, different possibilities for dealing with driftwood hazards at bridge structures. The 

following technical modifications (compare Figure 27) of a standard bridge structure were 

tested: (i) “Baffle” type device at the upstream face of the bridge plate; (ii) Channel 

constriction (“Venturi type”) by means of two plates installed on the left and right 

embankment respectively; (iii) Morphologic elements (“Morpho type”) placed in the 

upstream reach to induce flow field modifications. 

To determine the efficiency of the tested constructive measures, the results were compared 

with the outcomes of the reference experiments with similar boundary conditions (except 

the constructive measure itself). 

The results reported are the clogging probabilities for the reference experiments and the 

experiments in the modified settings (case i, ii, and iii, respectively). On the x-axis the 

Froude Number (0.6, 0.8 and 1.2, similar colour for similar Froude Number), on the y-axis 

the tested log lengths (L1 – L5) and on the z-axis the resulting clogging probabilities 

(ranging from 0 to 1) are shown. In addition, the results for the water levels h100 and 

h125, and results for single smooth logs and single logs with branches are shown 

separately. Every bar represents 8 single tests (compare Table 6 for details). 

 

BAFFLE 

TYPE:

VENTURI

TYPE:

MORPHO

TYPE:

 

 

Figure 27. Analyzed technical modifications of a standard bridge 
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Table 6. Details of the experimental programme 

 

 

(i) Reference Setting – standard bridge without modifications: 

 

 

 

Figure 28. Clogging probabilities for the Reference Setting. 
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(ii) “Baffle Type” modification: 

 

 

 

 

 

Figure 29. Performance in terms of clogging probabilities of the “baffle type” modification with 

respect to the standard setting. Green bars indicate a decrease of the clogging 

probability with the presence of the measure, the red bars indicate an increased 

probability. 
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(iii) “Venturi Type” modification: 

Except for a Froude Number of 0.8 and a water level of h125, an improvement with the 

presence of the channel constriction could be found. 

 

 

 

Figure 30. Performance in terms of clogging probabilities of the “Venturi type” modification with 

respect to the standard setting. Green bars indicate a decrease of the clogging 

probability with the presence of the measure, the red bars indicate an increased 

probability. 
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(iv) “Morpho Type” modification: 

Compared to the reference experiments the investigations on the measure “Morpho” 

resulted in no clear relations concerning the effects of the measure. 

Concerning the results from the conducted scale model tests the following conclusions can 

be drawn. The “Baffle type” design is worth considering due to its performance in reducing 

clogging probabilities. A word of caution is necessary in the case of the modification of 

existing structures. The design must consider the augmented dead weight and additional 

hydraulic loadings on the bridge as well as changes of bottom shear stress during floods. 

The “Venturi” measure is only applicable with success in the case of subcritical flow 

conditions. The measure is functional until the water surface reaches the bridge plate. 

Higher discharges causing damming at the bridge lead to the disappearance of the positive 

effect. Furthermore, damming upstream of the constriction has to be taken into account and 

to be compared with the given capacity. Due the flow acceleration, effects of increased 

bottom shear stresses have to be observed. 

 

3.1.5.3. Sediment retention management and policy 

 Option for sediment retention management (P.P. 3) 

 

Sediment management strategies in reservoirs may be divided among five basic strategies: 

1. Sediment yield reduction. Apply erosion-control techniques to reduce sediment yield from 

tributary water sheds. These techniques typically focus primarily on soil stabilization and re-

vegetation. Erosion control to reduce sediment yield is widely recommended to prolong 

reservoir functions. Reservoirs, if realized in developing areas, have experienced 

accelerated erosion from intensified land use and deforestation, despite recommendations 

for erosion control (Garcìa, 2008). For this reason, successful watershed management 

programmes must be developed as a community level effort with readily identifiable 

benefits to land users. 

2. Sediment storage. Provide sediment volume adequate for the anticipated sediment yield 

over a “long” period of time either in the reservoir itself or in upstream impoundments or 

debris basins. A 500-year horizon should be considered for analysis of the geomorphic 

evolution of the impounded river reach and its sediment management alternatives (Garcìa, 

2008). Indeed, Schnitter (1994) has documented dams with operational lives exceeding 

1,000 years. 

3. Sediment routing. Pass sediment around or through the storage pool to minimize 

sediment trapping by using techniques such as offstream storage, temporary reservoir 

drawdown for sediment pass-through, and release of turbid density currents. Technical 

details about the different engineering strategies that may be considered to allow the 

sediment bypass through the dam are reported in Garcìa (2008). 

4. Sediment removal. Remove deposited sediment by dredging or hydraulic flushing. 

Hydraulic flushing involves the opening of bottom outlets to completely empty the reservoir 

and allow stream flow to scour sediment deposit. Sediment flushing may be distinguished 

from pass-through because its principal objective is to scour and remove previously 
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deposited sediment. The flushing flow will erode a “main channel” through the sediments, 

typically following the original river thalweg, but deposits on the normally submerged 

“floodplain” will be unaffected by scour. Subsequent flushing events may deepen or widen 

the main channel to approximately the width of the pre-impoundment stream channel. The 

outflowing sediment concentration is typically one or two orders of magnitude higher than 

the inflowing concentrations (White, 2001). 

5. Sediment focusing. These techniques are designed to tactically rearrange sediments 

within the impoundment to solve localized problems such as impacts from delta deposition. 

Any washout of sediment that occurs from the reservoir is incidental to the primary 

objective. An example is the study of delta deposition processes in Lake Sharpe on the 

Missouri River (Teal and Remus, 2001). 

In reviewing options, a full range of management alternatives should be analyzed. Optimal 

management may include two or more strategies applied simultaneously or at different 

points in the reservoir life. The applicability of different strategies varies at different stages 

of reservoir life, being a function of the reservoir’s hydrologic size (capacity: inflow ratio), 

beneficial uses, and other factors such as environmental regulations.Techniques such as 

sediment routing require significant pool drawdown and use part of the natural inflow to 

transport sediment beyond the storage pool, making it possible to capture and regulate 

100% of the flow. Consequently, some types of routing techniques are not feasible from 

large reservoirs into small ones, and sediment-routing techniques may become feasible at a 

future date. 

 Overview on current reservoir sediment management plans and proposal for 

management improvement (P.P. 2 – P.P. 5) 

 

General Overview on Reservoir Management Programme in Italy  

In Italy 3 main legal national foundations for reservoir sediment management plans were 

provided in the last legislative period: 

 Legislative Decree no. 152 of May 11, 1999; 

 Ministerial Decree of June 30, 2004; 

 Legislative Decree no. 152 of April 6, 2006. 

At the National level, the Italian Legislative Decree n. 152/1999 introduced the concept of 

the “Reservoir Management Project” (RMP), in order to ensure the maintenance of 

reservoirs’ volume capacity and preservation of the water quality; in addition the reservoir 

management plan defines the applicable operations for sediment management (flushing, 

sluicing) and their ecological impact. 

In some way this Decree pre-announced what the Water Framework Directive (WFD-

2000/60/EC) referred to in 2000, i.e. that “Member States shall protect, enhance and 

restore all bodies of surface water, (…) with the aim of achieving good surface water status 

at the latest 15 years after the date of entry into force of this Directive (…)”.  

Later, in 2004, a new Decree of the Italian Environment Ministry (30/06/2004) provided the 

criteria to perform and submit a Reservoir Management Project (RMP), taking the 

preservation of water bodies quality status into account. The Decree aims to define how to 

conduct sediment management operations. According to the Decree, the reservoir 

management plan defines: 

 the sediment volume trapped inside the reservoir before drawing up the plan; 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

62 

 the average annual sedimentation rate; 

 the physical and chemical characteristics of sediment, and level of pollution.  

Finally in 2006 the Italian Legislative Decree no. 152/2006 established the criteria for 

achieving good surface water status, in accordance with the WFD; article n. 114 planned to 

produce an additional Decree, at present still not approved. 

Substantially, a Reservoir Management Project (RMP) defines: 

 morphological and hydraulic aspects; 

 dam characteristics; 

 hydrological regime; 

 reservoir and sedimentation characteristics; 

 characterization of the waterbody downstream of the dam; 

 sediment removal operations, like mechanical dredging, flushing, etc.; 

 effects on ecosystems and achievable mitigations; 

 monitoring plans. 
 

The RMP can also include the description of operational schemes for reservoir maintenance 

and management, besides specific prevention measures related to the waterbody, like 

aquatic ecosystem protection, fishing and other activities connected to water resources 

downstream of the dam, in accordance with prescriptions pointed out by the Regional Water 

Resources Protection Plan. The RMP is drawn up by the reservoir concessionaire, and has to 

be approved by the Regional Authority, which usually coordinates a negotiating table, 

involving different regional sectors, the Regional Agency for Environmental Prevention and 

Protection (ARPA) and other stakeholders.The RMP is generally valid for ten years and must 

then be renewed; during the validity period the concessionaire must transmit a “Summary 

Plan” ('Programma di sintesi') 4 months before any operation, which respects the 

requirements and conditions in the approved RPM. 

 

Reservoir Management Project in Piedmont Region (NW Italy) 

Safety supervision jurisdiction for big dams (height > 15 m and/or volume > 1x106 m3) 

hinge on the National Authority (Public Works Ministry), whereas small dams (height < 15 

m and/or volume < 1x106 m3) are the responsibility of the Regional Authority. Reservoir 

Management Projects examination and approval for every kind of dam are instead managed 

by Regional Authority. The Piedmont Region, that also issued its own rules on January 29 

2008 (Regional Decree – D.P.G.R. n. 1/R), has approved 58 RMP in the last years regarding 

both big and small dams, as shown in table 7: 

 

Table 7. Big and small reservoirs in Piedmont Region 

 

 

Total 

number 

Presented 

Projects 
% 

Approved  

Projects 
%  

Big reservoirs 

(National Authority) 
48 48 100% 45 94% 

Small reservoirs 

(Regional Authority) 
10 10 100% 9 90% 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

63 

The locations of these reservoirs, together with some summary data, are shown in Figure 

31. 

 

 

 

Dam locations: 

Elevation generally higher than 1.000 m 

a.s.l. (> 50% are at an elevation > 900 m). 

The volume changes markedly, ranging from 

0.02 to 37 Mm3. 

Watersheds ranging from 0.5 km2 to 150 

km2. 

Main utilization: Hydropower.  

Annual silting: 

Ranging from 0 to 3.000 m3/year; generally 

sand and clay-silt. 

Proposed actions in the Management 

Projects: 

Sedimentation reduction; 

- Control of reservoir sedimentation 

through hydraulic flushing; 

- Mechanical sediment removal. 

 

Figure 31. RMP in Piedmont Region: dam 

locations and characteristics 

 

 

Reservoir Management Project in Veneto Region (NE Italy) 

The Veneto Region recognised the Legislative Decree of Italian Government no. 152 of May 

11, 1999 and the Ministerial Decree of June 30, 2004 by issuing the Regional Committee 

Resolution n° 138/2006 “D.Lgs. 152/99 art. 40 – MD Environment and Land Protection 

06.30.2004. Sediment Management Project. Regional performances”. 

The main purposes and contents of this Regional Resolution are: 

 maintain the reservoir storage capacity longer and extend the sedimentation period; 

 maintain the efficiency of dam outlets, both for dam safety and flood risk for areas 

located downstream of the dam; 

 which dams and weirs should be required to submit a RMP (and its contents); 

 which monitoring procedure should be applied before, during and after the flushing 

operations; 

 some measures to preserve storage and environmental monitoring; 

 sediment concentration maximum thresholds to be respected during flushing 

operations in order to preserve water bodies. 
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The regional dam and weir classification adopted with the Regional Resolution n. 138/2006 

is reported in Table 8. 

 

 

Table 8. Regional dam and weir classification adopted with the Regional Committee Resolution n° 

138/2006 – Veneto Region. 

Dam and weir characteristics 
Legal National Foundations to be 

observed 

V > 100,000 m3 or h > 10 m Ministerial Decree of June 30, 2004 

20,000 m3 < V < 100,000 m3 

or 2 m < h < 10 m 

Ministerial Decree of June 30, 2004  

(with the exception of a few requirements) 

V < 20,000 m3 and h < 2 m or 

weirs on “significant” rivers as 

defined by the Leg. Decree 152/1999 

Ministerial Decree of June 30, 2004  

(with the exception of a few requirements,  

especially about water quality) 

Dam and weir on other streams / rivers none 

 

 

About the flushing procedures, the main characteristics and restrictions are the following: 

 flushing operations should go on for a few days till 1-2 weeks at most; 

 sediment management operations are not allowed during low water discharge 

periods; 

 after the operations, the dam outlets have to release “clean” water (with a low level 

of sediment concentration) as long as possible; 

 flushing operations are not allowed if other similar actions are currently underway 

along the same stream or river; 

 implementation of measures for preservation and restoration of aquatic ecosystem 

(compulsory); 

 during all the period when the sediment management operations are in progress 

prefixed turbidity limits have to be respected (see Table 9); 

  during all the period when the sediment management operations are in progress 

dissolved oxygen limits have to be respected: the average value has to be lower 

than 80% of saturation and the minimum value higher than 60%. The first 

concentration peak immediately after the dam outlets opening has to be reduced by 

releasing “clean” water; the second concentration peak occurs when the reservoir is 

completely empty and small volumes of fine material are transported through the 

dam outlets; the second peak has to be managed by means of the above-mentioned 

procedure; 

 removed sediments have to be analyzed and characterized (on a quality level) 

following the statements and rules established by the Ministerial Decree n. 471 of 

October 25, 1999 (for landfill storage or sediment re-use). 
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Table 9. Turbidity limits adopted with the Regional Committee Resolution n° 138/2006 – Veneto 

Region. 

 

Turbidity limit type V > 20,000 m3 and h > 

10 m 

V < 20,000 m3 and h < 

10 m 

Maximum value as average 

of 2 hours* 
2% v/v (about 30 g/l) 1% v/v (about 30 g/l) 

Maximum value as average 

of 4 hours* 
1% v/v (about 15 g/l)   

Maximum value as average 

of the entire flushing 

operation 

0.65% v/v (about 9,8 g/l) 0.65% v/v (about 9.8 g/l) 

Advised value as average of 

2 hours* 
1% v/v (about 15 g/l)  

Advised value as average of 

1 hour* 
 1% v/v (about 15 g/l) 

Advised value as average of 

the entire flushing operation 
0.40 v/v (about 6 g/l) 0.40 v/v (about 6 g/l) 

* data acquired continuously every 5’ (by the reservoir manager and by ARPAV) 

 

Since 2006 the Veneto Region has approved 10 RMP; 4 RMP have been submitted by the 

reservoir manager but still not approved by the Regional Authority in charge. 

During the same period in the Veneto Region 21 flushing operations were performed mainly 

by opening the dam outlets or mechanical removal by means of excavators and dredges. 

 

Proposal for management improvement 

Considering the RMP relating to two basins (Saretto and San Damiano reservoirs) located in 

the Maira Valley (NW Italy), study area of SedAlp partner Regione Piemonte, and the 

Veneto Region experience concerning more than 20 RMP, the main points focused to 

improve reservoirs management are the following: 

 setting-up an official negotiating table, involving all the public bodies and other 

stakeholders involved in the decision processes and affected by the sediment 

management operations: the hydropower companies (e.g. ENEL and ENEL 

GREENPOWER - ruling the two dams in the valley and involved in SedAlp project as 

“observers”), the Regional Authority, local governments and other stakeholders (e.g. 

fishers associations or irrigation consortiums); 

 improving data quality and frequency acquired by the monitoring networks 

(hydrometeorological data, topographic surveys, reservoir bathymetries, etc.); 

 planning frequently specific maintenance actions, such as sediment flushing or 

sediment dredging on the riverbed downstream of the dam, in order to reduce 

sediment discontinuity; 
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 carrying out experimental monitoring plans, related to the specific maintenance 

work, taking into account ecological and physical indicators for stream 

characterization (macrobenthos, fish fauna, physical-chemical quality of water and 

sediment, Total Suspended Solids (TSS), Settleable Solids (SS), discharge 

measurements, geomorphological characterization); 

 enhancing data sharing and experience; 

 possibility of conducting small experiments on sediment reintroduction reaches and 

river restorations notwithstanding the current regulations and simplified procedures 

(e.g. streamlined decisional process of competent agencies); 

 including in the decision process and in the RMP contents the results of a Multi 

Criteria Analysis (MCA) able to identify the best management alternative 

performance taking into account the indicators fixed and discussed at the negotiating 

table (energy production, economy, environment, river fruition, landscape, fishing, 

competing water uses, etc.);  

 improving the mass-media’s information quality about reservoir operations; indeed, 

there are often many discrepancies between events that are described in newspapers 

and what really happed. An example of this frequent situation in Italy is given by the 

flood event which occurred on 6th March 2009 along Fortore river, on the border 

between the Regions of Puglia and Molise, downstream of the Occhito dam (for more 

information look at Deliverable 3.6 of the SEE HYDROPOWER Project “Report of the 

partner outcomes concerning methodologies for optimal management of hydropower 

reservoir operation and flood risk prevention” – 

http://www.seehydropower.eu/project/files/21/SEE_Hydropower_WP3_D3.6_TUG_1

11117.pdf ); 

 strictly related to the previous point, during the RMP redaction and the sediment 

management operations public bodies in charge have to involve and inform the 

population and the local authorities about the aim of the operations, the duration, 

the management alternative selected and the possible consequence to the water 

bodies and the environment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.seehydropower.eu/project/files/21/SEE_Hydropower_WP3_D3.6_TUG_111117.pdf
http://www.seehydropower.eu/project/files/21/SEE_Hydropower_WP3_D3.6_TUG_111117.pdf
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3.1.6. Good practice example 

 

In this section two good practice examples are reported. Other case studies are reported in 

the annex (Chapter 5). 

 

 Estimation of large wood storage and its distribution: Case study of Cordevole 

pilot site (P.P. 3) 

 

The assessment of transported Large Wood (LW) during a flood is essential for achieving 

good management of riparian systems. A correct approach when LW transport is evaluated 

in an anthropic area has to consider the sediment interaction with transverse structures 

(e.g. selective check dam). In the upper Cordevole River (upstream of Lake Alleghe), 

extensive field measurements of LW storage and channel morphology were conducted in 13 

basins with drainage areas ranging from 1.2 to 70 km2, mean bed slope between 0.03 and 

0.38 m/m, and channel width between 2 and 20 m (Figure 32). More than 9,000 LW 

elements were measured in the 33 reaches surveyed. After analyzing in detail LW size, 

characteristics and quantity (Figure 33), advanced statistical analyses were completed in 

order to determine the relationship between LW distribution and morphological (or other) 

parameters of rivers and basins. At basin scale, the relationship between drainage area and 

unit LW quantity seems to be not significant (Figure 34), while at reach scale it indicates 

that unit stream power acts as the most significant hydromorphological factor influencing 

LW storage. Transport capacity is also dependent on LW supply and valley morphology. 

Lateral instability connected to the channel is the main cause of LW input. The variation of 

LW storage in relation to slope instabilities detected during field surveys (dissection index) 

is statistically correlated to the unit LW storage. From these results, it is clear that in small 

mountain streams, for the correct definition of the amount of in-channel LW, the propensity 

to instability of the lateral slopes should be evaluated, and compared to the influence of 

forested land.  
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Figure 32. Locations of the 13 monitored sub-basins.  

 

Figure 33. Diameter (left) and length (right) of measured LW. 
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Figure 34. In-channel LW storage vs drainage area (at segment scale). 

 

The results derived from statistical analyses as well as the storage data of in-channel LW 

have allowed a GIS-based conceptual model to be designed and calibrated in order to 

reproduce LW input and its transfer along the fluvial network. In this case, the study area 

has been extended to the entire Cordevole basin (drainage area = 843 Km2, Figure 35). The 

GIS-based conceptual model (Figure 36) was applied using a cell-size resolution equal to 5 

m, and is formed by three sub-models. i) Instability sub-model calculates the LW 

recruitment sites and volume (LWR map, Figure 35) by an intersection between landslides 

and debris flow susceptibility maps (LDF map) and forest map (F map). The LDF map was 

obtained through a geostatistical bivariate analysis, based on a comparison between the 

density of landslides and several potential factors (such as slope, land cover, etc.). 
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Figure 35. Cordevole basin and river network. Blue lines identify the active channel. LW recruitment 

sites (LWR) derived from the GIS-based conceptual model are highlighted. 

 

 

ii) Hillslope transfer sub-model simulates the displacement of unstable LW volumes towards 

the channel network by using the ‘‘slope decay’’ function, which depends on local 

morphology and the distance along the drainage line (flow distance); output from the 

second model is the in-channel LW map (ICLW map, Figure 33). iii) River transfer sub 

model reproduces in-channel LW transferred downstream through an algorithm that 
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calculates the possibility of flotation according to the unit stream power, and the relative 

size of LW/channel. At this stage, the wood located in the alluvial plain is identified through 

photo-interpretation. An essential point consists in the mapping of all critical sections that 

determine the “capture” of LW displacement. 

The volume and distribution of in-channel LW along the river network is calculated by the 

model for three different levels of estimated likelihood of occurrence: high, scenario 1; 

medium, scenario 2; and low, scenario 3 (Table 10). These volumes, although possibly 

affected by bias, may give useful indications about riparian vegetation management. In this 

sense, such results allow to identify the best design solutions and plan the artificial 

interventions aiming at risk management, in particular about the hazard related to in-

channel wood. Thanks to this model, it is possible to assess material that should remain in 

the channel as wood storage, as well as mature vegetation in the riparian areas, which are 

fundamental factors for hydromorphological quality (EU Water Framework Directive). 

 

 

 

Figure 36. Flowchart describing recruitment and transfer of LW as performed by the conceptual 

model developed for GIS systems and applied to the Cordevole basin. 
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Table 10. GIS-based conceptual model calculation of in-channel volume. Cordevole1: drainage area 

upstream of Pettorina and Fiorentina confluence. Cordevole2: basin area downstream; at 

the outlet (Piave confluence). 

 

Scenario 1 Scenario 2 Scenario 3

Cordevole 1 98813 3663 472

Cordevole 2 61996 845 385

Fiorentina 116704 11590 764

Pettorina 34556 563 230

Biois 77593 1124 702

Tegnas 17130 621 260

Mis 3390 1828 1235

In-channel LW volume predicted (m3)

Basin

 

 

 

 Performing analysis of a Filtering Check Dam (FCD) on the Rio Rudan (Italy) 

(P.P. 3) 

 

Filtering check dams are hydraulic structures that are widely adopted in mountain streams 

to partly retain debris-flows volumes. Their use is mainly due to the function of reducing 

peak discharge and sediment concentration of the debris-flow surge. If their function is 

optimal, a progressive emptying of the storage basin occurs when more water discharges 

flow after the peak or in the case of successive ordinary floods. Different criteria have been 

proposed in the literature to correctly design the filter openings, but performance analyses 

in the field are scarce (D’Agostino, 2010). The aim of the study is to verify the functionality 

in terms of self-cleaning capability of the multiple-slit check dam built in 2011 on the Rio 

Rudan.  

The basin 

The study area (Figure 37) is the Rio Rudan basin, a small catchment located in the 

Province of Belluno (Veneto Region). It is characterised by a dolomitic nature: high-sloped 

rocky cliffs make up the upper part along with a narrow, steep valley covered with talus 

deposit. Fluvial deposits cover most of the lower part, with a minor percentage of morainic, 

alluvial and fluvio-glacial materials. The basin has a typical Alpine climate with annual 

precipitation ranging from 950 to 1300 mm, mainly occurring as snowfall from November to 

April. Runoff is usually dominated by snowmelt in May and June whilst summer and early 

autumn floods represent an important contribution to the flow regime. In 2006 a LiDAR 

survey was carried out allowing a detailed description of the torrent morphologies, used as 

a base for the hydrological study.  
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Figure 37. Study area of the Rio Rudan. 

 

The multiple-slit check dam 

On the fan apex, a multiple-slit check dam was built in 2011 (Figure 2 left). The research 

aim is evaluation of the barrier functionality. The main characteristics of the structure are: 

spillway 11.1 m long and 3.4 m deep (able to let the project peak discharge pass – 120 

m3/s), structure 6 m height in the spillway, 4 slits 1.3 m wide, retention basin with a 

capacity of about 7000 m3 (Figure 38 right). 

 

 

 

Figure 38. The debris-flow barrier (left) and retention basin (right). 
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Field monitoring of the storage basin topography 

A first TLS survey was done to obtain a detailed 3D model of the empty retention basin 

(Figure 39). The survey has been useful to have a detailed topographic base to check the 

modifications in storage volume. 

 

Figure 39. TLS survey of the empty retention basin. 

Cross section surveys (Figure 40) to monitor the retention basin and to measure the 

modifications in the storage volume were conducted after each event. 

 

 

Figure 40. Cross section monitoring in the retention basin. 

Investigation of the hydrological events 

Two rain gauges were installed in the Rudan basin (Figure 41) to monitor the precipitations. 

A rainfall-runoff model was applied to define the peak discharge and validation through field 

surveys and empirical formulas (D’Agostino, 2005) and physical equations (turbulent flow or 

dam break hypothesis). 

 

Figure 41. Rain gauges installed on the Rio Rudan. 
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Analysis of the grain-size distribution and identification of the correlations 

The grain-size distribution of the sediments deposited in the retention basin was measured 

(Figure 42). Some attempts to define a correlation between grain size and associated form 

of sediment transport were made to define also how the slit check dam works. 

 

Figure 42. Grain size distribution of the deposits from small debris flow. 

 

Results and conclusions 

During the period under analysis only a small debris-flow event occurred in the Rio Rudan 

partially filling the retention basin behind the slit check dam (deposited volume: 850 m3, 

maximum height of the deposit: 1.30 m). This debris flow occurred on 14 July 2012 and 

was triggered by a rainfall of 35 mm (maximum intensity: 34.4 mm/hour in 15 min). The 

estimated bulked peak discharge of the event was 9 m3/s on average. The successive storm 

events did not trigger other debris flows but only weak bedload transport floods, which 

favoured a self-cleaning of the storage basin. The topographic survey after the debris-flow 

occurrence has shown a gradual self-maintenance of the retention basin. Results suggest 

that the ratio R between size of the coarsest components of the debris flow (D90 = 0.29 m) 

and minimum cross-stream openings (1.3 m) are key factors for the hydraulic design: R ≈ 

4.5. Moreover the time sequence of flood events, stream morphology, debris-flow 

characteristics also have a strong influence on the self-empting behaviour. So, in the case 

study, a pattern of conditions has facilitated the self-cleaning of the slit check dam (in 

particular event magnitude and time sequence of flood events). This fact has led to a 

reduction of the maintenance costs and the safeguarding of sediment continuity. Further 

monitoring actions are necessary to analyze the interaction between the filter and flood 

events of higher magnitude. 
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3.1.7. Recommendations and implications 

 

3.1.7.1. For Policy Makers 

 The Water Framework Directive (WFD-2000/60/EC): good qualitative and 

quantitative status of all water bodies. “Member States shall protect, enhance and 

restore all bodies of surface water, (…) with the aim of achieving good surface water 

status at the latest 15 years after the date of entry into force of this Directive (…)”; 

 The Floods Directive (DIRECTIVE 2007/60/EC): assessment and management of 

flood risks; 

 The RES Directive (DIRECTIVE 2009/28/EC): electricity production from renewable 

energy sources; 

 Aspects to consider in reservoir sediment management plans: morphology and 

hydraulic, dam characteristics, hydrological regime, reservoir and sedimentation 

characteristics, characterization of the waterbody downstream of the dam, sediment 

removal operations (mechanical dredging and flushing), effects on ecosystems and 

achievable mitigations, monitoring plans; 

 Acceptances of the Directive by EU states with national laws to promote sediment 

continuity; 

 Data quality and acquisition frequency should be improved in the monitoring 

networks (hydro-meteorological data, topographic surveys, reservoir bathymetries, 

etc.); 

 Data sharing and experience should be promoted with a common informatics 

database for more robust evaluations of sediment and wood budget; 

 A new GIS-based planning system for targeting sediment management at 

hydrographic district scale. The methodological framework can be used to answer a 

large range of questions and to develop planning strategies for restoring rivers and 

floodplains in the context of constraining legislative frameworks at the national scale 

(e.g., the Water Framework Directive within the European Community). 

 Consider the proposals for reservoir management improvement presented in sub-

section 3.1.5.3; 

 Promote the morphological stream reconstruction by the transformation of old 

existing check dams to boulder step-pool or boulder ramps to allow a better 

sediment continuity (D’Agostino et al., 1997; Pagliara and Puglisi, 2004; Lenzi et al., 

2000; Lenzi, 2002). 

 

3.1.7.2. For Practitionersers/Accademic 

 Techniques for sediment budget estimation based on physical and empirical 

formulas: Meyer-Peter and Muller, 1948; Haschenburger and Church, 1998; 

Brasington et al., 2003; Surian and Cisotto, 2007; Mao and Surian, 2010; Wheaton 

et al., 2010; Erwin et al., 2012; Milan, 2013; 

 Techniques for wood monitoring: Warren and Kraft, 2008; MacVicar et al., 2009; 

Marcus et al., 2011; MacVicar and Piégay, 2012; Schenk et al., 2013; Ravazzolo et 

al., 2015; 

 Techniques to understand the principal processes of sediment transport form 

(suspended load, bedload, hyperconcentrated flows and debris flows) in relation with 

http://en.wikipedia.org/wiki/Body_of_water
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the geomorphic characteristics of the reach analyzed (for more details refer to 

section 3.1.3.1);  

 Optimal management of reservoirs should include two or more strategies applied 

simultaneously or at different points in the reservoir life. The applicability of different 

strategies varies at different stages of reservoir life, being a function of the 

reservoir’s hydrologic size (capacity: inflow ratio), beneficial uses, and other factors 

such as environmental regulations. Techniques such as sediment routing require 

significant pool drawdown and use part of the natural inflow to transport sediment 

beyond the storage pool, making it possible to capture and regulate 100% of the 

flow; 

 Different types of torrent control (for more details refer to section 3.1.5.2);  

 Options for sediment retention management (for more details refer to chapter 

3.1.5.3); 

 Techniques of volume evaluation of sediment storage in reservoirs and dam life 

evaluation by using effective discharge assessment (for more details refer to section 

3.1.4.3);  

 Wood mobility monitoring based on GPS trackers (for more details refer to WP5 

Report – Sediment transport monitoring); 

 A GIS tool system for targeting sediment management at hydrographic district scale. 

The mapping of the total stream power network with the localization of the gauging 

station, or the torrents discriminations to discover their susceptibility to produce 

debris flows are example of applications of this tool (for more details refer to section 

3.1.4.1); 

 The River Scaling Concept – Morphodynamics Evaluation Tool (RSC-MET) is essential 

for evaluating regulated or restored river reaches as a precondition for an integrated 

morphological quality assessment and to find measures at the appropriate scale. It is 

clear that in a hierarchical scaling dependency of the smaller scales from the larger 

ones the integration of catchment, landscape unit and segment scale processes is 

crucial for planning and implementation of sustainable river engineering measures, 

hydropower development, river restorations and flood risk management at the reach 

scale (for more details refer to section 3.1.4.1);  

 The components of sediment transfers in an investigated river section can be 

quantified based on repeated surveys. At least at one cross section rating curves for 

bedload and suspended sediment transport, as well as the hydrology for the 

investigated time period (i.e. the time span between two surveys) are needed for 

calculating average sediment yields(for more details refer to section 3.1.4.2); 

 Sediment and large wood data collection for sediment and large wood budget by 

using Terrestrial Laser Scanner (for more details refer to section 3.1.4.2); 

 Different schemes of bridge design have been tested for different scenarios of hazard 

due to large wood transport (for more details refer to section 3.1.5.2); 

 Techniques on morphological stream reconstruction from the transformation of old 

existing check dams to boulder step-pool or boulder ramps (D’Agostino et al., 1997; 

Pagliara and Puglisi, 2004); 

 Technique of high resolution bathymetric surveys on reservoirs to evaluate sediment 

erosion and deposition during the monitoring phase (for more details refer to section 

5.2); 
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 Implementation of continuous monitoring after Filtering Check Dams (FCD) control 

operations and performing analysis of FCD after floods, hyperconcentrated flows and 

debris flow events of different magnitude. 

 

3.1.7.3. For Researchers/ Accademic 

 Techniques of sediment budget estimation: Meyer-Peter and Muller, 1948; 

Haschenburger and Church, 1998; Brasington et al., 2003; Surian and Cisotto, 2007; 

Mao and Surian, 2010; Wheaton et al., 2010; Erwin et al., 2012; Milan, 2013; 

 Techniques of wood monitoring and budget estimation: Keller and Swanson, 1979; 

Sedell and Froggatt, 1984; Palik et al., 1998; Piégay et al., 1999; Benda and Sias, 

2003; Benda et al., 2003; Marcus et al., 2011; Schenk et al., 2013; Ravazzolo et al., 

2015; 

 Mountain torrent and stream: evaluate the flow duration curve based on flow data. 

The curve has to symbolize the effective discharge range for bedload and suspended 

sediment transport. The bankfull discharge and critical discharge able to entrain 

certain grain-size percentiles of the streambed in this manner will be evaluated (for 

more details refer to Lenzi et al., 2006);  

 Effective discharge for small basins: the effective discharge for suspended sediment 

transport was quantified as 20-36% of the bankfull discharge in the Rio Cordon, it 

seems reasonable to argue that it does not play a significant role in channel-forming 

processes. On the contrary, the bedload effective discharge was found to be slightly 

higher, yet comparable, to the bankfull discharge. Therefore, bedload transport 

proves to be more appropriate to describe and analyze channel formation-

maintenance processes in steep mountain rivers. Therefore, two discharge ranges 

may exert geomorphological impacts on mountain rivers: (a) relatively frequent 

floods (RI ~ 1.5-3 years) responsible for maintaining the channel form in terms of 

pool depth, and step-pool steepness; and (b) more infrequent, higher flows (RI ~ 

30-50 years) responsible for macro-scale channel shaping in terms of major step 

destruction-creation, channel width adjustments and plan-form changes (for more 

details refer to Lenzi et al., 2006). 

 Good practices of different types of torrent control: D’Agostino et al., 1997; Pagliara 

and Puglisi, 2004; 

 Existing options for sediment retention management: Harrison et al., 2000; 

Garbrecht and Garbrecht, 2004; Wu, 1991; Annandale, 1987; Morris and Fan, 1998; 

Morris and Hu, 1992; Loehlein, 1999; White, 2001; Teals and Remus, 2001; 

 Quantify the forming and the effective discharge for large river basins by using the 

effective discharge (for more details refer to section 3.1.4.3.); 

 Long-term monitoring on mountain streams: when fluvial systems are characterized 

by highly variable regimes, the river requires adjustment to multi-scale discharge; 

 Mountain torrent and stream: the influence of flow class size, methodological 

approach and sediment fraction involved in the calculation of the effective discharge 

deserves further attention in order to minimize the subjectivity that still remains in 

the computational procedure; 

 Knowledge of grain size distributions on the riverbed and riverbank allows estimating 

the proportions of suspended sediment and bedload released in the case of erosion, 
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or the proportions of suspended sediment and bedload transport that are deposited 

in case of aggradation. 

 Large wood monitoring approaches (for more details refer to WP5 Report –Sediment 

transport monitoring); 

 Characterization source-to-sink of the redistribution of colluvial material across the 

landscape components (for more details refer to section 3.1.4.2.); 

 Estimation of large wood storage and its distribution by using a conceptual model 

developed for GIS systems (for more details refer to section 3.1.6); 

 Spatial analysis of stream networks based on disaggregation and aggregation 

procedures of geographical objects derived from remote sensing (for more details 

refer to section 3.1.4.1); 

 Large wood volume calculation based on comparison with direct field measurements 

and Terrestrial Laser Scanner (for more details refer to section 3.1.4.2). 

 Morphologic reconstruction and river restoration: D’Agostino et al., 1997; Pagliara 

and Puglisi, 2004; 

 Continuous and long term Filtering Check Dams (FCD) performance analysis to 

monitor continuity of sediments. 

 

 

3.1.7.4. Final recommendations and remarks  

 

What should research and applied studies focus on? 

 Correct approaches to estimate sediment and wood budget must consider correctly 

the river reach of interest with its specific basin and channel processes in order to 

evaluate the availability of transportable material. The knowledge on transport 

characteristics is an additional requirement to link the sources of sediment and wood 

with the fluvial network and thus estimate sediment and wood mobility. The 

understanding of boundary conditions as well as “the role” of the main ongoing 

processes at reach-scale are finally essential to investigate each component of 

sediment or wood balances; 

 Erosion that occurs as a result of human activities may be considered as an overtime 

event, due to the speed with which it takes place on the river systems. It is 

important to understand the role of each kind of process when studying sediment 

transport; 

 Protocol for wood budget estimations;  

 An integrated estimation of sediment and wood budget; 

 Analyze more thoroughly the interaction between sediment-wood and transversal 

structures; 

 Uncertainty in sediment-wood budget estimation should be quantified in a more 

precise way; 

 Improve the morphometric indicators and data sharing with a common online 

database to use in the new GIS-based planning system (presented in section 

3.1.4.1.) for targeting sediment management at hydrographic district scale;  

 All studies on effective discharge have been conducted considering suspended 

sediment transport in sand- or gravel-bed rivers and using average daily flow data. 
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Further investigations are thus required on small headwater streams, where long-

term sediment monitoring programmes are needed in order to clarify the geomorphic 

effectiveness of near-bankfull flows and of high-magnitude, low-frequency flood 

events. 

 New experiments for an optimal bridge design, taking into account wood transport 

and minimizing the potential risk during floods; 

 New techniques and management solutions to apply to reservoirs and check-dams, 

allowing better strategies of sediment continuity; 

 Carry out experimental monitoring plans related to the specific maintenance work, 

taking into account ecological and physical indicators for stream characterization 

(macrobenthos, fish fauna, physical-chemical quality of water and sediment), Total 

Suspended Solids (TSS), Settleable Solids (SS), discharge measurements, 

geomorphological characterization); 

 Possibility of conducting small experiments on sediment reintroduction reaches and 

river restorations despite the current regulations and simplified procedures (e.g. 

streamlined decisional process of competent agencies). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes:  

- The existing recommendations highlighted with the SedAlp EU Project have been written in gray; 

- The new recommendations emerged thanks to the SedAlp EU Project have been written in black. 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

80 

3.1.8. Literature  

 

Allred, T.M., Schmidt, J.C. (1999). Channel narrowing by vertical accretion along the Green 

River, Utah: Geological Society of America Bulletin 111, 1757–1772. DOI: 10.1130/0016-

7606(1999)111<1757 :CNBVAA>2.3.CO;2. 

Annandale, G.W. (1987). Reservoir sedimentation. New York: Elsevier Science. 

Armanini, A. (1997). On the dynamic impact of debris flows. In A. Armanini, & A.M. Michiue 

(Eds.), Recent Developments on Debris Flows (208-225). Berlin: Springer-Verlag. 

Armanini, A., Scotton, P. (1992). Experimental analysis on dynamic impact of a debris flow 

on structure. Intern. Symposium Interpraevent. Bern, Vol. 6. 

Bardou, E., Ancey, C., Bonnard, C., Vulliet, L. (2003). Classification of debris flow deposits 

for hazard assessment in alpine areas. In D. Rickenmann, & C.L. Chen (Eds.), Third Int. 

Conference on Debris-Flows Hazards Mitigation: Mechanics, Prediction and Assessment 2, 

799–808. Rotterdam, Netherlands: Millpress. 

Benda, L., Miller, D., Sias, J., Martin, D., Bilby, R., Veldhuisen, C., Dunne, T., (2003). Wood 

recruitment processes and wood budgeting. American Fisheries Society Symposium 37, 

49–73. 

Benda, L., Sias, J. (2003). A quantitative framework for evaluating the wood budget. Forest 

Ecology and Management 172, 1–16. 

Benini, G. (1990). Sistemazioni idraulico-forestali. Torino, Italy: UTET. 

Bertrand, G., Goldscheider, N., Gobat, J.M., Hunkeler, D. (2012). Review: From multi-scale 

conceptualization to a classification system for inland groundwater-dependent 

ecosystems. Hydrogeology Journal 20(1), 5-25.  

Bezak, N., Šraj, M., Mikoš, M. (2013). Overview of suspended sediments measurements in 

Slovenia and an example of data analysis. Gradbeni vestnik 62, 274-280 (In Slovene). 

Billi, P. 1994. Morfologia dei corsi d’acqua. Verde Ambiente 5, 61-70. 

Bilotta, G.S., Brazier, R.E. (2008). Understanding the influence of suspended solids on 

water quality and aquatic biota. Water Research 42(12), 2849-2861. 

Bovis, M.J., Jacob, M. (1999). The role of debris supply conditions in predicting debris flow 

activity. Earth Surface Processes and Landforms 24(11), 1039-1054. 

Bradley, J.B., Richards, D.L., Bahuer, C.D. (2005): Debris Control Structures—Evaluations 

and Counter-measures. Third Edition, Hydraulic Engineering Circular 9 (HEC-9). FHWA IF 

04-016. Washington, DC. 

Brandt, S.A. (2000) Classification of geomorphological effects downstream of dams. Catena 

40, 375–401. DOI: 10.1016/S0341-8162(00)00093-X. 

Brardinoni, F., Church, M., Simoni, A., Macconi, P. (2012). Lithologic and glacially 

conditioned controls on regional debris-flow sediment dynamics. Geology 40, 455-458. 

Brardinoni, F., Crosta, G.B., Cucchiaro, S., Valbuzzi, E., Frattini, P. (2013). Landslide 

mobility and landslide sediment transfer in Val di Sole, Eastern Central Alps. Landslide 

Science and Practice: Global Environmental Change 4, 315-320. DOI: 10.1007/978-3-

642-31337-0_40. 

Brardinoni, F., Hassan, M., Rollerson, T., Maynard, D. (2009). Colluvial sediment dynamics 

in mountain drainage basins. Earth and Planetary Science Letters 284, 310-319. 

http://www.nhbs.com/series/49877/american-fisheries-society-symposium-series


Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

81 

Brardinoni, F., Slaymaker, O., Hassan, M. (2003). Landslide inventory in a rugged forested 

watershed: a  comparison between remotely sensed and field survey data. 

Geomorphology 54, 179-196. 

Brasington, J., Langham, J., Rumsby, B. (2003). Methodological sensitivity of morphometric 

estimates of coarse fluvial sediment transport. Geomorphology 53, 299-316. 

Church, M. (1995) Geomorphic response to river flow regulation: Case studies and time-

scale. Regulated Rivers: Research and Management 11, 3–22. DOI: 

10.1002/rrr.3450110103. 

Comiti, F., Da Canal, M., Surian, N., Mao, L., Picco, L., Lenzi, M.A. (2011). Channel 

adjustments and vegetation cover dynamics in a large gravel bed river over the last 200 

years. Geomorphology 125, 147-159. 

Comiti, F., Andreoli, A., Lenzi, M.A., Mao, L. (2006). Spatial density and characteristics of 

woody debris in five mountain rivers of the Dolomites (Italian Alps). Geomorphology 78, 

44–63. 

D’Agostino, V., Casonato, A. (2000). Dynamic impact hypothesis for designing check dams 

involved in debris flow phenomena. Proc. Int. Workshop Los alludes torrencial de 

Diciembre 1999 en Venezuela. Caracas, Venezuela: Facultad de Ingegneria, Instituto de 

Mecanica de Fluidos. 

D’Agostino, V. (2010). Filtering-retention check dam design in mountain torrents. In Check 

dams, morphological adjustments and erosion control in torrential streams. Nova Science 

Publishers ISBN: 978-1-60876-146-3, pp. 185-210. 

D’Agostino, V., Lenzi, M.A. (1996). La valutazione del trasporto solido di fondo nel bacino 

attrezzato del Rio Cordon. L’Acqua 4, 23-40. 

D’Agostino, V. (2005). Velocità media della corrente in torrenti fortemente scabri. In 

Proceedings of the Italian Congress AIIA 2005, Catania, Italy, June. 27-30pp. 

D’Agostino, V. (1996). Analisi quantitativa e qualitativa del trasporto solido torrentizio nei 

bacini montani del Trentino Orientale. Scritti dedicati a Giovanni Tournon, 111-123. 

Italia: Associazione Italiana di Ingegneria Agraria & Associazione Idrotecnica Italiana. 

D’Agostino, V., Casonato, A. (2000). Dynamic impact hypotheses for designing check dams 

involved in debris flow phenomena. Proc. Int. Workshop Los alludes torrencial de 

Diciembre 1999 en Venezuela. Caracas, Venezuela: Facultad de Ingegneria, Instituto de 

Mecanica de Fluidos. 

D’Agostino, V., Cerato, M., Da Re, F., Lenzi, M.A. (1997). La sistemazione idraulica dei 

torrenti con briglie in massi, Dendronatura, Semestrale dell’Associazione Forestale del 

Trentino 18(2), 39-51. 

D’Agostino, V., Dalla Fontana, G., Ferro, V., Milano, V., Pagliara, S. (2004). Briglie aperte. 

In V. Ferro, G. Dalla Fontana, S. Pagliara, S. Puglisi, S., & P. Scotton (Eds.), Opere di 

sistemazione idraulico-forestale a basso impatto ambientale. Milan, Italy: McGraw-Hill. 

283-384. 

D’Agostino, V., Lenzi, M.A. (1998). La massimizzazione della resistenza al flusso nei torrenti 

con morfologia a step pool. Atti del XXVI Convegno Nazionale di Idraulica e Costruzioni 

Idrauliche 1, 281-293. Catania, Italy: CUECM. 

D’Agostino, V., Marchi, L. (2003). Geomorphological estimation of debris-flow volumes in 

alpine basins. In D. Rickenmann, & C. L. Chen (Eds.), Third Int. Conference on Debris-



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

82 

Flows Hazards Mitigation: Mechanics, Prediction and Assessment 2, 1097–1106. 

Rotterdam, Netherlands: Millpress. 

D'Agostino, V., Bertoldi, G. (2014), On the assessment of the management priority of 

sediment source areas in a debris-flow catchment. Earth Surface Processes and 

Landforms 39, 656–668. DOI:10.1002/esp.3518 

Demontzey, M.P. (1891). Le reboisement des montagnes et l’extinction des torrents: 

Conférence faite à l’Association francaise pour l’avancement des sciences, le 14 mars 

1891. Extrait del la revue scientifique. Paris, France: Administration des Deux Revues. 

Douglas, J.M. (2001). Patterns of instream wood recruitment and transport at the 

watershed scale. Transactions of the American Fisheries Society 130,940–958. 

Ehrman, T.P., Lamberti, G.A. (1992). Hydraulic and particulate matter retention in a 3rd-

order Indiana stream. Journal of the North American Benthological Society (11), 341-

349. 

Erwin, S.O., Schmidt, J.C., Wheaton, J.M., Wilcock, P.R. (2012). Closing a sediment budget 

for a reconfigured reach of the Provo River, Utah, United States. Water Resources 

Research 48, W10512. DOI:10.1029/2011WR011035 

Evans, M., Slaymaker, O. (2004). Spatial and temporal variability of sediment delivery from 

alpine lake basins, Cathedral Provincial Park, southern British Columbia. Geomorphology 

61, 209–224. 

Fattorelli, S. (1971). Opere per la correzione dei torrenti nelle Alpi Francesi. Monti e Boschi 

22(5), 33-44. 

Ferguson, R.I. (1981). Channel forms and channel changes. In British Rivers, J. Lewin (ed.). 

Allen and Unwin: London; 90–125. 

Friedman, J.M., Osterkamp, W.R., Scott, M.L., Auble, G.T. (1998). Downstream effects of 

dams on channel geometry and bottomland vegetation: Regional patterns in the Great 

Plains: Wetlands 18, 619–633. 

Frings, R.M., Gehres, N., Promny, M., Middelkoop, H., Schüttrumpf, H., Vollmer, S. (2014): 

Today's sediment budget of the Rhine River channel, focusing on the Upper Rhine Graben 

and Rhenish Massif. Geomorphology 204, 573-587. 

Fryirs, K. (2013), (Dis)Connectivity in catchment sediment cascades: a fresh look at the 

sediment delivery problem. Earth Surface Processes and Landforms 38, 30–46. DOI: 

10.1002/esp.3242 

Fryirs, K., Brierley, G.J. (2001). Variability in sediment delivery and storage along river 

courses in Bega catchment, NSW, Australia: implications for geomorphic river recovery. 

Geomorphology 38, 237-265. 

Garbrecht, J.D., Garbrecht, G.K.N. (2004). Siltation behind dams in antiquity. ASCE Conf. 

Proc. 140, 6. 

Garcìa, H.M. (2008) Sedimentation Engineering. Processes, measurements, modeling, and 

practice. ASCE Manuals and Reports on Engineering Practice n. 110 

Genet, E. (1953). Un nouveau type de barrage de correction: le barrage-peigne, Compte 

rendu général du voyage d’etudes dans les Alpes Francaise du Groupe de Travail 

FAO/EFC/TORR: I session, Nancy, 1952, France: FAO. 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

83 

Grant, G.E., Schmidt, J.C., Lewis, S.L. (2003). A geological framework for interpreting 

downstream effects of dams on rivers, in O’Connor, J.E., and Grant, G.E., eds., A Peculiar 

River: American Geophysical Union, Water Science and Application 7, 209–225. 

Gurnell, A., Surian, N., Zanoni, L. (2009). Multi-thread river channels: A perspective on 

changing European alpine river systems. Aquatic Sciences, 13pp. 

Gurnell, A., Petts, G. (2006). Trees as riparian engineers: the Tagliamento River, Italy. 

Earth Surface Processes and Landforms 31, 1558–1574. 

Haschenburger, J.K., Church, M. (1998). Bed material transport estimated from the virtual 

velocity of sediment. Earth Surface Processes and Landforms 23, 791-808 

Hashimoto, H., Tsubaki, T., Nakayama, H. (1978). Experimental consideration on debris 

flow. Proc. 33rd National Meeting of Japan Society of Erosion Control Engineering. 574-

575. 

Holzinger, G., Hübl, J. (2004). Impact force on a debris flow breaker: derived from 

laboratory experiments. Interpraevent 2004: Riva del Garda/Trient 3, 131-139. Villach, 

Austria: Kreiner Druck. 

Hungr, O., Morgan, G.C., Kellerhals, R. (1984). Quantitative analysis of debris flow torrent 

hazards for design of remedial measures. Canadian Geotechnical Journal 21(4), 663-677. 

Harrison, L.L., MacArthur, R.C., Sanfort, R.A. (2000). Lake Solano sediment management 

study. ASCE Conf. Proc. 105, 167. 

Ikeya, H. (1989). Debris flow and its countermeasures in Japan. Bull. of the International 

Association of Engineering Geology 40, 15-33. 

Keller, E.A., Swanson, F., (1979). Effects of large organic material on channel form and 

fluvial processes. Earth Surface Processes and Landforms 4, 361–380. 

Kronfellner-Kraus, G. (1970). Über offene Wildbachsperren. Mitteilungen der forstlichen 

Bundesversuchsanstalt- Wien 88, 7-77. 

Lange, D., Bezzola, G.R. (2006): Schwemmholz: Probleme und Lösungsansätze. 

Mitteilungen 188, VAW, Zürich. (in German). 

Lenzi, M.A. (2002). Stream bed stabilization using boulder check dams that mimic step-pool 

morphology features in Northern Italy. Geomorphology 45(3), 243-260. 

Lenzi, M.A., D’Agostino, V., Sonda, D. (2000). Ricostruzione morfologica e recupero 

ambientale dei torrenti: Criteri metodologici ed esecutivi. Cosenza, Italy: Bios. 

Lenzi, M.A., Mao, L., Comiti, F. (2003). Interannual variation of suspended sediment load 

and sediment yield in an alpine catchment. Hydrological Sciences Journal 48(6), 899-

915. 

Lenzi, M.A., Mao, L., Comiti, F. (2006). Effective discharge for sediment transport in a 

mountain river: Computational approaches and geomorphic effectiveness. Journal of 

Hydrology 326, 257-276. 

Lichtenhahn, C. (1971). Calcolo delle briglie in calcestruzzo basato su nuove ricerche 

eseguite in Svizzera negli ultimi anni. Annali Accademia Italiana di Scienze Forestali 20, 

89-113. 

Loehlein, W.C. (1999). The growing reservoir sedimentation problem in the U.S. Army 

Engineering District, Pittsburgh. ASCE Conf. Proc. 111, 313. 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

84 

MacVicar, B., Piégay, H. (2012). Implementation and validation of video monitoring for 

wood budgeting in a wandering piedmont river, the Ain River (France). Earth Surface 

Processes and Landforms 37, 1272–1289. 

MacVicar, B.J., Piégay, H., Henderson, A., Comiti, F., Oberlin, C., Pecorari, E. (2009). 

Quantifying the temporal dynamics of wood in large rivers: field trials of wood surveying, 

dating, tracking, and monitoring techniques. Earth Surface Processes and Landforms 

34(15), 2031–2046. 

Manga, M., Kirchner, J.W. (2000). Stress partitioning in streams by large woody debris. 

Water Resources Research 36, 2373-2379. 

Mao, L., Lenzi, M.A. (2007) Sediment mobility and bedload transport conditions in an alpine 

stream. Hydrological Processes 21, 1882-1891. 

Mao, L., Surian, N. (2010). Observations on sediment mobility in a large gravel-bed river. 

Geomorphology. DOI: 10.1016/j.geomorph.2009.07.015 

Marchi, L., Pasuto, A., Tecca, P.R. (1993). Flow processes on alluvial fans in the Eastern 

Italian Alps. Z. Geomorph. N. F. 37, 447-458. 

Marchi, L., D’Agostino, V. (2004). Estimation of the debris-flow magnitude in the Eastern 

Italian Alps. Earth Surface Processes and Landforms 29, 207-220. 

Marcus, W.A., Rasmussen, J., Fonstad, M.A. (2011). Response of the fluvial wood system to 

fire and floods in northern Yellowstone. Annals of the Association of American 

Geographers 101, 22–44. 

Meyer-Peter, E., Muller, R. (1948). Formulas for bed-load transport. Proc., 2nd Meeting, 

IAHR, Stockholm, Sweden, 39-64. 

Milan, D.J. (2013). Virtual velocity of tracers in a gravel-bed river using size-based 

competence duration. Geomorphology 198, 107-114. 

Mizuyama, T., Kobashi, S., Ou, G. (1992). Prediction of debris flow peak discharge. Intern. 

Symposium Interpraevent: Bern 4, 99-108. 

Monet, P. (1966). Une experience de correction torrentielle donnerait-elle la clé du 

phénomemène des transports solides par les eaux courantes?. Revue de Géographie 

Alpine 43, 455-460. 

Moretto, J., Rigon, E., Mao, L., Picco, L., Delai, F., Lenzi, M.A. (2013). Channel adjustment 

and island dynamics in the Brenta River (Italy) over the last 30 years. River Research 

and Applications. DOI: 10.1002/rra.2676. 

Morris, G.L., Fan, J. (1998). Reservoir sedimentation handbook, New York: McGraw-Hill. 

Morris, G.L., Hu, G. (1992). HEC-6 modeling of sediment management in Loìza reservoir, 

Puerto Rico. Hydraulic Engineering, Water Forum ’92, M. Jennings and N. Bhowmik 

(Eds.), New York: ASCE, 630-635. 

Moscariello, A., Marchi, L., Maraga, F., Mortara, G. (2002). Alluvial fans in the Italian Alps: 

sedimentary facies and processes. In: P. Martini, V.R. Baker, & G. Garzon (Eds.), Flood & 

Megaflood Processes and Deposits - Recent and Ancient Examples (141-166). Oxford, 

UK: Blackwell Science. 

Nilsson, C., Reidy, C.A., Dynesius, M., Revenga, C. (2005) Fragmentation and flow 

regulation of the world’s large river systems: Science 308, 405–408. DOI: 

10.1126/science.1107887. 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

85 

Nourani, V., Kalantari, O., Baghanam, A.H. (2012). Two semidistributed ANN-based models 

for estimation of suspended sediment load. Journal of Hydrologic Engineering, 17(12), 

13681380. 

Ou, G., Mizuyama, T. (1994) Predicting the average sediment concentration of debris flow. 

Journal of Japan Society of Erosion Control Engineering 47(4), 9-13. 

Pagliara, S., Puglisi, S. (2004). Riconversione, integrazione e manutenzione di manufatti 

esistenti. In: Ferro V., Dalla Fontana G., Pagliara S., Puglisi S., Scotton P., Opere di 

sistemazione idraulico-forestale a basso impatto ambientale. McGraw-Hill. 384-409. 

Palik, B.J., Golladay, S.W., Goebel, P.C., Taylor, B.W., (1998). Geomorphic variation in 

riparian tree mortality and stream coarse woody debris recruitment from record flooding 

in a coastal plain stream. Ecoscience 5, 551–560. 

Pettitt, A.N. (1979). A non-parametric approach to the change-point problem. Applied 

Statistics 28, 126-135. 1033. 

Petts, G.E., Amoros, C. (1996). Fluvial hydrosystems. Springer-Verlag. DOI: 

10.1002/(SICI)1099-1646(199707)13:4<393:AID-RRR461>3.0.CO;2-K. 

Petts, G.E., Gurnell, A.M. (2005). Dams and geomorphology: Research progress and future 

directions. Geomorphology 71, 27–47, DOI: 10.1016/j.geomorph.2004.02.015. 

Picco, L., Mao, L., Rainato, R. Lenzi, M.A. (2014). Medium-term fluvial island evolution in a 

disturbed gravel-bed river (Piave River, Northeastern Italian Alps). Geografiska Annaler: 

Series A, Physical Geography 96, 83–97. DOI: 10.1111/geoa.12034. 

Piégay, H., Thévenet, A., Citterio, A., (1999). Input storage and distribution of large woody 

debris along a mountain river continuum, the Drôme River, France. Catena 35, 13–39. 

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, R.E., 

Stromberg, J.C. (1997). The natural flow regime. Bioscience 47, 769–784. DOI: 

10.2307/1313099. 

Puglisi, S. (1967). L’impiego dei dispositivi filtranti nella correzione dei torrenti. L’Italia 

Forestale e Montana 22 (1), 12-24. 

Ravazzolo, D., Picco, L., Mao, L., Lenzi, M.A. (2015).Tracking log displacement during floods 

in the Tagliamento River using RFID and GPS tracker devices. Geomorphology 228, 226–

233. DOI: 10.1016/j.geomorph.2014.09.012. 

Rickenmann, D. (1999). Empirical relationships for debris flow. Natural Hazard 19, 47-77. 

Schenk, E.R., Moulin, B., Hupp, C.R., Richter, J.M. (2013). Large wood budget and transport 

dynamics on a large river using radio telemetry. Earth Surface Processes and Landforms 

39, 487–498. DOI: 10.1002/esp.3463. 

Schnitter, N.J. (1994). A history of dams, the useful pyramids. Rotterdam: A.A. Balkema. 

Scotton, P., Deganutti, A.M. (1997). Phreatic line and dynamic impact in laboratory debris 

flow experiments. In Cheng-lung Chen (Ed.), Proceedings of the First International 

Conference on Debris-Flow Hazards Mitigation: Mechanics, Prediction, and Assessment, 

New York: ASCE. 

Sedell, J.R., Froggatt, J.L. (1984). Importance of streamside forests to large rivers: the 

isolation of the Willamette River, Oregon, U.S.A., from its floodplain by snagging and 

streamside forest removal. Association of Theoretical and Applied Limnology. 22, 1928–

1834. 

http://dx.doi.org/10.1002/esp.3463


Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

86 

Service Federal des Routes et des Digues (1973). Dimensionnement des barrages en 

torrentes en béton et beton armé. Berne, Switzerland: Office Centrale des imprimes et 

du materiel. 

Shields, F. D., Knight, S. S., Morin, N., Blank, J. C. (2003). Response of fishes and aquatic 

habitats to sand-bed stream restoration using large woody debris. Hydrobiologia 494, 

251–257. 

Shields, F., Jr., Copeland, R., Klingeman, P., Doyle, M., Simon, A. (2008). Sedimentation 

Engineering. American society of civil engineering. 461-503 doi: 

10.1061/9780784408148.ch09 

Shields, F.D., Gippel, C.J. (1995). Prediction of effects of woody debris removal on flow 

resistance. Journal of Hydraulic Engineering 121, 341-354. 

Shields, F.D., Knight, S.S., Morin, N., Blank, J.C. (2003). Response of fishes and aquatic 

habitats to sand-bed stream restoration using large woody debris. Hydrobiologia 494, 

251–257. 

Slovenian Forest Service. (2014). The operational plan for the sanitation of the damaged 

forest after the sleet event in February 2014. 

Smart, G.M., Jaeggi, M.N.R. (1983). Sediment Transport on Steep Slopes: Vol. 64. Mitt. 

Versuchsanstalt für Wasserbau Hydrologie und Glaziologie, Zürich: ETH. 

Smith, R.D., Sidle, R.C., Porter, P.E., Noel, F.R. (1993). Effects of experimental removal of 

woody debris on the channel morphology of a forest, gravel-bed stream. Journal of 

Hydrology 152, 153-178. 

Spreafico, M., Lehman, C., Naef, O. (1999). Recomandations concernant l’estimation de la 

charge sédimentaire dan les torrents. Groupe de travail pour l’hydrologie opérationelle, 

Berne, Switzerland. 

Surian, N., Cisotto, A. (2007). Channel adjustments, bedload transport and sediment 

sources in a gravel-bed river, Brenta River, Italy. Earth Surface Processes and Landforms 

32(11), 1641-1656. 

Surian, N., Rinaldi, M., Pellegrini, L. (2009). Linee guida per l’analisi geomorfologica degli 

alvei fluviali e delle loro tendenze evolutive. Padova, Italy: CLEUP. 79pp. 

Teal, M.J., Remus, J.I. (2001). Lake Sharpe sediment flushing analyses. ASCE Conf. Proc., 

111, 140. 

Tena, A., Batalla, R.J., Vericat, D., López-Tarazón, J.A. (2011). Suspended sediment 

dynamics in a large regulated river over a 10-year period (the lower Ebro, NE Iberian 

Peninsula). Geomorphology 125(1), 73-84. 

Thiery, E. (1891). Restauration des montagnes, correction des torrents, reboisements. 

Paris, France: Baudry et C. Libraires. 

Tubino, M., Lanzoni, R. (1993). Rheology of debris flows: experimental observations and 

modelling problems. Excerpta 7, 201-236. 

Üblagger, G. (1972). Retendieren, Dosieren und Sortieren: Kolloquium über 

Wildbachsperren, Mitteilungen der forstlichen Bundesversuchsanstalt- Wien 102, 335-

372. 

Ulaga, F. (2005). Monitoring suspendiranega materiala v slovenskih rekah = Monitoring of 

suspended matter in Slovenian rivers. Acta Hydrotechnica, 23, 117-127. 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

87 

Valentini, C. (1912). Sistemazione dei torrenti e dei bacini montani. Milano, Italy: Hoepli. 

Walling, D.E. (1983). The sediment delivery problem. Journal of Hydrology 65, 209–237. 

Warren, D.R., Kraft, C.E. (2008). Dynamics of large wood in an eastern U.S. mountain 

stream. For. Ecol. Manag. 256, 808–814. 

Watanabe, M., Ikeya, H. (1981). Investigation and analysis of volcanic mud flows on Mt 

Sakurajima, Japan. Proceedings of the Florence Symposium Erosion and Sediment 

Transport Measurement: IAHS-AISH Pubbl. 133, 245-256. 

Watanabe, M., Mizuyama, T., Uehara, S., Suzuky, H. (1980). Experiments on sabo 

structures for debris flow. Civil Engineering Journal 22-2, 64-70. 

Wheaton, J.M., Brasington, J., Darby, S.E., Sear, D.A. (2010). Accounting for uncertainty in 

DEMs from repeat topographic surveys: improved sediment budgets. Earth Surface. 

Processes and Landforms 35, 136–156. 

White, R. (2001). Evacuation of sediments from reservoirs. London: Thomas Telford Press. 

(Avail. ASCE). 

Wu, C.M. (1991). Reservoir capacity preserving practice in Taiwan. Proc. 5th Federal 

Interagency sedimentation conference. Las Vegas, 10.75-10.81. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

89 

 

3.4. Guidelines for the identification of morphological 

impacts related to hydropower plants and gravel 

extraction 

 

 

Coordinators: Picco L.; Lenzi M.A.; Moretto J. 

 

 

 

 

Contributors: 

 

P.P. 2 - ARPAV - Regional Agency for Enviromental Protection and 

Prevention of Veneto, Italy 

P.P. 3 - UNIPD - University of Padova, TESAF Department, Italy  

P.P. 5 - Regione Piemonte, Italy 

P.P. 11 - BOKU - Wien, Austria 

 

 

 

 

Authors: 

 

P.P. 2 – Vianello A. 

P.P. 3 - Picco L., Moretto J., Lenzi M.A., Ravazzolo D. 

P.P. 5 - Bodrato G., Del Vesco R., Tresso F. 

P.P. 11 - Klösch M., Habersack H., Blamauer B. 

 

 

 

 

 

 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

91 

3.2.1. Background 

Dams represent one of the most significant human interventions in the hydrological cycle 

(Revenga et al., 2000). Their presence interrupts the action of the conveyor belt of 

sediment transport (Kondolf, 1997). Dams and reservoirs are constructed and operated for 

several purposes such as power generation, flood protection, drinking water or agricultural 

water supply, recreation, fishing, and others. Despite the socio-economic support, dams 

have a considerable impact on freshwater ecosystems and constitute obstacles for 

longitudinal exchanges along fluvial systems (Revenga et al., 2000). Studies in Norway 

have shown that the presence of storage reservoirs permanently reduces the diversity of 

riparian vegetation (Nilsson et al., 1997). The construction of a dam results in 

“discontinuities” to the river continuum (Ward and Stanford, 1995). However, large dams 

and weirs might not only interrupt the river continuity, but also have an important effect on 

the natural sediment transportation, resulting in: 

(1) the retention of sediment upstream of dams with the consequent extraction of it in order 

to maintain the river’s depth for hydropower generation and navigation;  

(2) the loss of sediment downstream of dams, meaning that material must be artificially 

imported to stabilize the riverbed and limit its incision. 

The usual engineering practice has been to design and operate reservoirs to fill with 

sediment. When sedimentation is controlled, dams can have useful lives greatly exceeding 

any other type of engineered infrastructure. With this approach, the consequences of 

sedimentation are left to be taken care of by future generations. 

While the 20th century focused on dam construction, the 21st will focus on sustaining the 

function of existing infrastructure as it becomes increasingly affected by sedimentation. The 

objective of sediment management is to manipulate the river-reservoir system to achieve 

sediment balance while retaining as much beneficial storage as possible and minimizing 

environmental impacts and socioeconomic costs. 

It is estimated that inter-basin transfers and water withdrawals for supply and irrigation 

have fragmented 60% of the world’s rivers (Revenga et al., 2000). For most of the world’s 

existing stock of dams, environmental issues played little part in their design and operation. 

However, in the last two decades, an increase in environmental awareness has led to the 

recognition that the management of water resources includes a responsibility to protect the 

users of water, and the natural resources that depend on water, from over-utilization or 

impacts that cause degradation. As a result, considerable effort has been invested in 

developing approaches to lessen the most damaging effects of dams. Phillips et al. (2005) 

found multiple combinations of increase, decrease or no change in width, depth, slope and 

roughness in response to dam regulation. Although there have been attempts to generalize 

the hydrogeomorphic effects of impoundment (Petts and Gurnell, 2005), it remains difficult 

to predict channel adjustment downstream of dams because of differences in dam operation 

modes since their construction. Moreover, experience indicates that the success of these 

measures is extremely variable and far from assured (Bergkamp et al., 2000). 
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3.2.2. Problem description 

Sedimentation and erosional processes are, typically, in equilibrium in a natural river 

system. The construction of human structures influences this balance (Aleem, 1972). In 

fact, reservoirs and less steep reaches decrease the flow velocities, turbulences and bed 

shear stresses (Williams and Wolman, 1984). These decreases lead to deposition of the 

sediment transported as bedload and suspended load. This typically leads to an upstream- 

and downstream-progressing river incision, lateral channel instability and bed armouring. 

Flow events are responsible for channel formation, because they transport and sort 

sediment (Osterkamp, 2004). Hence, it is important to analyze the role of different classes 

of flow discharge in sediment transport and channel adjustment in response to the 

alteration of flow and sediment regime resulting from dam operation (Singer, 2007; Zahar 

et al., 2008; Fu et al., 2010; Chen et al., 2010). Sediment transport and deposition in 

Alpine rivers are the reasons for several problems related to reservoir sedimentation and 

flood protection. Nowadays, the sedimentation issues are focused on: 

(1) continuation of reservoir operation beyond the original design life despite sediment 

accumulation; 

(2) modification of existing structures in order to minimize sedimentation impacts; 

(3) design and management of new reservoirs able to minimize sediment accumulation; 

(4) dredging and other sediment removal techniques; 

(5) sediment management to minimize or mitigate environmental impacts. 

Erosion control to reduce sediment yield is widely recommended to prolong reservoir 

function but is most difficult to implement successfully. Many reservoirs, particularly in 

developing areas, have experienced accelerated erosion from intensified land use and 

deforestation, despite recommendations for erosion control. Even when land use changes to 

less erosive patterns, many years may be required before significant reduction in sediment 

yield occurs (Faulkner and McIntyre, 1996). 

Accelerated soil erosion has many negative impacts in addition to reservoir sedimentation. 

Appropriate land use practices are well known and readily demonstrable on model farms or 

experimental watersheds. However, implementing and sustaining good land use practices 

by many thousands of land users across a watershed is highly problematic. A good overview 

of the economic barriers to the adoption of soil conservation measures by farmers of all 

income levels and on every continent is provided by Napier et al. (1994). Land users will not 

altruistically change their practices to reduce sedimentation of a downstream reservoir, 

especially if the reservoir benefits accrue to another community. Sustained improvements 

will not be achieved unless land users understand how they will directly benefit from these 

practices. For this reason, successful watershed management programmes must be 

developed as a community-level effort with readily identifiable benefits to land users. 

Necessary elements of sediment management strategies for sustainable reservoirs are to 

collect enough data of deposited sediment for evaluation and select a suitable management 

technique case by case. It is also important to establish techniques for redeveloping existing 

dams, by construction of sediment bypass, and to develop environmental impact 

assessment approaches (Kantoush and Sumi, 2010). Environmental issues associated with 

reservoir sedimentation include the consequences of altered sediment supply and regulated 

flows on the morphology and ecology of downstream channels (Petts, 1984; Kondolf, 1997). 
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The objective of management is to minimize the adverse effect that deposition in a reservoir 

has on its operations. The sustainability of a reservoir should seek to balance sediment 

inflow and outflow while maximizing the long-term benefits. 

Definitions of sustainable development have proliferated, but the following basic concepts 

are most relevant from the standpoint of water resources infrastructure: 

(1) Guarantee security and acceptable functioning of the infrastructure for its purposes 

(drinking water, irrigation, energy production, etc.); 

(2) Today’s patterns of infrastructure development should preserve the capacity of the 

reservoir and maximum possible time of functioning. Not compromise the ability of future 

generations to access these same resources; 

(3) Produce minimum impact on the environment and maintain biological diversity; 

(4) Minimize the potential for catastrophic disasters resulting from infrastructure failure; 

(5) Avoid activities that create a legacy of environmental restoration or infrastructure 

rehabilitation obligations that are disproportional on future generations; 

(6) Take into account all processes: hydrological regime (floods and drags), soil erosion, 

climate change, environment and associated ecosystems, water and sediment continuity. 

3.2.3. Process and relation 

By trapping sediment in reservoirs, dams interrupt the continuity of sediment transport 

along rivers, resulting in loss of reservoir storage and depriving downstream reaches of 

sediments essential for channel form (Walling and Fang, 2003). 

Relatively coarse sediment is deposited first and followed by finer sediment towards the 

reservoir area (Grade and Range Raja, 1985). The longitudinal distribution of the deposits 

varies from reservoir to reservoir depending on the shape of the lake, operation mode, 

grain size and type of sediment and the water inflow discharge etc. (U.S Bureau of 

Reclamation, 1987). In addition, the reservoir operation plays a major role in sediment 

movement and distribution (Wan et al., 2010). Reservoirs reduce flow velocity and so 

enhance sedimentation (Mahmood, 1987). The rate of reservoir sedimentation worldwide is 

not accurately estimated, but it is accepted that 1-2% of the worldwide storage capacity is 

lost annually (Jacobsen, 1999). 

The retention and deposition of sediment in reservoirs and just upstream of check dams 

cause a lack of sediment transport from the upper part of the basin. This produces further 

erosion in these reaches, resulting in a bedload deficit that generates riverbed degradation 

(Kondolf, 1995). An artificial reservoir leads to a morphological alteration along the channel 

(Kantoush et al., 2010), in terms of riverbed incision and channel width narrowing (e.g., 

Kondolf, 1997; Batalla, 2003). Consequently, the river system will try to find an equilibrium 

condition between erosion and deposition processes. 

The rate at which sedimentation occurs within a reservoir depends on the lithological, 

physiographic features and land-use practices of the catchment, as well as the way the dam 

is operated. High magnitude and frequent fluctuation of the water level in reservoirs can 

cause erosion of the shores with a consequent deposition (Mahmood, 1987). In fact, it is 

estimated that between 0.5% and 1% of the storage volume of the world’s reservoirs is lost 

annually due to sediment deposition (Mahmood, 1987). The main sedimentation impact (not 

only the impoundment but also areas extending far downstream and short distances 
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upstream of the pool) within a reservoir is storage loss that impairs water supply, 

hydropower, flood control, and navigation. 

Reservoir flushing (i.e. the selective release of highly turbid waters) is a technique 

sometimes used to reduce in-reservoir sedimentation (Atkinson, 1996). 
If flows released from dams have sufficient capacity to move coarse sediment, water may 

transport sediment downstream without replacement from upstream (Kondolf, 1997). 

Deltas can form where the main or side tributaries discharge into a reservoir, and these 

deltas will create backwater and bed aggradation above the normal pool level. Streambed 

aggradation can increase groundwater levels, which in turn can saturate vegetation root 

zones and waterlog riparian agricultural soils, increase soil salinity, and alter ecological 

habitats. 

Downstream of a dam, reduction in sediment load in rivers can result in increased bank and 

bed erosion, loss of floodplains (through erosion and decreased overbank accretion) and 

degradation of coastal deltas. Removal of fine material may leave coarser sediments that 

armour the riverbed, protecting it from further scour. In some circumstances, material 

entrained from tributaries cannot be moved through the channel system by regulated flows, 

resulting in aggradation (Arroyo, 1925; Malhotra, 1951; Petts, 1979, 1980; Zahar et al., 

2008). The main effects that dams can exert along downstream reaches are (1) Channel 

incision; (2) Narrowing of channel width; (3) Armouring of riverbed due to the presence of 

fine sediment; (4) Bank erosion. 

Reservoir life has traditionally been conceptualized based on the continuous filling of the 

usable storage pool, presumably followed by abandonment of the structure. However, the 

“life” of a reservoir is better described based on the three distinct stages: 

(1) continuous sediment trapping (during all inflowing flood events); 

(2) partial sediment balance. If sedimentation is allowed to proceed uninterrupted, the 

reservoir will become filled with sediment, and a channel-floodplain configuration will 

develop in the former pool area. The inflow and discharge of fine sediment may be nearly 

balanced, but coarse bed material continues to accumulate. Sediment management 

techniques, such as drawdown to pass sediment-laden flood flows through the impounded 

reach by periodic flushing, can produce a partial sediment balance to help preserve useful 

reservoir capacity; 

(3) full sediment balance. A long-term balance between sediment inflow and outflow is 

achieved when both the fine and the coarse portions of the inflowing load can be 

transported beyond the dam or artificially removed on a sustainable basis. However, 

sediment movement through the impounded reach is not necessarily the same as the pre-

impoundment condition because sediment may accumulate during smaller events and be 

washed out during large floods or may be removed at intervals by dredging or flushing. 

3.2.4. Procedures for the identification of morphological impacts 

related to hydropower plants and gravel extraction 

3.2.4.1. Indicators for the evaluation of fluviomorphological impacts 

due to sediment removal or sediment supply reduction (P.P. 2) 

 

On the basis of the assumptions expressed in Section 3.3.2.1 of Chapter 3.3 (WP6 - Act. 

6.3), natural rivers tend towards a state of quasi-equilibrium after decades to centuries of 
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adjustment. The quasi-equilibrium state is defined as having no net accumulation or 

depletion of sediment on the bed, banks, or floodplain and nearly constant average 

hydraulic characteristics (width, depth, velocity, roughness, slope, and channel pattern) 

through a channel reach at a given discharge (Andrews, 1986). Dynamic equilibrium means 

a balance between the transport capacity (erosion processes) and the sediment supply 

(depositional tendency). 

The relationship between channel form and process is one of sensitive mutual adjustment, 

in which river morphology is both a control and the consequence of fluvial processes. 

However, despite the well-established significance of channel morphology, until recently few 

studies have sought to examine the fully three-dimensional relationship between river form 

and process in an attempt to explain distributed patterns of channel evolution and sediment 

transport. Indeed, studies of river dynamics have often focused primarily on planimetric 

changes (Lewin and Weir, 1977; Ferguson and Werritty, 1983). 

Figure 1 shows a schematic representation of a natural river, considered as a sediment 

conveyor belt, where the sediments are conveyed from the erosion zones of the catchment 

to the deposition sites.  

 

 

Figure 1. a) zones of erosion, transport, and deposition, and the river channel as conveyor belt for 

sediment. (Reprinted from Kondolf 1994, with kind permission of Elsevier Science-NL.); 

b) dominating processes along the hydrographic river network. 

 

This natural quasi-equilibrium can be well described as a balance between the variables that 

cause erosional processes leading to channel bed degradation (liquid discharge Ql, channel 

slope S), and those leading to sedimentation or channel bed aggradation (solid discharge 

Qs, sediment size D50) (Figure 2). 

 

Figure 2. Natural channel: quasi-equilibrium between degradation and aggradation processes (Lane, 

1953; modif.). 
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Modifications in the natural flow and sediment transport regimes can drive morphological 

changes in channel form, disrupting the existing quasi-equilibrium state. The responses of 

flow processes and channel morphology to engineering and regulation of alluvial streams 

have been studied widely (e.g. Petts, 1977; Williams, 1978; Castiglioni and Pellegrini, 1981; 

Williams and Wolman, 1984; Andrews, 1986; Dutto and Maraga, 1994; Petit et al., 1996; 

Billi and Rinaldi, 1997; Kondolf, 1997). The results of these studies not only demonstrate 

that process/response may generate remarkable channel changes, but also show that the 

modes of change and response times vary considerably from one stream to another. 

A sediment deficit caused by hydropower operations (artificial reservoir and dam) typically 

induces upstream- and downstream-progressing river incision, lateral channel instability and 

bed armouring. The resultant incision alters the frequency of floodplain inundation along the 

river courses, lowers valley floor water tables and frequently leads to destruction of bridges 

and channelization structure (Rinaldi et al., 2005). Figure 3 shows the different pattern of 

channel reaches affected by aggradation process (when the sediment supply Qs is higher 

than the transport capacity Qc = Ql x S) and by degradation (Qc > Qs). 

 
 

 

Figure 3. Channel reaches affected by aggradation and degradation processes (Photo: ARPAV). 

 

In response to various types of human impacts, most European and Italian rivers have 

experienced considerable channel adjustments during the last two centuries. The most 

important effect of human impact has been an alteration of sediment fluxes, and specifically 

a remarkable decrease in sediment supply to river channels (Surian and Rinaldi, 2004). 
Narrowing and incision have been the dominant processes, particularly intense from the 

1950s to the 1990s (Surian and Rinaldi, 2004). 

 

Effects of Dams 

Dams disrupt the longitudinal continuity of the river system and interrupt the action of the 

conveyor belt of sediment transport (Kondolf, 1997).  

By changing flow regime and sediment load, dams can produce adjustments in alluvial 

channels, the nature of which depends upon the characteristics of the original and altered 

flow regimes and sediment loads. Dams disrupt the longitudinal continuity of the river 

system and interrupt the action of the conveyor belt of sediment transport. Upstream of the 

dam, all bedload sediment and all or part of the suspended load (depending upon the 

reservoir capacity relative to inflow) (Brune, 1953) is deposited in the quiet water of the 

reservoir (reducing reservoir capacity) and upstream of the reservoir in reaches influenced 

by backwater. Downstream, water released from the dam possesses the energy to move 

sediment, but has little or no sediment load. This clear water released from the dam is often 

referred to as hungry water, because the excess energy is typically expended on erosion of 

the channel bed and banks for some years following dam construction, resulting in incision 

(down-cutting of the bed) and coarsening of the bed material until equilibrium is reached 
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and the material cannot be moved by the flows. Reservoirs also may reduce flood peaks 

downstream, potentially reducing the effects of hungry water, inducing channel shrinking, 

or allowing fine sediments to accumulate on the bed (Kondolf, 1997). Figure 4 shows that 

the sediments trapped in the reservoir (Figure 5) lead to downstream channel reaches bed 

erosion and narrowing, the original quasi-equilibrium being shifted towards the excess of 

stream power (Ql S). 

 
 

 

Figure 4. Degradation process downstream of a dam (Sangro River, Italy) (Photo: ARPAV). 

 

The main effects of a dam along the downstream channel reaches are: 

 channel incision: degradation, channel bed elevation decreasing; 

 channel width narrowing; 

 coarsening and armouring bed effect; 

 bank erosion.  

The degradation process determines, besides channel bed and bank erosion, lateral 

narrowing: 

 formation of terraces and new internal banks 

 bridges and other hydraulic works sub-excavation; 

 loss of connection between active channel and floodplain; 

 aquatic habitats disappearance. 

 

 

Figure 5. Sediments stored in two Alpine reservoirs (Comelico and Pramper reservoirs, Veneto, Italy) 

(Photo: ARPAV). 

Morphological changes of river channels may have several effects on hydraulic structures, 

infrastructure and the environment. Bed-level lowering causes undermining and damage to 

protection structures and bridges. Where incision is particularly severe, failure of these 

structures occurs (e.g. two bridges along the Brenta River; Castiglioni and Pellegrini, 1981). 

Among the effects on the environment, two are more commonly recognised: loss of 
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groundwater resources and reduction of sediment supply to beaches (Surian and Rinaldi, 

2003). Finally, channel adjustments have a significant effect on floods, since channel 

narrowing and incision cause a faster flood conveyance and, therefore, an increase of flood 

hazard in the downstream reaches where river channels are narrower and less steep than in 

the braided reaches. 

 

Channel incision – degradation 

Incision below dams is most pronounced in rivers with fine-grained bed materials and where 

impacts on flood peaks are relatively minor (Williams and Wolman, 1984). The magnitude of 

incision depends upon the reservoir operation, channel characteristics, bed material size, 

and the sequence of flood events following dam closure (Kondolf, 1997). As analyzed by 

Surian and Rinaldi (2003, 2004), in the Italian context the channel width has undergone 

dramatic changes during the last two centuries (Figure 6). Average channel width has 

decreased by several hundred metres. Referring to the original widths in the early 19th or 

20th century, width reductions varying between 58 and 85% have been measured (Surian 

and Rinaldi, 2004).  

 

     

 

 

 

Figure 6. Trends of bed-level adjustments. (A) Po River: minimum annual river stage at the gauging 

station of Cremona (modified by Lamberti and Schippa, 1994). (B) Arno River in the 

Lower Valdarno reach: changes in bed bottom elevation obtained from longitudinal 

profiles and cross sections of different years (modified by Rinaldi and Simon, 1998). 

Horizontal hatched line: trend of stable (dynamic equilibrium) conditions before incision; 

continuous curves: fitting exponential decay functions (Surian and Rinaldi, 2003); right: 

channe bed elevation decreasing of Arno River (Italy) during the time (from: Surian) 

 

Channel narrowing 

As discussed in Section 3.3.2.1 of Chapter 3.3, the alteration of sediment transport 

processes due to an artificial reservoir (excess of stream power downstream of the dam, 

and limited sediment supply) has the effect of a general channel width narrowing, especially 

along gravel bed rivers. Surian (1999), Surian and Rinaldi (2003, 2004) analyzed a set of 

Italian rivers on the Alps and Apennines, finding that channel width has been affected by 

dramatic changes during the last two centuries (Figure 7, 8 and 9; Table 1). 
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a)     b)  
 

 

Figure 7. a) Channel incision along the Arno River in the Lower Valdarno–Pisa Plain reach. (A) 
Example of typical change in cross section, with limited bed lowering from 1936 to 1954, and 

intense incision from 1954 to 1978. Total bed level lowering from 1844 to 1978 was 6.3 m. 
(Surian and Rinaldi, 2003); b) Sangro River: bank erosion process (Photo: ARPAV) 

 

     

Figure 8. a) Trends of average channel width in the braided reach of the Piave River (the reach is 115 
km long) (Surian and Rinaldi, 2003); b) Changes in channel width during the last 200 years 
in the selected rivers (Surian and Rinaldi, 2004) 

 

Table 1. Channel narrowing in the selected rivers. (Surian and Rinaldi, 2004) 

 

 

Total narrowing: refers to the period from early 19th (*) or 20th (**) century to the 1990s; Narrowing in the 1st 
phase: refers to the period from early 19th or 20th century to the 1950s; Narrowing in the 2nd phase: refers to the 
period from the 1950s to the 1990s; Rate of narrowing: average rate of narrowing estimated over the different 
time periods considering initial and final channel widths. 
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Figure 9. Classification scheme of channel adjustments for Italian rivers. Starting from three initial 

morphologies (A, B and C), different channel adjustments take place due to variable 

degrees of incision and narrowing. (Surian and Rinaldi, 2003) 

 

Bed coarsening and armouring layer 

 

Channel erosion below dams is frequently accompanied by a change in particle size on the 

bed, as gravels and finer materials are winnowed from the bed and transported 

downstream, leaving an armour layer, a coarse lag deposit of large gravel, cobbles, or 

boulders (Figure 10). Development of an armour layer is an adjustment by the river to 

changed conditions because the larger particles are less easily mobilized by the hungry 

water flows below the dam. The armour layer may continue to coarsen until the material is 

no longer capable of being moved by the reservoir releases or spills, thereby limiting the 

ultimate depth of incision (Williams and Wolman, 1984; Dietrich et al., 1989). 

 

 

Figure 10. Channel bed armouring layer: a) Brenta River (Surian and Cisotto, 2007); b) Meduna 

River (Photos: a-Surian; b-ARPAV). 
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Channel reach morphological variations estimation – Indicators proposal 

As we described above, the morphological alterations along a channel reach affected by 

sediment non-continuum due to an upstream artificial reservoir, can be summarized as:  

- channel bed incision 

- channel width narrowing 

These morphological responses of the river system to sediment transport and discharge 

variations can be considered as continuous adjustments over time, in order to recover a 

new quasi-equilibrium condition (balance between erosion and deposition processes). 

The evaluation of such morphological variations from a starting point of natural dynamic 

equilibrium can be made through the use of morphological indicators, whose values give an 

estimation of ‘distance’ (or variation) from the initial equilibrium pattern. 

Two synthetic morphological indicators can be used for fluvio-morphological impacts 

evaluation: 

 

1. Longitudinal channel bed elevation indicator: DEGRADATION INDEX (DI) 

The index evaluates the degree of longitudinal channel bed incision downstream of 

the dam (ChEt1); a natural channel bed elevation has to be chosen as reference 

(ChEt0). The higher the degree (%) of bed incision is from the natural equilibrium 

elevation, the higher the negative significance of the indicator is. The proposal 

Indicator evaluation can have the following form: 

 

0

10
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tt

ChE

ChEChE
DI


  = %                                               (1) 

 

The coarse sediment removal from the reservoir and its input along the channel 

reach downstream of the dam, as operation proposal in Management Reservoir 

Projects, can reduce the bed incision tendency, so the bed elevation tends to 

increase and reach a new equilibrium (Figure 11). 

 

 
 

Figure 11. Left: channel bed incision (DI % +++); right: channel bed elevation increasing thanks to 

sediment supply (DI % +). Sangro River (Italy) (Photo: ARPAV). 

 

2. Channel width variation indicator:  WIDTH INDEX (W) 

The index estimates the degree of channel lateral narrowing, a response to stream 

power excess to sediment supply. Along gravel bed rivers, the channel vertical 

erosion tends to create new internal banks, while the original now external banks 

become terraces. In mountain streams, whose sediments are coarser and the 

channel bed vertical erosion can be more difficult, the erosion processes can be more 

active along the banks, so determining a widening tendency. The natural channel bed 

width, at bankfull stage, has to be chosen as reference (Wbf0). The higher the 
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bankfull width variation (in %) is from the natural equilibrium condition, the higher 

the negative significance of the indicator is. The channel width evaluation has to be 

measured at the bankfull stage, because it is generally recognized in the field (Figure 

12). 

Bankfull width (Wbf) is the geometric parameter of a channel most significantly 

related to the cross-section modelling process. Bankfull stage is associated with 

bankfull discharge, as the condition forming the shape and morphology of an alluvial 

channel (Vianello and D’Agostino, 2007). The main morphological changes and 

adjustments in a natural river occur where high frequency and low intensity 

discharges are present (Carling, 1988). Investigations have found, for different 

environments and rivers, a direct proportionality between bankfull width (Wbf) and 

bankfull discharge (Qbf): 

Wbf = cQbf
d                                                                          (2) 

Wbf depends on formative discharge: variations of flow regime (Q) give variations, 

as a response, of the channel section geometry. Wolman and Leopold (1957) 

identified the recurrence interval for bankfull discharge as ranging between 1 and 2 

years. 

 

 
 

Figure 12. Bankfull stages field identification. Cordevole stream and Sangro River (Italy) (Photo: 

ARPAV). 

 

The proposal Indicator evaluation for Wbf variation over time has the following form: 
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  = %                                            (3) 

 

The coarse sediment input into the erosional channel reaches downstream of the 

dam tends to an equilibrium requirement between stream power and sediment 

supply, so to reduce the narrowing or widening tendency. The stream power will be 

dissipated through sediment transport processes, rather than through bed and banks 

erosion. 
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3.2.4.2. Effects of sediment extraction from the DRAU river basin  

(P.P. 11) 

 

Sediment extraction at the Upper Drau River can be divided into two time periods: Before 

1990, sediment was extracted to remove bed aggradations for flood safety reasons, and to 

gain material for the construction trade. Since the 1990s, after river training, hydropower 

plants, gravel extraction and torrent controls led to continuous bed incision with negative 

ecological and economic consequences, commercial sediment extraction was forbidden. 

From then on, sediment was mainly extracted at the sides/banks of the channel for bed 

widening in the course of restoration works as counter measures for bed incision. Data 

gained from both time periods are presented and analysed below. 

 

Sediment extraction before 1990 

Within the last century dredging of sediments was necessary for safety reasons (e.g. to 

decrease flood risks because of very high sediment inputs by torrents and other tributaries), 

but also to gain material for the construction trade (esp. after World War II). Habersack 

(1997) found that within the period of 1970 to 1991 about 332,200 m³ of sediment have 

been removed from the Carinthian part of the Upper Drau River. Sediment extraction was 

evaluated in five river sections (Figure 2); the corresponding data are presented in Table 1.  

 

 

Figure 2. Sections of the Upper Drau River where sediment extraction prior to the 1990s was 
evaluated. The section numbering is used in Table 1. 

 

Table 1. Sediment extraction along the Upper Drau River in the period 1970 – 1991 (see Figure 2 for 
locations of river sections). 

River section River km Extracted sediment in m³ 

section 1 619.2- 615.2 - 

section 2 615.2- 604.8 61,994 

section 3 604.8- 587.4 251,305 

section 4 587.4- 573.4 - 

section 5 < 573.4 18,900 
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The Upper Drau River suffered from bed incision; next to sediment extraction the reasons 

were sediment continuity interruptions such as hydropower plants and torrent controls, as 

well as an increased sediment transport capacity due to river regulation (channel 

straightening and narrowing). Habersack (1997) compared the entire dredging volume from 

1931 to 1991 with the volume of the bed level change and concluded that about 69% of the 

bed level changes can be assigned to dredging.  

 

Sediment extraction after 1990 

In the years between 1990 and 2011 1,123,930 m³ of sediment were extracted from the 

Upper Drau River mainly in the course of river restoration works (e.g. river bed widening, 

removal of rip rap, excavation of new side channels, etc.).  

 

3.2.4.3. Assessment of different options for reservoir management 

based on case study (Ill, Drau) (P.P. 11) 

 

Reservoir management can be undertaken by a variety of measures whereby an 

optimization between technical, economic and ecological criteria is needed (Habersack et 

al., 2013). The overall aim of reservoir management should be to re-establish sediment 

continuity, which would on the one hand decrease problems resulting from reservoir 

sedimentation (e.g. reduction of available reservoir volume, effects on operation and 

security of the power plant, ecological consequences) and on the other reduce impacts of 

sediment deficit in the free flowing sections downstream (e.g. bed degradation and 

incision, bank collapse, scour of bridge piers).  

In general, measures to deal with the socio-economic and technical challenges of 

reservoir sedimentation can be carried out at certain spatial scales (e.g. catchment-wide, 

in the reservoir and/or at the dam; see figure 13). An overview of possible socio-

economic and technical measures is given in figure 14, and some of these and measures 

to deal with ecological consequences, are described below.  

 
Figure 13. The River Scaling Concept (Habersack, 2000) applied to the challenge of reservoir 

sedimentation (Schoder, 2013). 
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i) Catchment-wide measures 

 

Catchment-wide measures are used to decrease the sediment input into the reservoir by 

retaining sediment in the upstream catchment. Natural measures to decrease erosion 

(e.g. soil bioengineering, plantations and sensitive land use management), as well as 

technical retention of sediments (e.g. torrent control structures, sediment retention 

basin), location of reservoirs in other catchments (water diversions), or forebay and pre-

impoundment (sedimentation of sediments upstream of the reservoir) can be assigned to 

these measures. Nevertheless, for all these measures except the natural ones, the 

retained sediment needs to be disposed of on a regular basis; otherwise the measure no 

longer functions. Therefore the problems of disposing of these materials (e.g. 

contamination, accessibility of the retention structures,…) and the costs need to be 

considered. 

 

 

Figure 14. Overview of measures to deal with the socio-economic and technical challenges of 

reservoir sedimentation, classified according to their spatial scale (after Schleiss et al., 

2010). 
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By-passing (sediment diversion tunnel) is another method/measure belonging to this 

group, inhibiting the input of bedload and part of the suspended sediment into the 

reservoir and also ensuring sediment continuity, at least to some extent. Depending on 

the location of the intake structure, by-passing can also be assigned to “measures in the 

reservoir”. 

 

ii) Measures in the reservoir 

 

A measure often taken during planning phase but not sustainable is the dead storage 

capacity. Similarly, redistribution of sediments (if the reservoir is large enough), where 

the reservoir is split into sedimentation and utilization area, also postpones the problem 

of reservoir sedimentation to the next generations. Other measures in the reservoir are 

for example mechanical and hydraulic dredging, pressure flushing of outlet structures, 

redistribution of sediments and management of turbidity currents.  

For mechanical dredging the issue of material disposal, and for hydraulic dredging and 

pressure flushing, the suspended sediment concentrations in the downstream river 

section and its ecological impact, need to be considered. 

 

iii) Measures at the dam 

 

Measures at the dam include increasing the height of the dam, outlet and intake 

structures, as well as sluicing or venting of turbidity currents, evacuation of sediment-

laden water through turbines, and so on.  

 

iv) Measures for run-off river plants 

 

Several of the above mentioned measures can also be applied to run-off river plants. 

Other measures for managing sedimentation in these types of plants are to improve the 

flushing efficiency by additional constructive measures like groins, training works, 

initiation and flushing channel and so on. 

 

v) Measures to deal with ecological consequences 

 

Eberstaller et al. (2001) propose the following measures to reduce ecological 

consequences of hydro power plants: reservoir filling in order to create conditions that 

resemble the original river type, structuring the reservoir embankments (e.g. with groins 

and dead wood) to improve habitat conditions, and connecting the reservoir with its 

surroundings in order to achieve lateral connectivity. However, these measures might 

conflict with goals other than ecological ones. 

 

The best measure(s) (technical, economic and ecological) concerning reservoir 

management can only be developed for a specific hydropower plant type and needs to 

consider different operation modes of the plant(s) catchment characteristics and 

sediment regime. Hydrodynamic numeric modelling and physical models can help to 

investigate measures and to derive the best and most efficient reservoir management 

option. 
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Table 2. Measures to deal with the technical challenges of reservoir sedimentation. 

 
 

3.2.4.4. Reservoir Sediment Management Plans and proposal for 

management improvement (P.P. 5) 

 

Sedimentation in river basins and effects on reservoirs 

 

Soil degradation can be due either to natural causes or to human activities. It is possible to 

distinguish three forms of degradation: biological, chemical and physical. The physical 

degradation process consists in the removal of the surface layer of the soil and is a process 

that is caused by agents such as water (water erosion), wind (wind erosion) or, in certain 
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areas and times, glaciers (glacial erosion). In temperate regions, the greatest risks are 

associated to water erosion.  

The main causes of soil erosion are deforestation, cultivation of steep slopes without the 

adoption of protective measures and the inappropriate use of soil and heavy rainfall. 

Consequently to erosion, soil productivity decreases dramatically, as the erosion process in 

the topsoil causes a reduction of soil organic matter, clay and other colloidal fractions and, 

therefore, a thinning of the thickness useful for plant roots and reserving nutrients. 

Furthermore, the erosion and removal of sediment in storage areas is a phenomenon of 

relevance in the case of reservoirs. 

In the world, there are approximately 40,000 large reservoirs, which are used for drinking 

water, irrigation, hydropower or flood control. Due to sedimentation, about 0.5-1% of the 

total storage capacity of these reservoirs is lost each year, leading to high costs for the 

community (Della Torre and Tamburini, 2000). 

This loss of effective capacity storage, in the case of reservoirs feeding hydroelectric plants, 

will affect the amount of energy produced, but in the case of water used for drinking water 

or irrigation, will diminish the quality or even totally invalidate the use of the basin. 

Careful sedimentation control can therefore allow the preservation of a valuable resource, 

economic and environmental performance and, in economic terms, considerable financial 

savings. 

In addition to the reduction of capacity however, sedimentation is responsible for other 

problems that concern the management of the basin, including: 

 

- obstruction of the bottom outlets and/or pipes or ducts. This issue specifically affects 

dam safety, although the flood discharges flow downstream through spillways, it can 

be an obstacle, for emergency operations, in the management operations and 

maintenance of the dam; 

- sediment can increase the load on the dam, thus requiring new stability analysis; 

- the mechanical removal of hard and abrasive materials from outlets may cause wear 

to the various mechanical components involved. 

 

Reservoir management projects: the Italian experience 

 

In Italy, three main national Laws concerning reservoir sediment management plans were 

provided in the last legislative period: 

 

 Legislative Decree of the Italian Government no. 152 of 11 May, 1999; 

 Ministerial Decree of 30 June, 2004; 

 Legislative Decree of the Italian Government no. 152 of 6 April, 2006. 

 

At a national level, the Italian Legislative Decree n. 152 introduced the concept of the 

“Reservoir Management Project” (RMP) from 1999, in order to ensure the maintenance of 

reservoir volume capacity and the preservation of water quality; in addition, the reservoir 

management plan defines the applicable operations for sediment management (flushing, 

sluicing, etc.) and its ecological impact. This Decree announced in advance what the Water 

Framework Directive (WFD-2000/60/EC) referred to in 2000, that is “Member States shall 
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protect, enhance and restore all bodies of surface water, (…) with the aim of achieving good 

surface water status 15 years after the date of entry into force of this Directive, at the latest 

(…)”.  

Later, in 2004, a new Decree of the Italian Environment Ministry (30/06/2004) provided 

regional administrations with criteria to perform and submit a Reservoir Management 

Project (RMP), taking the preservation of the water bodies’ quality status into account. The 

Decree aimed to define how to conduct the sediment management operations. According to 

the Decree, the reservoir management plan defines: 

 

 the sediment volume trapped inside the reservoir before the drawing up of the plan; 

 the average annual sedimentation rate; 

 the physical and chemical characteristics of sediment, and their degree of pollution.  

 

Lastly, in 2006, the Legislative Decree of the Italian Government no. 152/2006 established 

the criteria for achieving good status of water surface, in accordance with the WFD; article 

no. 114 planned to produce an additional Decree, at present still not approved. 

Substantially, a Reservoir Management Project (RMP) defines: 

 

 morphological and hydraulic aspects; 

 dam characteristics; 

 hydrological regime; 

 reservoir and sedimentation characteristics; 

 characterisation of the waterbody downstream of the dam; 

 chemical characterization of sediments and water; 

 sediment removal operations, such as mechanical dredging, flushing, etc.; 

 effects on ecosystems and achievable mitigations; 

 monitoring plans. 

 

Moreover, the RMP can include the description of operational schemes for reservoir 

maintenance and management, besides specific prevention measures related to the 

waterbody, such as aquatic ecosystem protection, fishing and other activities connected to 

water resources downstream of the dam, in accordance with prescriptions pointed out in the 

Water Resources Protection Regional Plan.  

The RMP is drawn up by the reservoir concessionaire, and has to be approved by the 

Regional Authority, which usually coordinates a negotiating table, involving different 

regional sectors, the Regional Agency for Environmental Prevention and Protection (ARPA) 

and other stakeholders. 

In the Piedmont Region for example, the RMP is generally valid for ten years and must then 

be renewed; during the validity period, the concessionaire must submit a “Summary Plan” 4 

months before any operation that should respect the requirements and conditions of the 

approved RPM. The Piedmont Region, which also issued its own rules on January 29th 2008 

(Regional decree – D.P.G.R. n. 1/R), has approved 58 RMP in the last years regarding both 

big and small dams. 
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SedAlp project case study: the Maira River basin (NW-Italy) 

 

The Maira basin, in the Piedmont Region (NW-Italy), has a total area of approximately 1210 

km2, 59% of which is in mountain areas. The source of the river is at an altitude of 3471 

metres a.s.l. and it flows down to the plain of Cuneo; it then crosses an intensely cultivated 

territory, irrigated with widespread presence of water derivations; near Casalgrasso, there 

is a wide diversion to the North before joining the Po River.  

The main watercourse of the Maira is divided into separate sections for morphological, 

morphometric and hydraulic behaviour: mountain reaches that extend for about 41 km, and 

plain reaches to the confluence with the Po, for about 64 km. The studied area in the SedAlp 

project is the upper part of the basin, as far as Dronero (Figure 15). 

  

Figure 15. The catchment area of the upper part of the Maira River; dam and weir locations in the 

Maira Valley (NW Italy). 

 

There are two regulating reservoirs for hydropower production in the Maira basin: Saretto, 

and S. Damiano (a third one is Combamala, no longer in use due to structural problems). 

From a geomorphological point of view, the basin is divided into the following components: 

the main Maira reach and the sub-mountain Maira watershed basin. The valley of the Maira 

River is wedged between high reliefs such as the imposing Pelvo Elva - Chersogno in Hautes 

Alpes, dominated by M. Chambeyron (3389 m).  

The mountainous area of the basin is formed by various metamorphic rocks, with frequent 

discontinuities and the alternation of sedimentary lithologies. The percentage distribution of 

gravitational instabilities is related to the geotechnical characteristics of the outcropping 

rocks; an analytical study and mapping of sediment sources and related deposits was 
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produced within the SedAlp project in Work package 4 (results are shown in the WP4 final 

report). 

The Maira basin has intermediate characteristics between hydrological foothill basins and 

inland basins: the former are significantly protected from rain by the Alps and, depending 

on the altitude, receive most of the snowfall. The latter being directly exposed to the wet 

currents from the south or west, are characterised by more intense precipitation and 

specifically higher flow rates. Average long-term rainfall in the catchment area ranges from 

800 mm/year on the plains to 1100 mm/year. In the Maira catchment area there is one 

measurement station at Dronero; the major flood event that affected the valley was in June 

1957 (registered flood discharge of 430 m3/s at Dronero).  

In the first reach, from the source to Saretto, where there is an artificial reservoir 

(described below), the Maira takes the character of a mountain river in a valley with steep 

cliffs and abundant masses of moraine and/or ground debris. Downstream of Saretto to the 

confluence of the Unerzio stream, the riverbed flows rather incisively into the stone walls 

that show signs of instability in some parts, especially on the right side. From the Unerzio 

confluence at Ponte Marmora the riverbed is still engraved into a narrow, steep-walled and 

wooded valley. From Ponte Marmora to S. Damiano Macra the bed is incised with 

settlements, roads and infrastructures at a much higher altitude. Thereafter up to Dronero, 

the valley gradually widens and consists of medium-steep stable wooded hillsides. 

 

Two main dams in the Maira Valley: Saretto and San Damiano 

 

The two reservoirs in the SedAlp study area were built on the Maira at the beginning of the 

20th Century (Figure 16). The Saretto reservoir is located at the edge of the mountain basin, 

has a catchment basin of 53.8 km2 and an original volume of approximately 140,000 m3. 

The San Damiano reservoir is located further downstream, has a catchment basin of 441.0 

km2 and an original volume of 260,000 m3. Both reservoirs have a hydroelectric purpose 

and the owning companies (Enel SpA and Enel Greenpower respectively) have recently 

provided a Reservoir management project (RMP) to deal with sediment. 

 

Saretto dam 

 

San Damiano dam 

Figure 16. The Saretto (left side) and San Damiano (right side) reservoirs in the Maira Valley (NW 

Italy). 
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Saretto dam 

The Saretto dam was built in 1914-15 to block the Maira River, in the municipality of 

Acceglio, at an altitude of 1532 m. The dam was built using loose materials with permeable 

ground surface sealing made of artificial materials for planimetric straightness, forming a 

storage basin with the current capacity of approximately 122,300 m3. The dam is crossed 

underneath by a double pipe that serves as a derivation and low-level outlet. Upstream of 

the dam and completely independent from it, there is the intake tower; the dam has a 

surface discharge, recently rebuilt (2013-2014). 

The height of the dam is around 9 metres, and the length of the crest is 96.45 m. The 

original capacity of the reservoir was approximately 142,300 m³, but it has gradually 

reduced due to sedimentation; periodic interventions have partially restored this capacity. 

In the summer of 2011, bathymetric and topographic surveys were performed, to determine 

the sedimentation status. The surveys, integrated with one another, have quantified the 

volume of sedimentation as approximately 19,600 m³. 

In the history of the Saretto basin two sediment removal operations were performed, one in 

1968-1970, removing a very large volume of sediment of approximately 75,000 m3 and the 

last one in the autumn of 2003, with the removal of approximately 20,000 m3. On the 

whole, from 1925 (year of testing) up to now, the sedimentation has reached a total of 

112,700 m3 of material and consequently an average annual intake of around 1300 

m3/year. In the absence of the dam, an approximate downstream sediment transport would 

be equal to the estimated average rate of basin silting (about 1300 m3/year). As the 

sediment transport is almost negligible under ordinary flow conditions, it can be assumed 

that this sediment yield is primarily associated with flood events. 

Regarding the Reservoir Management Project (RMP), after the renovation works on the dam 

spillway started in 2013, recent operational plans (sluicing and mechanical removing) were 

scheduled from 2013, monitoring the Maira stream during sluicing and before and after any 

management operation.  

San Damiano dam 

The San Damiano dam (Figure 17) is a concrete gravity dam, equipped with 4 vertical sluice 

gates, on the main Maira River close to San Damiano village, with a catchment of 441 km2. 

Its maximum height is 25 m and the original total volume 260,000 m3, but in 2009, the 

evaluated sediment volume in the reservoir was around 190,000 m3. The RMP, approved in 

2009, planned important sediment management works. Mechanical sediment removal was 

implemented in 2013 (the reservoir remained empty for around 5 months, causing a heavy 

economic loss). The total amount of sediment removed from the San Damiano reservoir was 

95,818 m3 by excavation and 18,000 m3 by sluicing. Before and after any management 

operation the owning company monitored the Maira River watercourse. 
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Figure 17. Mechanical removal of sediments in the San Damiano reservoir, Maira Valley - October 

2013.  

 

Proposal for sediment management improvement 

 

Main benchmarks for sediment management to consider for operating procedures: 

 

 Ordinary sediment management operations; operating rules for the disposal of 

sediment accumulation must fall as much as possible within the ordinary and 

continuous management of the system, working gradually, so as not to generate 

situations of burdensome criticality, which make environmentally compatible action 

complicated or impossible. 

 Rebalancing of solid transport: disposal techniques must be favoured, which allow 

the sediment to re-enter the natural bed, restoring, as much as possible, the solid 

transport of the watercourse, such as the techniques of sluicing and cleaning. 

 Environmental compatibility: operating procedures must produce environmental 

effects that are compatible with survival and the possibility for aquatic biocoenosis to 

recover, with the support of the most appropriate preventive, mitigating and natural 

regeneration actions of the riverbed. The management plan must be consistent with 

reaching/maintaining the objectives of the environmental status of watercourses, 

provided for by local planning instruments (Regional Protection Programme). 

 Compatibility with the uses taking place on the watercourse and with the social use 

of it. 
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Hydrological-environmental and safety criteria 

a) Avoid discharging excessive flow for the hydraulic safety of settlements situated 

downstream and possible users of the watercourse. In particular, the gradual opening 

of sluice gates, especially if carried out where there is a relatively natural flow, to not 

generate pulses (waves) of a significant size in the bed downstream, which could 

potentially disturb any users (compliance with this condition is partly assured by the 

minimum manoeuvring times of the hydraulic components of the drainage system); 

b) Avoid that any turbidity related to the duration of the phenomena that is not 

compatible with aquatic biocoenosis remains in the watercourse (releases 

downstream). An example of the concentration limits of suspended solids (TSS) to 

follow is shown in table 3 (based on the indications of the 1/R Regulation of the 

Piedmont Region), and can be verified/modified on the basis of testing in the field of 

Operational Protocols regarding the peculiar characteristics of the watercourse; 

 

Table 3. Control limits of solid material concentration during manoeuvres. 

Concentration of suspended solids 

C [mg/l] 

Persistence 

[hours] 

Total C in the riverbed, measured downstream release 

Cmax = 40.000 

Cmax = 20.000 

0,5 

  1,5 

Differential C between upstream values (natural) and downstream release 

10.000  C < 15.000 

5.000  C < 10.000 

2.500  C < 5.000 

C < 2.500 

  3,0 

  6,0 

1 week  

Indefinite 

 

Concentration of higher solid loads are intended as total values measured in the 

riverbed. The indication of persistence refers obviously only to the effect caused by 

active manoeuvres of sludging: if at certain hydrological phases, the water body should 

already be naturally characterised by a concentration of this extent or greater, there is 

no way to regulate the duration. 

Regarding a lesser extent of concentration, it is proposed (referring to part I of 

attachment B bis of Regulation 1/R, which allows a site-specific adaptation of 

constraints) to evaluate the TSS thresholds, proposed as the difference between the 

TSS concentration found at the exit and entrance point, that is, how it increases 

compared to natural concentration. Conversely, it would reach the inconsistency of 

being able to maintain the same TSS increase for a longer time in conditions of natural 

minimum turbidity, i.e., when the manoeuvre is of the greatest impact, and for a 

shorter time where natural concentration is already inconsistent, therefore a limited 

increase would not cause overly burdensome effects. This assumption is especially 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

115 

important for prolonged release of modest concentration (TSS increase lower than 

5.000 mg l-1).  

The definition of a further threshold in the field of low concentration is recommended, 

which would allow prolonged daily cycles of controlled fluitation to be carried out, with 

the specific purpose of removing deposits that are in the basin. In particular, it is 

expected to operate, according to suitable hydrological conditions and in compliance 

with other constraints of an environmental nature, releasing flows with low TSS 

concentration (the same as the basic ones of the average spring discharge), for periods 

even longer than a week, considering daily requalification phases (suspension of MSF 

release for some hours, or at least equal to operational ones). 

Requalification periods may possibly be planned with different criteria; for example, by 

providing two days of suspension after five operational days (suspension at weekends is 

also provided to protect the usability of the watercourse in periods of maximum flow). 

Especially in the event of prolonged sludging campaigns, control stations must be 

provided downstream of the release for experimental verification of operational rules, in 

the presence of points of particular natural or social interest, to monitor the effects of 

the manoeuvres and evaluate the propagation of the phenomenon; 

c) Minimise, with suitable preventive and mitigating action, the effect of the operations 

on fish and macrobenthic communities in the watercourse. 

 In particular: 

- Releases in the riverbed for controlled fluitation will follow the management 

planning of the flows used (e.g. for turbines), avoiding sudden changes in flow or 

turbidity; 

- Controlled fluitation operations will be carried out only to be able to guarantee a 

minimum dilution ratio between the flow released by the dam and the one 

downstream of the discharge (e.g. 1:3 ratio), less than already naturally high 

flows entering the basin; 

- Avoid fluitation manoeuvres from the beginning of November to mid-February, 

highly vulnerable for salmonids and characterised by a low water regime; 

- During the manoeuvre, monitor the TSS and the concentration of dissolved 

oxygen in the released flow, which must never fall below the threshold of 5 mg/l, 

a value that is considered critical for the survival of fish fauna; 

d) Carry out sludging operations, minimising the impact towards users downstream and 

along the water discharge, sending notifications to interested parties well in advance, 

and possibly agreeing on times, also regarding the needs of the irrigation derivations 

or planning of particular activity, however possible and compatible with routine system 

management; 

e) Carry out controlled fluitation in the reservoir preferably in the periods characterised 

by abundant water resources, to favour dilution of the material discharged 

downstream and improve manoeuvring efficiency. A discharge equivalent to the yearly 

average flood appears particularly suitable, being characterised by an already 

significant natural turbidity, an element that further mitigates the impact and the 

perception of it; 
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f) At the end of a fluitation manoeuvre, perform a requalification phase on the riverbed 

downstream of the dam, with a non-turbid flow release (better natural turbidity) that 

is at least equal to the one used in the operations. 

Monitoring 

 Contemporary to reservoir manoeuvres, especially controlled fluitation, a 

monitoring system must be set up on sections located downstream of the dam, 

at a suitable distance and in line with the sensitive points. 

 This monitoring programme must detect the concentration of suspended solids 

and dissolved oxygen as well as other quality parameters that may be measured 

on site if significant. 

 Periodic campaigns of biological characterisation of the riverbed upstream and 

downstream of the dam are also beneficial, with macrobenthos sampling (e.g. on 

a quarterly basis) to determine the IBE index and seasonal fish fauna sampling. 

 Total suspended solids monitoring (TSS, mg/l) is performed by matching field 

and laboratory methods to associate good “real time” measuring precision, to be 

able to effectively vary operational rules to minimise negative effects. 

 Samples are taken of the water (through filtration and drying) and then analysed 

in the laboratory to determine the TSS concentration; the quantity of 

sedimentable suspended solids (SSS, ml/l) is also measured on site using Imhoff 

cones. 

 On the basis of laboratory measurements, it is possible to develop a site-specific 

correlation curve allowing the on-site estimation of TSS concentration during 

manoeuvres, and therefore the possibility of an effective control in real time. The 

validity of this curve must be periodically verified by taking samples to 

determine TSS and SSS concentration. 

 Dissolved oxygen monitoring is performed by using portable manual samplers to 

measure directly on-site and therefore take any necessary corrective measures.  

 Monitoring the effects on biological quality of the watercourse foresees the 

repetition, approximately 1 month after concluding operations (a time deemed 

suitable to recover the initial conditions should the control/mitigation actions of 

the manoeuvre effects be effective), of the checking of fish and macrobenthic 

populations, to verify the difference compared to previous “natural” conditions.  

 Fish fauna characterisation campaigns are conducted through electrofishers for 

the purpose of acquiring information on the health of fish communities in the 

section downstream of the dam. 

 All quality and environmental characterisations must be also accompanied by 

measuring the flow released in the watercourse downstream of the dam. This 

information can be derived by regulating the discharge outlets or through 

directly measuring in the riverbed, with the most appropriate techniques (e.g. 

using current meters or saline tracers).  
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3.2.5. Good practice examples 

 

 Short term channel adjustment and geomorphic change detection with 

evaluation of short-term sediment balance in the Piave River: case study in the 

Belluno reach (P.P. 3) 

 

This study aims to define the timing and extent of morphological changes occurred in a 

gravel bed reach of the Piave River (Eastern Italian Alps) that was heavily impacted by 

human activities (gravel mining, embankments and hydropower schemes).  

The Piave River basin (drainage area 3899 km2) lies in the eastern Italian Alps, and the 

main channel flows south for 220 km from its headwaters (at ~2000 m a.s.l.) to the outlet 

in the Adriatic Sea (North-East of Venice). The study reach (~30 km–long) is located 

between Ponte nelle Alpi and Busche (Figure 18) and features both braided and wandering 

channel patterns.  

 

 

Figure 18. Study areas of the Piave River (after Comiti et al., 2011). 

 

Analysing the results obtained from Comiti et al. (2011), based on photointerpretation of a 

series of aerial photos and historical maps over the last 200 years, the channel underwent a 

strong narrowing during the 20th century. A faster channel degradation with an associated 
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shift from a dominant braided pattern to a wandering morphology (Figure 19) was found 

during the 1970s–1990s. There was bed incision of about 1 m mostly due to gravel mining 

activity. Large areas of the former active channel were colonized by riparian forests, both as 

islands and as marginal woodlands. The ceasing of gravel extraction in the late 1990s 

seems to have determined a reversal in the evolutionary trend (Figure 19), with evidence of 

vegetation erosion/channel widening even though a significant aggradation phase is not 

present (Comiti et al., 2011). For this reason the period from August 2010 to April 2011 

was thoroughly analysed, by using two consecutive LiDAR surveys and with some field 

measurement of solid transport based on colour tracers (Mao and Surian, 2010), in order to 

understand the new ongoing river dynamics. A first quantification of the total amount of 

sediment input and output along a sub-reach called Belluno was conducted after a nearly 

bankfull flood event occurred during the study period (from August 2010 to February 2011). 

The Belluno sub-reach (1.52 km2) is located between S-3 and S-4 cross sections (Figure 

18). 

 

Figure 19. Relative extension of active channel, marginal vegetation and islands), compared to river 

corridor area (after Comiti et al., 2011). 

 

The LiDAR surveys of Belluno sub-reach were conducted before and after the flood events in 

November and December 2010 (Figure 20) by Blom GCR SpA using an OPTECH ALTM 

Gemini Sensor. The first was on 23rd August 2010, and the second on 23rd February 2011. 

The data acquisitions were performed both during low flow conditions. LiDAR acquisition was 

associated with a series of RGB aerial images with 0.15 m pixel resolution. Finally, dGPS 

points were taken contemporarily, covering different morphological units and water stages. 

In order to apply a colour bathymetry technique (Moretto et al., 2014) to provide a precise 

wet area detection, a total of 337 and 2301 dGPS points were surveyed in 2010 and 2011, 

respectively. 
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Figure 20. Hydrograph of the study period (average daily discharges measured at the Belluno 

gauging station). Recurrence interval (RI) of the two highest flood peaks were lower than 

bankfull discharge (dotted line). 

 

DEMs of difference (DoD) were carried out in order to quantify and verify whether the 

morphological changes occurred mostly in the dry or wet areas of the channel. Figure 21 

shows the combined effects of the November and December 2010 floods. From a general 

point of view, it seems that the changes are more located in the wet area. The total amount 

of erosion and deposition in this reach is equal to 173,484 m3 and 103,593 m3, respectively 

(Figure 21). The allocation of the changes in this case seems to be favoured by an increase 

of the sinuosity degree, as the erosion is located predominantly in the external part of the 

channel curves. 

 

Figure 21. Difference of DEMs (DoD) of Belluno sub-reach. 
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In order to quantify the sediment transport at the upstream sections (S-3, Figure 18), a 

hydraulic analysis was performed by using HEC-RAS to extract the dimensionless shear 

stress of the analysed floods (Figure 22). 

 

 

Figure 22. Dimensionless shear stress of the analysed floods, averaged on the cross section S-3. 

 

The Haschenburger and Church (1998) formula that combines virtual velocity (Vv), active 

depth (ds) of erodible layer, sediment density (ρs) and active width (Ws) was then applied to 

estimate the sediment transport (Gb).  

                                             (1) 

Each term of the equation was evaluated by using calibrated formulas reported in De 

Grandis (2015), which considers the results obtained by Mao and Surian (2010). The 

Brasington and Smart (2001) equation was applied to estimate the sediment balance: 

                                                    (2) 

Where Vin and Vout is the total amount of sediment that came in and out of the study reach, 

respectively, and ΔV is the difference in volume derived from DoD. Vin is estimated by 

summarizing the sediment transport rate evaluated with the Haschenburger and Church 

(1998) formula above the critical discharge. This equation has to be applied starting from 

the correct critical discharge. The critical discharge was evaluated, as a first estimation, by 

using Shields (1936) approach: 

                                            (3) 

Where τc is the critical shear stress, (γs-γ) is the difference between the specific weight of 

sediment and water and D50 is a specific diameter representative of the grain size 

distribution. 

The results show that the critical discharge is equal to 390 m3/s (1.2 RI). Therefore, the 

total amount of sediment input (Vin) and output (Vout) should be around 36,777 m3 and 

106,668 m3, respectively. Given that from the DoD results, the sub-reach was in deficit of 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

121 

sediment (69,891 m3), we were expecting that Vout would be greater than Vin but not as 

much as the deficit that resulted from DoD. Indeed, considering the medium temporal trend 

of the reach (Comiti et al., 2011), it seems to be in a dynamic equilibrium period. This trend 

is also confirmed by the low value of the sediment deficit that, if it is scaled with the sub-

reach area, gives an average sediment loss of about 0.045 m3/m2. 

The results of this work can be improved by calibrating ad hoc critical discharge, virtual 

velocity and active depth formulas. An adequate topography description of the study area is 

essential to minimise the final uncertainty on sediment transport evaluation. In this sense, 

the significance of the bathymetric method can considered as an important factor to 

improve sediment budget estimation (Delai et al., 2014).  

At this stage, this method is useful to evaluate trends of study reaches, and for calibrating 

boundary conditions for bi-dimensional numerical models of flood simulation that may be 

able to provide more precise results of sediment balance. 

 

 

 Implementation of Multicriteria Analysis in a selected HP basin (Pramper 

stream, Belluno Province) (P.P. 2) 

 

ARPAV, with the help of ENEL (hydropower production manager), identified a pilot case 

study related to hydropower plants. The Prampèr reservoir has been selected among the HP 

reservoirs and dams of the complex and developed HP exploiting system of the Piave River 

basin (Belluno Province, Veneto Region). The Prampèr stream is a typical steep Alpine 

stream (Figure 23a), located in the Dolomitic region, and has a high production of bedload 

due to the huge amounts of sediment sources located in the upper and middle part of the 

catchment (area: 15.7 km2). In the middle portion of the basin, a small reservoir was built 

for hydropower exploitation (Figure 23b; Figure 24). 

 

   

 

Figure 23. a) Prampèr stream near the confluence with the Maè stream; b) artificial reservoir in the 

middle portion of the basin (From: ENEL). 

 

a 

b a 
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Figure 24. Schematic representation of the hydropower system of the Maè stream; the Prampèr 

reservoir is evidenced by the red circle (From: ENEL). 

 

The main Maè stream (right tributary of Piave River) and its tributaries Duran and Malisia, 

contribute to the artificial reservoir at Prampèr (1108 m a.s.l.). A forced pipe connects the 

reservoir to the HP plant at Forno di Zoldo (803 m a.s.l.) (Table 4). 

 

Table 4. Technical characteristics of the Maè stream hydropower system. 

Municipality  Forno di Zoldo 

Province Belluno 

Region Veneto 

Year of building 1958 

Manager ENEL 

Diversions T. Maè, Duran, Malisia, Prampèr 

Diversions length  11.18 km 

Vol. reservoir 40700 m³ 

Max. Power 10.50 MW 

Mean power 5.73 MW 

Jump 303.5 m 

Discharge 4.20 m³/sec 

Mean discharge 1.94 m³/s 

Efficiency 36.9 GWh 

 

The Sediment Management project of Prampèr reservoir fixes (data from ENEL): 

 Solid amount stored in the reservoir (mean/yr): 500-600 m3/yr; 

 Removed fine sediment (flushing operation): ~ 2100 m³ (max. 4000 m³); 

 Flushing sediment removal frequency: 1 yr. 

 Sediment volumes removal during the cleaning operations 
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- 3.000-4.000 m3 during first operation 

- 1.000-1.500 m3 during further operations (1÷2 years frequency) 

 Water volume to be released respecting the sediment concentration limits 

- Mean daily released discharge: 2 m3/s 

- Total water volume released: 106 m3 

 

As described in Chapter 3.3 of WP6, in order to integrate and complete a Reservoir 

Management Project with the mechanical removal of coarse sediments stored in the 

reservoir and its input into the downstream channel reach, the effects of such an operation 

on the river system (energy production, environment, morphology, social aspects) can be 

evaluated with a Multicriteria Analysis (MCA) (see WP6 Chapter 3.3, section 3.3.4.1). The 

Management Alternatives are: 

 

 Alt. 0: no coarse sediment removal; 

 Alt. 1: 50% volume of coarse sediment removal; 

 Alt. 2: 80% volume of coarse sediment removal. 

 

with the aim of choosing the best Management Alternative performance.  

The decisional tree for the Prampèr reservoir management with all the explaining Criteria 

and Indicators, which vary depending on the Alternatives choice, is presented in figure 25. 

The MCA has been applied using the free software SESAMO, a useful tool developed by RSE 

(Research on Energy System).  

 

 

Figure 25. MCA decisional tree for the Prampèr reservoir management, as a function of the 

Management Alternatives focused on coarse sediment input downstream of the reservoir; 

SESAMO tool (RSE). 
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The MCA logical steps are:  

Evaluation matrix (indicators data evaluation) --> utility functions assignment to each 

indicator (dimensionless values) --> weights assignment (level of importance to give to 

each Criterion and Indicator) --> Alternatives ranking (best Alternative performance) (see 

WP6 Chapter 3.3, section 3.3.4.1).  

The value of almost all the Indicators analyzed for the Prampèr reservoir MCA, varies 

between 0 and 100%. The assigned weights of relative importance to the Criteria and 

Indicators are shown in table 5. 

 

Table 5. Weight (W) assignment to Criteria, Sub-Criteria and Indicators for the Prampèr reservoir 

sediment management. The weights of relative aspects importance should be decided by 

the Stakeholders involved in the aspects considered (HP managers, Local Authorities, 

river system users, etc.). 

PRAMPER TREE CRITERIA W SUB-CRITERIA W INDICATORS W 

UPSTREAM REACH (RESERVOIR) 

W = 0.4 

ENERGY 0.7   

Energy production loss 0.6 

Costs for sediment removal 0.4 

HP 

PRODUCER ECONOMY 
0.3   Financial outcomes 1.0 

DOWNSTREAM REACH 

W = 0.6 

ENVIRONMENT 0.6 

RIVER ECOSYSTEM 0.3 

Fish 0.4 

Macrobenthos 0.6 

MORPHOLOGY 0.7 

Degradation Index 0.5 

 width Index 0.5 

ECONOMY 0.2   Costs for sediment recharge 1.0 

RIVER FRUITION 0.2   

Fishing 0.4 

Tourism 0.6 

 

The ranking analysis gives the Alternatives performance values: 

 Alt. 0 (no sediment removal) = 0.346 

 Alt. 1 (50% sediment removal) = 0.567 

 Alt. 2 (80% sediment removal) = 0.776 

 

 

The sensitivity analysis shows the weight of importance that the various indicators 

contributed to the final Alternatives performance (Figure 26). 

Alternative 3 (80% of coarse sediment stored and downstream input) represents the 

management option that gives the best balance between different aspects (energy, 

economic, environmental and social). 
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Figure 26. Alternative ranking and sensitivity analysis for the Prampèr reservoir sediment 

management. 
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3.2.6 Recommendations and implications 

 

3.2.6.1 For Policy Makers 

 The Water Framework Directive (WFD-2000/60/EC): good qualitative and 

quantitative status of all water bodies. “Member States shall protect, enhance and 

restore all bodies of surface water, (…) with the aim of achieving good surface water 

status at the latest 15 years after the date of entry into force of this Directive (…)”; 

 The Floods Directive (DIRECTIVE 2007/60/EC): assessment and management of 

flood risks; 

 The RES Directive (DIRECTIVE 2009/28/EC): electricity production from renewable 

energy sources; 

 Aspects to consider in reservoir sediment management plans: morphology and 

hydraulic, dam characteristics, hydrological regime, reservoir and sedimentation 

characteristics, characterization of the water body downstream of the dam, sediment 

removal operations (mechanical dredging and flushing), effects on ecosystems and 

achievable mitigations, monitoring plans; 

 Acceptances of the Directive by EU states with national laws to promote sediment 

continuity; 

 To identify long-term trends and distinguish between local channel reach variation 

and basin-related effects, we recommend long-term monitoring. The monitoring 

should consist of a network of permanent study sites in a large river basin context, 

combined with specific studies related to explanatory models presented previously. 

These studies should apply direct follow-up-protocols, as indicated in WP5-milestone, 

and incorporate as many components as possible of the material transported by 

rivers and streams (dissolved load, suspended load, bedload, debris-flow, large 

wood, etc.). Funding of such long-term monitoring programmes is a common 

obstacle and responsibility should be taken by the government authorities rather 

than research institutions, research foundations, universities. If long-term, well 

thought-out follow-up studies were established, the basis for judging whether 

sediment and large wood management projects succeed or fail would increase 

tremendously; 

 The monitoring network must be improved as to be able to increase the density and 

detail of the data useful for defining the better sediment management strategies. 

 Environmental, basin and reach data should be collected considering common 

methodologies, precisions and instrumentation so as to create a common database 

and simplify the exchange of data and results on hydropower plants management; 

 Consider the proposals for sediment management improvement presented in section 

3.2.4.1; 

 Taken into account public geographic boundaries such as municipalities, regions, 

nations, which include national forests, public parks, and wildlife refuges that may 

have ownership boundaries wherein governmental powers may be exercised over 

natural resources and people; 

http://en.wikipedia.org/wiki/Body_of_water
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 There is a need to bring law and science closer together in terms of reality and 

process; 

 Conservation systems and programmes that are designed to reduce soil losses from 

erosion to acceptable levels are on the rise. Stringent guidelines, amending old laws, 

should provide a mechanism for encouraging landowners to reduce erosion and 

siltation. 

 

3.2.6.2 For Practitioners 

 Optimal management of reservoirs should include two or more strategies applied 

simultaneously or at different points in the reservoir life. The applicability of different 

strategies varies at different stages of reservoir life, being a function of the 

reservoir’s hydrological size (capacity: inflow ratio), beneficial uses, and other factors 

such as environmental regulations. Techniques such as sediment routing require 

significant pool drawdown and use part of the natural inflow to transport sediment 

beyond the storage pool, making it possible to capture and regulate 100% of the 

flow; 

 The owning company must prearrange a detailed management plan of the entire 

reservoir defining: morphological and hydraulic aspects, dam characteristics, 

hydrological regime, reservoir and sedimentation characteristics, characterisation of 

the waterbody downstream of the dam, chemical characterization of sediments and 

water, sediment removal operations (mechanical dredging, flushing, etc.), effects on 

ecosystems and achievable mitigations, monitoring plans (For more details consider 

section 3.2.4.1); 

 The Management Plan can include the description of operational schemes for 

reservoir maintenance and management, besides specific prevention measures 

related to the waterbody, such as aquatic ecosystem protection, fishing and other 

activities connected to water resources downstream of the dam; 

 Before and after any management operation the owning company monitors the 

waterbody to detect possible changes; 

 Consider the basin and river geological characteristics to better define the type of 

sediment transported into the reservoirs. Take into count the three main forms of 

degradation: biological, chemical and physical; 

 Estimation, for each basin, of the amount of area prone to deforestation and 

cultivation that can increase the sediment transport and deposition into the 

reservoirs; 

 Techniques of volume evaluation of sediment storage in reservoirs and dam life 

evaluation by using effective discharge assessment (for more details refer to section 

3.1.4.3); 

 Technique of high resolution bathymetric surveys on reservoirs to evaluate sediment 

erosion and deposition, during the monitoring phase (for more details refer to section 

5.2); 
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 Application of 1D and 2D simulation models to define sediment transport capacity. It 

is important to combine and merge different approaches to better define the contour 

conditions: field surveys of bedload, virtual velocity approach and high quality 

topographic field survey (DGPS, LiDAR or TLS) (for more details refer to good 

practice example 3.2.5); 

 Implementation of knowledge of historical tendency and response to floods over the 

entire basin or considering a long study reach. To consider and reconstruct historical 

tendency, effects of past flood events and future possible trajectories using historical 

data (cross-sections and longitudinal profiles, historical maps, aerial photographs, 

LiDAR datasets). To increase the level of detail and information collect and analyze 

data related to sub-reaches. Utilization of LiDAR and TLS datasets. Define 

recommendations on the basis of potential recovery tendencies (Comiti et al., 2011; 

Picco et al., 2014); 

 Increase of the sediment connectivity creating block ramps that permit both the 

sediment transport and to maintain the ecological conditions adapted to the fish and 

fauna population; 

 Disposal techniques must be favoured, which allow the sediment to re-enter the 

natural bed, restoring, as much as possible, the solid transport of the watercourse, 

such as the techniques of sluicing and cleaning; 

 To decrease the inflowing sediment into the reservoir consider the construction of a 

check dam that can mitigate the sedimentation of the reservoir. If the inflowing 

sediment rate is higher than the allowable volume rate, the excess sediment 

inflowing into the reservoir will accumulate in it. The inflowing rate of sediment 

should be reduced not only through check dams but also by means of slope stability 

works and reforestation; 

 Consider and define the natural suspended transport rate and concentration for low 

flow conditions and for different stages of discharge. This must be done for each 

watercourse under analysis. We recommend considering the lithology of the basin 

and the type of fauna living in the stream. The hydrological regime must be 

considered overall; 

 We recommend considering the timing, duration and intensity of flushing on the 

basis of the characteristics of the basin, lithology, hydrological regime and sediment 

concentration. This must be done considering a long period of observation and 

analysis; 

 The definition of a further threshold in the field of low concentration is 

recommended, which would allow prolonged daily cycles of controlled fluitation to be 

carried out, with the specific purpose of removing deposits that are in the basin. In 

particular, it is expected to operate according to suitable hydrological conditions and 

in compliance with other constraints of an environmental nature (for further details 

see section 3.2.4.1); 

 For the selection of a sediment-transport-rate equation it is important to: use as 

many field data as permissible within the resource limits of the study; examine as 

many equations as possible, based on assumptions used in their derivations and 

range of data used to determine their coefficients, and select those with the data 
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field conditions; compute sediment-transport rates that best agree with any field 

measurements; 

 The long-term equilibrium profile should be surveyed to reach equilibrium between 

incoming and outgoing sediment through the dam or bypass. It should be calculated 

in advance for every project, drawing upon hydraulic and sediment transport models; 

 The gates should be placed and sized with respect to the requirement to achieve the 

desired long-term profile. The gates should be set low enough and with sufficient 

hydraulic capacity to establish the desired equilibrium profile and support the type of 

sediment management operation identified for long-term use. 

 

3.2.6.3 For Researchers/ Accademics 

 Techniques of sediment budget estimation: Meyer-Peter and Muller, 1948; 

Haschenburger and Church, 1998; Brasington et al., 2003; Surian and Cisotto, 2007; 

Mao and Surian, 2010; Wheaton et al., 2010; Erwin et al., 2012; Milan, 2013; 

 Good practices of different types of torrent control: D’Agostino et al., 1997; Pagliara 

and Puglisi, 2004; 

 Existing options for sediment retention management: Harrison et al., 2000; 

Garbrecht and Garbrecht, 2004; Wu, 1991; Annandale, 1987; Morris and Fan, 1998; 

Morris and Hu, 1992; Loehlein 1999; White, 2001; Teals and Remus, 2001; 

 To identify long-term trends and distinguish between local channel reach variation 

and basin-related effects, we recommend long-term monitoring. The monitoring 

should consist of a network of permanent study sites in a large river basin context, 

combined with specific studies related to explanatory models presented previously. 

These studies should apply direct follow-up-protocols, as indicated in WP5-milestone, 

and incorporate as many components as possible of the material transported by 

rivers and streams (dissolved load, suspended load, bedload, debris-flow, large 

wood, etc.). Funding of such long-term monitoring programmes is a common 

obstacle and responsibility should be taken by the government authorities rather 

than research institutions, research foundations, universities. If long-term, well 

thought-out follow-up studies were established, the basis for judging whether 

sediment and large wood management projects succeed or fail would increase 

tremendously; 

 Analysis on the effects of reforestation on sediment inflowing rates; 

 Periodic campaigns of biological characterisation of the riverbed upstream and 

downstream of the dam are beneficial, with macrobenthos sampling (e.g. on a 

quarterly basis) to determine the IBE index and seasonal fish fauna sampling; 

 Monitoring of the effects on biological quality of the watercourse foresees the 

repetition, approximately 1 month after concluding operations (a time deemed 

suitable to recover the initial conditions should the control/mitigation actions of 

manoeuvre effects be effective), of the characterisation of fish and macrobenthic 

populations, to verify the difference compared to previous “natural” conditions; 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

130 

 Improve the multi-criteria approach by calibrating ad hoc critical discharge, virtual 

velocity and active depth formulas (for more details consider good practice example 

3.2.5). 

3.2.6.4 Final recommendations and remarks  

 

What should research and applied studies focus on? 

 It is important to establish techniques for redeveloping existing dams, by 

construction of sediment bypass, and to develop environmental impact assessment 

approaches; 

 The objective of management is to minimize the adverse effect that deposition in a 

reservoir has on its operations. The reservoir sustainability should seek to balance 

sediment inflow and outflow across the reservoir while maximizing the long-term 

benefits; 

 Produce minimum impact on the environment and maintain biological diversity; 

 Take into account all processes: hydrological regime (floods and drags), soil erosion, 

climate change, environment and associated ecosystems, water and sediment 

continuity; 

 The evaluation of such morphological variations from a starting point of natural 

dynamic equilibrium, can be made through the use of morphological indicators, 

whose values give an estimation of ‘distance’ (or variation) from the initial 

equilibrium pattern; 

 The overall aim of reservoir management should be to re-establish sediment 

continuity, which would on the one hand decrease resulting problems of reservoir 

sedimentation (e.g. reduction of available reservoir volume, effects on operation and 

safety of the power plant, ecological consequences) and on the other reduce impacts 

of sediment deficit in the free flowing sections downstream of reservoirs (e.g. bed 

degradation and incision, bank collapse, scour of bridge piers); 

 Substantially, a Reservoir Management Project (RMP) defines: morphological and 

hydraulic aspects, dam characteristics, hydrological regime, reservoir and 

sedimentation characteristics, characterisation of the waterbody downstream of the 

dam, chemical characterization of sediments and water, sediment removal 

operations, such as mechanical dredging, flushing, etc., effects on ecosystems and 

achievable mitigations, monitoring plans; 

 Main benchmarks for sediment management to consider for operating procedures: 

ordinary nature of sediment management operations, rebalancing of solid transport, 

environmental compatibility, compatibility with the uses; 

 An adequate topographical description of the study area is essential to minimise the 

final uncertainty on sediment transport evaluation. In this sense, the significance of 

the bathymetric method can considered as an important factor to improve sediment 

budget estimation. 

 

 

Notes:  

- The existing recommendations highlighted with the SedAlp EU Project have been written in grey; 

- The new recommendations emerged thanks to the SedAlp EU Project have been written in black. 
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4. Conclusions and Recommendations 

 
4.1. WP7 Key Findings 

 

Estimation of sediment budget, including large wood monitoring and 
scenarios determination to be used for flood mitigation in Alpine basins  

 
- River Scaling Concept – Morphodynamics Evaluation Tool 

The application of the River Scaling Concept – Morphodynamics Evaluation Tool (RSC-MET) 

for reach evaluation follows a three-step process. In the first step, it is evaluated the 

connectivity of the reach to sediment production in its catchment. In the second step, it is 

analysed the sediment transferred through the river network to the downstream reach. In 

the last step, the reach itself is investigated for its own sediment budget and for its 

artificiality. The evaluation procedure is performed from catchment to reach scale in a 

hierarchical manner: the score assigned to the reach’s catchment with respect to sediment 

supply defines the maximum score that can be achieved by the river network mark 

concerning sediment transfer. In turn, the river network score is the maximum possible that 

can be achieved by the final reach score. In contrast to existing methods for assessing the 

morphological quality of rivers, by following RSC-MET the sediment supply is considered as 

a prerequisite for sustainable functioning of morphodynamics. The hierarchical procedure 

ensures causal analysis of morphodynamics rather than interpretation of symptoms 

observed in the investigated reach. 

 

- A GIS-based planning system for targeting sediment management at hydrographic 

district scale 

A GIS methodological framework was developed to support spatial analysis of stream 

networks based on disaggregation and aggregation procedures of geographical objects 

derived from remote sensing data. A spatial database of elementary attributes was 

generated by continuously measuring the stream network at the scale of high resolution 

spatial units derived from spatial disaggregation of three basic geographical objects 

(streamline, valley bottom, and active channel, the latter on a limited area). The 

methodological framework can be used to answer a large range of questions and develop 

planning strategies for restoring rivers and floodplains in the context of constraining 

legislative frameworks at the national scale (e.g., the Water Framework Directive within the 

European Union). Since it is a shared database, it is also possible to accumulate data over 

time, improving techniques used, recalculating procedures and testing hypotheses, allowing 

both progressive regional understanding of geomorphic features, and providing objective 

information for targeting actions. 

 

- Effective discharge for bedload and for suspended load 

Morphodynamic investigations dealing with sediment transport are often focused on the 

long-term stability of river channels. The representative discharge used for these studies is 

called channel forming discharge Qcf. The basic concept behind the channel forming 

discharge is to use a steady discharge for a known alluvial channel geometry. Given enough 
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time, this channel forming discharge would modify width, depth and slope equivalent to 

those created by naturally hydraulic conditions. Although the concept of the channel forming 

discharge is not universally accepted (Shields, 2008), it provides a very helpful tool for 

sediment related investigations on rivers. To quantify the channel forming discharge Qcf the 

evaluation of the effective discharge Qeff, defined as the discharge that transports most of 

the sediment, represent a useful parameter for investigations concerning channel design. 

The following processes are suggested to determine the effective discharge: (i) create a 

frequency distribution (histogram) for discharge, (ii) create a sediment transport rating 

curve (based either on monitored or calculated bedload and suspended load data), (iii) 

integrate the two relations multiplying the sediment rate for a specific discharge class.  

 

- Large wood storage, distribution and driftwood hazard at bridge structure 

A GIS-based conceptual model designed and calibrated in order to reproduce LW input and 

its transfer along the fluvial network was developed. The GIS-based conceptual model can 

be applied by using a specific cell-size resolution, and it is formed by three sub-models: (i) 

Instability sub-model: calculates the LW recruitment sites and volume (LWR map) by an 

intersection between landslides and debris flow susceptibility maps (LDF map) and forest 

map (F map); (ii) Hillslope transfer sub-model: simulates the displacement of unstable LW 

volumes towards the channel network by using the ‘‘slope decay’’ function, which depends 

on local morphology and the distance along the drainage line (flow distance); (iii) River 

transfer sub-model reproduces in-channel LW transferred downstream through an algorithm 

that calculates the possibility of flotation according to the unit stream power, and the 

relative size of LW/channel. At this stage, the LW located in the floodplain is identified 

through photo-interpretation. The volume and distribution of in-channel LW along the river 

network is calculated by the model for three different levels of estimated likelihood of 

occurrence: high, scenario 1; medium, scenario 2; low, scenario 3. Thanks to this model, it 

is possible to assess material that should remain in the channel as wood storage, as well as 

mature vegetation in the riparian areas. Wood entrapment at bridge cross sections is one of 

the crucial damage trigger, putting the stability of the bridge at risk or induced channel 

outburst and thereby affecting floodplain inundation. The identification of robust design 

criteria for planning and adapting bridge structures in order to reduce their vulnerability 

with respect to wood transport is essential. Different possibilities for dealing with driftwood 

hazards at bridge structure were analysed and discussed, supported by the results of lab 

experiments conducted at the University of Insbruck. 

 

Identification of morphological impacts related to hydropower plants and 

gravel extraction  

 

- Short term channel adjustment and geomorphic change detection for assessment of 

both floods impacts and gravel extraction 

To quantify short term channel adjustment and geomorphic change, related with floods and 

gravel extractions, two consecutive LiDAR and aerial photos surveys have to be committed 

before and after a relevant flood. The data acquisitions has to be performed both during low 

flow conditions. LiDAR acquisition has to be associated with a series of RGB aerial images 

with at least 0.50 m pixel resolution. Finally, dGPS points have to be taken contemporarily, 

covering different morphological units and water stages. In order to apply a colour 
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bathymetry technique to provide a precise wet area detection, 200 dGPS points every 0.20 

m of water depth have to be collected in wet areas for each survey. A precise DEMs of 

difference (DoD) can be carried out in order to quantify and verify whether the 

morphological changes occurred mostly in the dry or wet areas of the active channel. If the 

aim is to evaluate the geomorphic changes in environments with a significant presence of 

water, the bathymetric techniques are required to provide more precise results. 

 

- Implementation of Multicriteria Analysis in a selected HP basin (Pramper stream, 

Belluno Province)  

To integrate and complete a Reservoir Management Project with the mechanical removal of 

coarse sediments stored in the reservoir and its input into the downstream channel reach, 

the effects of such an operation on the river system (energy production, environment, 

morphology, social aspects) can be evaluated with a Multicriteria Analysis (MCA). The 

Management Alternatives are: (i) Alt. 0: no coarse sediment removal; (ii) Alt. 1: 50% 

volume of coarse sediment removal; (iii) Alt. 2: 80% volume of coarse sediment removal. A 

decisional tree of a reservoir management with all the explaining Criteria and Indicators, 

which vary depending on the Alternatives choice, was developed with the aim of choosing 

the best Management Alternative performance. The MCA can be applied by using the free 

software SESAMO, a useful tool developed by RSE (Research on Energy System). The MCA 

logical steps are: Evaluation matrix (indicators data evaluation); utility functions assignment 

to each indicator (dimensionless values); weights assignment (level of importance to give to 

each Criterion and Indicator); alternatives ranking (best Alternative performance). 
 

 

4.2.  WP7 Implications and recommendations 

 

For policy makers 

- Promote data sharing and experience 

The policy makers have the fundamental role to promote data sharing and experience 

with common informatics databases for more robust evaluations of sediment and wood 

budgets. 

- Bring law and science closer 

There is a need to bring law and science closer together in terms of reality and 

processes. Old laws should be amended, providing mechanisms for encouraging 

landowner to reduce erosion and siltation. 

- Develop managing strategies for restoring rivers and floodplains 

Policy makers should be aware that methodological frameworks are necessary to 

answer large range of questions, and to develop managing strategies for restoring 

rivers and floodplains in the context of constraining legislative frameworks (e.g. the 

Water Framework Directive and the Floods Risk Directive within the European 

Community). 

- Incentivize good strategies of sediment and large wood management 

Policy makers has to incentivize good strategies of sediment and LW management, 

funding long-term monitoring programmes, encouraging cycle management approaches 
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in lieu a design life approach. In fact, sediment management, operation and analysis 

cannot be any better than the data on which they are based.  

- Long-term monitoring of suspended sediment transport 

Downstream reaches need also accurate long-term monitoring of suspended sediment 

concentrations and suspended sediment load assessment in relation to fish and aquatic 

habitat management, conservation and restoration. 

 

For practitioners 

- Improve physics and ecological knowledge of the studied areas at different scale 

Practitioners should be aware that a knowledge of hydrological regime of the entire 

basin, geological settings, as well as lithology and the type of macro and micro fauna, 

are fundamental to better define the reservoir maintenance and management. 

- Long-term monitoring 

The availability of long-term, accurate hydrologic and sediment data are essential for 

the purpose of operation, management and to detect impacts. This should include, as a 

minimum, hydropower plant-reservoir sedimentation surveys, with suspended sediment 

sampling and monitoring of reaches downstream likely to be affected by sediment 

starvation, bypass, flushed sediment, etc. 

- Sluicing and flushing works 

Gravel are trapped with 100% efficiency in most reservoir-hydropower plants, 

commonly leading to gravel deficits downstream, and it is rare that gravel can be 

sluiced or flashed except in small hydropower plant-reservoirs. Sluicing and flushing act 

better with finer grained sediments, which are usually the vast majority of sediment 

load. In all cases, it is essential that the calibre of sediment coming into a reservoir be 

known to effectively operating for it.  

- Sediment connectivity 

To take into consideration the sediment connectivity between the upper and lower river 

reaches. In this context, should be important to consider and to analyse both types and 

characteristics of all the human structures built along the river network. 

 

For research 

- Integrated collaboration between different scientific disciplines effects 

An integrated collaboration between different scientific disciplines effects (e.g. 

engineering, ecological, geological, and morphological) is fundamental to improve the 

knowledge on sediment management. 

- More precise estimation of sediment and wood budget 

An integrated and more precise estimation of sediment and wood budget at different 

spatial and temporal scales is needed, such as a more thoroughly analysis of the 

interaction between sediment-wood and transversal structures. 

- Consider both bed load and suspended load 

Both bed load and suspended load sediments are important to river systems. Not only 

do hydropower plant-reservoirs trap different grain sizes with different efficiencies. It is 

important to understand downstream sediment impacts and to plan for them. The 
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transport characteristics, trapping potential and downstream impacts of fine and coarse 

sediment are quite distinct, and should be considered separately.  

- Develop new techniques of reservoirs and transverse structures management solutions 

focused on the sediment continuity 

Researchers should be aware that new techniques of reservoirs and transverse 

structures management solutions should be focused on the sediment continuity, 

seeking to balance sediment inflow and outflow across the reservoir while maximizing 

the long-term benefits and minimizing impact on the riverine environment and maintain 

the biological diversity. 

 

  

4.3. WP7 General Conclusions and Recommendations 

 

The geologic and hydrologic settings of hydropower plants-reservoir vary widely, and thus 

no one approach is suitable for all sites. Quantification of upstream sediment yield to the 

reservoir-hydropower plant, with projection of reservoir sedimentation rates into the future 

as well as management based on more sustainable principles are needed. Long-term and 

large scale perspectives of the stream network must to be considered in the sediment 

management. In order to better define the availability of transportable sediment and large 

wood, must be taken into account both basin and channel characteristics and processes as 

to be able to define the most appropriate approaches and tools to estimate sediment and 

wood budgets. For an efficient structure design, appear mandatory the analysis and 

consideration of different scenarios based on the existent sediment continuity, torrent 

control strategies and control structures characteristics. The main aim of the sediment 

management strategies must become the decrease of negative impacts, on riverine 

environments, related to hydropower plants and gravel mining activities. The identification 

of problems and methods of solutions should be addressed through the collaboration of 

policy makers, practitioners and researchers, taking into account the following 

recommendations. 

 

Recommendations for Policy Makers 

The policy makers have the fundamental role to promote data sharing and experience with 

common informatics databases for more robust evaluations of sediment and wood budgets. 

There is a need to bring law and science closer together in terms of reality and processes. 

Old laws should be amended, providing mechanisms for encouraging landowner to reduce 

erosion and siltation. Policy makers should be aware that methodological frameworks, to 

answer large range of questions and to develop managing strategies for restoring rivers and 

floodplains in the context of constraining legislative frameworks (e.g. the Water Framework 

Directive and the Floods Risk Directive within the European Community), are necessary. 

Policy makers has to incentivize good strategies of sediment and large wood management, 

funding long-term monitoring programmes encouraging cycle management approaches in 

lieu a design life approach. In fact, sediment management, operation and analysis cannot 

be any better than the data on which they are based. Thus, data collection efforts should be 

emphasized, as well as data sharing among agencies and political institutions. 
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Downstream reaches needed also accurate long-term monitoring of suspended sediment 

concentrations and suspended sediment load assessment in relation to fish and aquatic 

habitat management, conservation and restoration. 

 

Recommendations for practitioners 

Practitioners should be aware that a knowledge of hydrological regime of the entire basin, 

geological settings, as well as lithology and the type macro and micro fauna are 

fundamental to better define the reservoir maintenance and management. The availability 

of long-term, accurate hydrologic and sediment data are essential for the purpose of 

operation, management and for analysing impacts. This should include, as a minimum, 

hydropower plant-reservoir sedimentation surveys, with suspended sediment sampling and 

monitoring of reaches downstream likely to be affected by sediment starvation, bypass, 

flushed sediment, etc. Gravel are trapped with 100% efficiency in most reservoir-

hydropower plants, commonly leading to gravel deficits downstream, and it is rare that 

gravel can be sluiced or flashed except in small hydropower plant-reservoirs. Sluicing and 

flushing work best with finer grained sediments, which in any event, are usually the vast 

majority of sediment. In all cases, it is essential that the calibre of sediment coming into a 

reservoir be known to effectively operating for it. Another important recommendation is to 

take into consideration the sediment connectivity between the upper and lower river 

reaches. In this context, should be important to consider and to analyse both types and 

characteristics of all the human structures built along the river network. 

  

Recommendations for Researchers/Academics 

An integrated collaboration between different scientific disciplines effects (e.g. engineering, 

ecological, geological, and morphological) is fundamental to improve the knowledge on 

sediment management. An integrated and more precise estimation of sediment and wood 

budget at different spatial and temporal scales is needed, such as a more thoroughly 

analysis of the interaction between sediment-wood and transversal structures. Both bed 

load and suspended load sediments are important to river systems. Not only do hydropower 

plant-reservoirs trap different grain sizes with different efficiencies. It is important to 

understand downstream sediment impacts and to plan for them. The transport 

characteristics, trapping potential and downstream impacts of fine and coarse sediment are 

quite distinct, and should be considered separately. Researchers should be aware that new 

techniques of reservoirs and transverse structures management solutions should be focused 

on the sediment continuity, seeking to balance sediment inflow and outflow across the 

reservoir while maximizing the long-term benefits and minimizing impact on the riverine 

environment and maintain the biological diversity. 

 

 

 

 

 

 

 

 

 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

143 

5.  Annex 

5.1. Case studies 

 

 Contemporary sediment budget of the Gadria and Strimm watersheds: 1949-

2014 (P.P. 4) 

 

Introduction 

This contribution aims to quantify the colluvial sediment budget of the Gadria and Strimm 

watersheds, mid Vinschgau/Val Venosta, Eastern Italian Alps. A sediment budget is a 

versatile, quantitative framework that reports the rates of production (input), detachment 

and transport (throughput), discharge (output), and change in storage of sediment from a 

drainage basin, or any other landscape unit of interest (Slaymaker, 1988). Key steps for the 

formulation of a sediment budget include the identification and definition of the linkages, 

and the quantification (as volumes and rates) of: (i) sediment sources, (ii) storage sites, 

and (iii) transport processes (e.g., Swanson et al., 1982; Reid and Dunne, 1996). The 

complexity of the budget increases progressively as the landscape under investigation is 

subdivided into increasingly finer-scale components (e.g., blockfields, hollows, talus cones, 

gullies, fans, bars, terraces, banks). Higher budget complexity enables improved 

understanding of contemporary geomorphic dynamics, however at the cost of greater data 

requirements. Evaluating a sediment budget represents a further step forward from 

constraining sediment yield-area relation (section 3.1.4.1) and characterizing source-to-sink 

pathways (section 3.1.4.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Mapping of colluvial sediment sources in the Gadria and Strimm watersheds including rapid 

shallow failures (red polygons), relevant deposition lobes (green) and patches of surficial 

erosion (sand). 
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Methods 

The sediment budget relies on the multitemporal inventory of colluvial sediment sources 

presented in the first Gadria-Strimm case study (see section 3.1.4.1), and as such follows 

the specifics proposed by Brardinoni et al. (2009). In the analysis, we use the volumes 

associated with deposition polygons and the volumes associated with the erosion polygons 

that delivered all their material to the channel network and that, as such, could not 

generate a deposition lobe. Patches associated with chronic surficial erosion ("surficial 

erosion" in Figure 1) are not considered in our computations. Quantifying the sedimentary 

contribution of these features would require setting up an ad hoc campaign of monitoring. 

The morphological classification scheme of sources and storage sites is the one detailed in 

the second Gadria-Strimm case study (see section 3.1.4.2). 
 

Results 

In the 1949-2014 study period we have mapped a total of 559 erosion polygons that 

delivered all their material to the drainage network, and 219 depositional lobes. The former 

have transferred an estimated volume of 135,700 m3, the latter have re-deposited 

approximately 110,000 m3 of debris. Collectively, the total mobilized debris amounts to 

245,700 m3. These data are then presented as sediment detached and transported 

(throughput) (Table 1) and as sediment on storage (Table 2). 
 

Table 1. Colluvial sediment detachment and transport (throughput) expressed as number of 

occurrences and in terms of associated mobilized volume of debris stratified by morphologic 

position at initiation site (1949-2014). 

Initiation site 

Sediment throughput Number of occurrences 

(m3) % Count % 

Bedrock-talus transition 3,429 1.4 12 1.5 

Open slope 25,451 10.4 147 18.9 

Escarpment face 17,209 7.0 96 12.3 

Kame terrace 5,192 2.1 8 1.0 

Rock glacier & moraine 1,428 0.6 13 1.7 

Gully headwall 120,512 49.1 351 45.1 

Gully sidewall 44,710 18.2 79 10.2 

Gully channel 18,342 7.5 56 7.2 

River bank 9,050 3.7 16 2.1 

 

Volumetrically, sediment throughput originated preferentially from gully-related locations, 

with a combined 75% that breaks down into headwalls (49%), gully sidewalls (18%), and 

gully channels (7%). Sediment in transit from open slope locations accounts for 10% (Table 

1). A comparison between percentages in terms of count and volumes shows that rapid 

shallow failures triggered on open slopes, escarpment faces are markedly smaller then 

events originating at gully sidewalls and river banks. 

Dominant sites of sediment storage are located on sedimentary linkages connecting steep 

slopes to valley floors and including talus slopes (25%), colluvial fans (15%), and talus 
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cones, or in proximity of (topologically connected to) gully channels (8%), but especially 

near main stream channels (38%) (Table 2). 
 

Table 2. Colluvial sediment storage expressed in terms of number of occurrences and associated 

mobilized volumes of debris stratified by morphologic position at deposition site (1949-

2014). 

Deposition site 

(terminus) 

Sediment storage Number of occurrences 

(m3) % Count % 

Kame terrace 3,568 3.3 10 4.6 

Rock glacier & moraine 4,707 4.3 13 5.9 

Talus slope 27,621 25.2 92 42.0 

Talus cone 8,440 7.7 42 19.2 

Colluvial fan 16,127 14.7 28 12.8 

Gully channel 7,978 7.3 15 6.8 

Main channel 41,187 37.6 19 8.7 

 

In the light of the above results, we can infer that the steep channel network is the most 

unstable landscape component and is undergoing intense erosion. A similar behaviour is 

characteristic of relatively "young" geomorphic systems that are not in equilibrium with the 

contemporary hydro-climatic conditions. In the case of the Gadria and Strimm basins, these 

conditions are promoted by the abundance of unstable glacial and glaciofluvial sedimentary 

layers, as well as by an extremely fractured bedrock inheritance of a complex tectonic 

history of this part of the Alps. In order to reduce the uncertainty of the present sediment 

budget exercise, future work will aim at combining the present volumetric data with the 

ED30 database, a database managed by the Autonomous Province of Bolzano that collects 

field-based volumetric measurements of debris-flow deposition (Brardinoni et al., 2012) 

along the main channels of the Gadria and Strimm basins. 
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 High-resolution bathymetric survey of the Vernago Lake, Italy (P.P. 4) 

 

Introduction 

Artificial reservoirs for hydropower production disrupt the river hydro-geomorphic continuity 

in Alpine basins and constitute efficient sediment traps. In so doing they strongly change 

upstream and downstream fluvial morphodynamics, hence alter riverine habitat conditions. 

Managing the surplus sediment deposited in the reservoir, which is deducted from the 

natural sediment budget of the downstream channel reaches, represents one of the key 

components for the sustainable management of Alpine drainage basins. At the same time, 

in-lake siltation rates can be used as proxy for sediment yield at the outlet of a given study 

basin, and can therefore provide useful quantitative information on the relevant sediment 

budget. In this context, a first critical step lies in the quantification of the boundary 

conditions characterizing the bottom of the reservoir. This case study presents the results of 

a high-resolution bathymetric survey of the Vernago reservoir, Senales Valley, Italy. The 

reservoir, which has a capacity of 43,928,000 m3, was built in 1961. Between 2001 and 

2003, the reservoir was emptied out to allow operations of consolidation of the southern 

valley side, affected by a deep-seated gravitational slope deformation.  

Methods 

The bathymetry was acquired by means of SEA Swathplus interferometric sonar mounted 

on a 4.30 m boat. This lightweight device is particularly well-suited for working within Alpine 

reservoirs in that it ensures wide swath width (up to 150 m) in shallow water (down to 50 

m) and high resolution (0.03 m) up to the swath edge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Planimetric view (shaded relief) of the Vernago reservoir bathymetric DEM merged with the 

existing subaerial DEM of the Autonomous Province of Bolzano. 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

147 

with the existing subaerial DEM of the Autonomous Province of Bolzano. 
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Figure 2. DEM of the Vernago reservoir floor: detail of the eastern portion. See text for letter code 

explanations. 

Figure 2. DEM of the Vernago reservoir floor: detail of the eastern portion. See text for letter code 

explanations. 
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Figure 3. The 2001-2003 dockyard showing the locations of the main diversion canal (A) and the 

temporary dam draining Rio Senales (Photo source: AEW Bolzano). 
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During data acquisition, the georeferencing of the bathymetric survey was performed via 

DGPS Trimble® connected to a MVPOS and the navigation software of SEA SwathProcessor®. 

The oscillatory movements of the boat were acquired and compensated in real time by 

means of Applanix inertial measurement unit. The post-processing of raw bathymetric data, 

which was conducted using CARIS HIPS&SIPS®, involved implementing a number of 

correction factors for sound velocity and the variation of the water level in the reservoir 

during the three-day data acquisition.  

 

Results and Perspectives 

The end result is a 2-m gridded DEM of the bottom of the reservoir with a vertical resolution 

of 5 cm. The bathymetric DEM was then merged to the subaerial 2.5-m DEM of the 

Autonomous Province of Bolzano to obtain an integrated digital high-resolution model of the 

topographic boundary conditions that characterize the Vernago reservoir (Figure 1). The 

survey resolution allowed identification of subaqueous anthropogenic structures built 

between 2001 and 2003. In particular, we observed a linear depression and the lateral 

levees associated with the excavation of a diversion canal that was temporarily draining Rio 

Senales (A) (Figures 2 and 3), a temporary dam trending north-to-south (B) (Figures 2 and 

3). 

Natural landforms that are clearly distinguishable include the alluvial fan associated with the 

Rio Vernago tributary junction (C) (Figure 2) and newly formed distributary subaqueous 

channels that are in places characterized by high sinuosity (E) (Figure 2). Irregular 

depression bands sculpted by Rio Senales (the main tributary channel joining the study 

reservoir) that crosses the central-southern portion of the reservoir longitudinally (D) 

(Figure 2 and 3) and dominates the overall natural geomorphic picture. 

The bathymetric survey yielded promising results for a high-resolution imaging of the 

reservoir floor through which we are able to resolve the geomorphic variability 

characterizing tributary fans, man-made subaqueous canals, areas of active deposition, and 

newly-formed natural subaqueous channels. In reservoirs that have remained substantially 

undisturbed since construction (this is not the case of the Vernago reservoir), it will be 

possible to perform a DoD (DEM of Difference) between the current bathymetric-derived 

DEM and pre-reservoir topography. This will allow estimates to be obtained of the spatial 

distribution of subaqueous erosion and sedimentation, an evaluation of the reservoir 

trapping capacity, and a quantification of the net sediment volumetric export from the 

source basin. 
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 Estimation of sediment transfer characteristics based on results in WP5 and 

Action 6.3 and sediment balance (P.P. 11) 

 

The components of sediment transfer were outlined in 3.1.4.2 and are exemplified here at a 

50 km section of the Upper Drau River. First, the components of sediment transfer were 

analyzed separately until they were combined for assessing the bedload yield along the 

entire investigated river section, giving additional insight into the sediment regime. This 

analysis makes use of results gathered in WP5-sediment transport monitoring, additional 

data provided by the regional government of Carinthia and results from Habersack (1997) 

obtained for the same river section.  

 

Cross section surveys 

In 1991, the regional government of Carinthia started to repeatedly survey cross sections at 

the Upper Drau River. Since then, four data sets of cross section surveys are available for 

evaluation of sediment transfer (1991, 1998, 2008 and 2013). Figure 3 relates the dates of 

cross section surveys to the hydrograph. The original purpose of the surveys was to monitor 

the response of the riverbed elevation to river engineering measures, after repeated water 

level surveys since 1886 revealed bed incision (0.61 m between 1931 and 1991). The cross 

sections are placed every 200 m along the Upper Drau River. For analysis of sediment 

transfer in regulated river sections, this distance was considered sufficient for reflecting the 

relatively uniform channel geometry. Restored sections with varying channel widths and/or 

side channels with developing channel bars show a less uniform geometry, but errors from 

data interpolation were assumed to be negligible. Additionally to the river bed, the cross 

section surveys also covered the riverbanks and parts of the floodplain, so that bank erosion 

and accretion, as well as floodplain sedimentation were equally recorded next to bed level 

changes.  

 

 

Figure 3. Dates of cross section surveys related to the hydrograph at the gauging station 
Oberdrauburg (located at the upstream end of the investigated section). 
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Figure 4 displays the geometries at one cross section at two points in time. Field 

observations revealed a pronounced separation of coarse (diameter d > 1 mm) sediment at 

the bottom and fine sediment (d < 1mm) above on elevated bars. Applying the one-

dimensional hydrodynamic-numerical model HEC-RAS (US Army Corps of Engineers), the 

discharge was searched for, which produced a water surface at the elevation of this 

threshold. This discharge was then modelled in the entire Upper Drau River and the water 

surface elevations then delineated in every cross section the finer sediment from the 

coarser sediment, on bars as well as in the riverbanks. As a consequence, in the calculation 

of the sediment transfer, deposition below this threshold reduced the bedload yield while 

deposition above this threshold did not affect the bedload transport as it derives from 

suspended sediment. The same distinction applies to riverbank erosion: Eroded bank 

volumes below this threshold were assumed to fully contribute coarse sediment as bedload 

supply, while eroded bank sediment above this threshold was assumed to be fully 

transported as suspended sediment.  

 

Figure 4. Cross-sectional change and separate calculation of balances below and above a threshold 
delineating coarse sediment (below the threshold) from fine sediment (above). 

 

The bedload balances of two adjacent cross sections and the distance between served to 

calculate the budget of coarse sediment. In case of a negative budget, coarse sediment was 

mobilized and the time-averaged bedload yield increased from the upstream cross section 

to the downstream cross section; in case of a positive budget coarse sediment deposited 

and bedload was reduced with distance downstream. In order to relate the coarse sediment 

budget in the time span between two surveys (so far expressed as bulk sediment volume) 

to the bedload yield determined at the monitoring site (measured in tons per time period), 

for the coarse sediment the specific density ρs and the porosity n has to be known or 

estimated for calculating the bulk density ρd: 

  sd n   1                                          (1) 

Pycnometer experiments on Drau deposits revealed a specific density of 2790 kgm-3. For 

the poorly sorted gravel a porosity of 0.3 was estimated. Based on Eq. 1, a bulk density of 

1953 kgm-3 was obtained.  

Volume V was finally transferred into mass m via: 

dVm                                   (2) 
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Bedload transport 

Bedload monitoring was derived at the bedload monitoring station Dellach/Drau, using 

direct (Large Helley Smith-sampler and Slot sampler) and indirect (plate geophones) 

monitoring methods. With the results of the bedload monitoring, a bedload rating curve 

(D>1 mm) for the station Dellach/Drau was constructed and is presented in Figure 5. The 

calculation of the annual bedload yield at the station was conducted by combining the 

recorded hydrograph with the presented bedload rating curve.  

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200 250 300 350

b
e
d
lo

a
d
 t

ra
n
s
p
o
rt

 [
k
g
s

-1
]

discharge [m3s-1]

direct bedload transport measurements

(slot sampler, LHS-sampler)

 

Figure 5. Rating curve at the station Dellach/Drau for bedload D>1 mm, derived by direct bedload 
measurements using slot sampler and Large Helley Smith basket sampler. 

For the investigated time periods (defined by the available cross section surveys) the 

following bedload yields were calculated using the bedload rating curve (Table 2): 

 

Table 2. Annual bedload yields calculated for the investigated time periods based on the hydrograph 
and the bedload rating curve derived at the monitoring station Dellach. 

 

Time period Mean annual bedload yield (ta-1) 

1991-1998 42751 

1998-2008 45686 

2008-2013 59104 

1991-2013 47802 

 

Abrasion 

Bedload constitutes part of the riverbed and therefore co-determines the bed levels, while 

fine-grained sediment may be maintained in suspension due to low settling velocities 

compared to the turbulence of the flow. Abrasion, as a consequence of colliding gravel 

particles, transforms part of the bedload into fine grained sediment, which at the Drau River 

and generally at alpine rivers is transported mainly as suspended load. Hence, at the Drau 

River, abrasion reduces the supply of bed forming sediment with distance downstream.  

Based on Schoklitsch (1933) and Mikos (1993), Habersack (1997) determined the 

coefficient of abrasion aw for the Drau sediment: 

  9.0
40124.0018.0


 saw                                     (3) 

with s = distance (km); the distance added to s (40 km) is the distance to the sediment 

sources of the tributary Isel. The reduction of bedload with distance downstream was then 

calculated by: 
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saweww  0                (4) 

Figure 6 shows the variation of the abrasion coefficient along the Upper Drau River, 

exhibiting a downstream decrease. 
 

 

Figure 6. Abrasion coefficient related to the distance downstream. 
 

Artificial sediment extraction and supply 

In the time period between 1991 and 2013 artificial sediment supply or extraction mainly 

occurred in the course of river restoration works (bed widening, excavation of new side-

channels) or during maintenance of restored sections. Tabular data on extracted and 

supplied amounts of sediment were obtained from the regional government of Carinthia. 

Similar to the analysis of cross sectional change, the extracted or supplied sediment had to 

be divided into coarse and fine sediment to distinct bed forming bedload from suspended 

sediment. These proportions were estimated based on the reflectance of the measures in 

the cross sections, again using the above described delineation between coarse and fine 

sediment.  

Figure 7 displays the excavated or supplied volumes of coarse sediment in the time period 

between 1991 and 2013. Since the sediment extraction and supply were done in connection 

with riverbed widening, the comparability with the bedload transport measured in Dellach is 

limited. Furthermore the data in  

Figure 7 contain bedload as well as fine sediment. 

 

Figure 7. Artificial sediment extractions and supply along the study reach in the time period between 
1991 and 2013. 
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Supply from tributaries 

In the Upper Drau valley 27 tributaries flow into the Drau River. All of these tributaries are 

torrents, providing highly non-continuous sediment supply. Sediment supply is reduced 

given strong alteration of the sediment continuum by torrent control structures. In the 

investigated time period between 1991 and 2013 no major events were recorded, which 

transferred large amounts of sediment from the torrents to the Drau River. Eventual small 

contributions to bedload were neglected. The only exception was the torrent Feistritzbach, 

which according to Prokop and Singer (2011) provided 16,000 m3 of coarse gravel as 

bedload, after a torrent control was removed in 2009 and replaced by a more permeable 

structure.  

 

Bedload budget 

First, the contributions to the mean annual bedload yield were calculated separately for 

cross-sectional change and artificial supply, abrasion and tributaries (Figure 8). Cross-

sectional changes may be the result of erosion and aggradation, but are also affected by all 

the other factors in sediment transfer that are addressed here. 

 

Figure 8. Components of the bedload budget and their share on the mean annual bedload yield 
between 1991 and 2013. 

 

Second, knowing the bedload yield at the monitoring site in Dellach, the sum of the 

individual contributions to bedload yield may then be used to calculate the bedload yield 

along the entire river section. In order to further analyse the bedload budget, more 

information is needed concerning the comparison of bedload yield changes of cross sections 

and dredging, because the contribution of dredging and the cross-sectional change might 

not be directly linked to the sediment transport (ineffective areas). 

The results show that, on average, the bedload transport reduced with distance downstream 

in the investigated time period. This exhibits an aggrading trend which can be attributed to 

the effect of the restoration measures. Especially in the two largest widenings, where the 

restoration included the establishment of side-channels (Kleblach and Obergottesfeld), the 

reduction of bedload transport and hence bed aggradation is clearly visible. This aggrading 

trend within the restored sections may turn into a dynamic equilibrium, as soon as the 

morphologies of the restored sections fully adjusted to the bed widenings. Continued 

collection of data would allow assessing the impact of the restoration works for longer term.  
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To a small part, the reduction of bedload in downstream direction may also be the result of 

selective transport given a decrease of channel slope towards the junction with the Möll 

River at the downstream end of the investigated section, which is a major tributary 

delivering bedload of larger grain size. 
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 Application of Morphological Quality Index (MQI) in the Piave River Network 

(P.P. 3) 

 

This study case regards the application of the Morphological Quality Index (MQI) protocol, 

which is part of IDRAIM, to assess the morphological quality of the Cordevole River and 

Piave River at the Cordevole confluence. Many European rivers suffered different ranges and 

types of human pressure that modified their morphology and altered their hydrological 

processes (Liébault and Piégay, 2001; Gurnell et al., 2009). The Water Framework Directive 

that came into force in Italy under the Decree Law no. 152 of 3rd April 2006 regulates the 

achievement by 2015 of a good ecological status for all natural water bodies, and the Italian 

Institute for Environmental Protection and Research (ISPRA) has promoted a new 

methodology, called IDRAIM, for the hydromorphological evaluation, analysis and 

monitoring of Italian streams (Rinaldi et al., 2013). 

The study areas are the Cordevole basin, and Mountain Piave basin, Eastern Italian Alps, 

(Figure 1). The Cordevole River is approximately 79 km long and the catchment area covers 

843 Km². The Piave River basin has drainage area of 3180 km2 at the Cordevole confluence, 

and the main channel is 130 km long. These two areas have a mountainous planform, and 

give the hydrographic network a complex morphology typical of Alpine basins. The 

hydrographic network extends for about 4100 km (Figure 1, minimum drainage area of 

160000 m2). Artificial elements are often present in the stream, and are located near 

villages and roads. Many of these were built in the years following the 1966 flood. 

 

 

Figure 1. Study areas of the Piave River and Cordevole River. The sections monitored with the 

IDRAIM-IQM protocol are highlighted in red, and the main dams in black. 
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The MQI procedure (Rinaldi et al., 2013) was applied in these areas, which includes three 

phases: i) general setting and segmentation; ii) evaluation of the current morphological 

condition of river reaches in terms of functionality, artificiality, and recent channel changes; 

iii) monitoring of the morphological quality variation. The evaluation of the current 

morphological condition and deviation from the reference state is performed applying a set 

of 28 indicators that assess the continuity of river processes, channel morphological 

conditions and riparian vegetation. The materials used are metadata (orthophotos, DTM, 

etc.) available free from the cartographic portals. This geospatial information was utilized 

for the photo-interpretation and for editing the active channel and alluvial plain in the river 

network from the 4th to 6th order. The segmentation methodology was based on the MQI 

protocol application (Rinaldi et al., 2013), but was applied following a slightly different steps 

sequence for which some semi-automatic GIS processes (Rigon et al., 2013) were 

implemented (Figure 2). 

 

Figure 2. Flowchart that describes the procedure of the semi-automated GIS model for segmentation 

and calculation of parameters. In the first line are the source data. Automated processes 

are highlighted with dotted boxes. AP: Alluvial Plain. AC: Active channel. 

 

A total of 419 sub-reaches were analysed and edited, which correspond to a total length of 

about 470 km. For each of these, the average values of the morphometric parameters 

(length, width, confinement, slope, drainage area) were calculated in GIS. The MQI 

evaluation forms were applied on 88 sections (21% of total segments identified in the first 

phase of general arrangement and division) of different types and located in the main 

collectors of the following rivers: Piave, Maè, Cordevole, Mis, Fiorentina, Pettorina 

(highlighted in red in figure 1). 
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The results deriving from the application of various indices were organized in the summary 

sheets (one for each reach) that contain tables with the general settings, scores attributed 

to each indicator and MQI results with the corresponding class quality.  

The MQI results were summarized in the GIS database, where the quality classes are shown 

(with different colours) for each reach analysed, as can be seen in the example shown in 

figure 3. 

MQI protocol application highlights that 39% of the analyzed reaches feature a good quality 

class, 23% a very good class, 29% a moderate morphological state, and 9% in poor status. 

The sub-reaches with the greatest degree of morphological alteration present i) poor 

connectivity between hillslopes and river corridor (mainly caused by the presence of roads) 

that is very important for the natural input of sediment and large wood from the slopes; ii) 

absence of vegetation in the river corridor due to human alteration, that is functional to a 

range of geomorphic processes; iii) presence of artificial elements, such as bedload 

interception structures in the catchment, bank protection along the reach, and the removal 

of sediment, large wood and vegetation.  

 

 

Figure 3. Results of MQI application on Mis River, Maè River at Pontesei, and Piave River at 

Soverzene. 

 

Observing the sub-indexes in detail (Rinaldi et al., 2013) it can be noted that the sub-

reaches with the worst quality have a negative “MQI Alteration” and this is due to the 

continuous presence of bank protections and check-dams in the reach that causes the 

assignation of additional scores in some indicators. Many other segments are affected by 

the presence of other artificial structures such as the section located downstream of the 

dams. Figure 33 shows the results of the quality assessment of morphological traits at the 

Mis dam (a), Pontesei dam (b) and Soverzene “barrage” (c). These artificial structures 

cause a strong alteration of fluvial processes and forms that are evident in various IQM 

evaluation indexes. Instead, 20% of sub-reaches analyzed have a functionality quality index 

lower than the quality alteration index, which have a limited floodplain, poor variability of 

the section, and little or no vegetation in the fluvial corridor.  
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Some limitations or problems arising during the segmentation can be summarized as 

follows: i) the need for a very good GIS analysis and editing capacity; ii) limit of spatial 

analysis linked both to the quality of the DTM and images, and to the strong disturbance 

(shadows, vegetation, narrow valleys); in the case study analyzed the hydrographic 

network lower than the fourth order are difficult to analyze; iii) the necessity for a complete 

and updated Artificial Intervention Database. 
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5.2. Applied tools 

 

5.2.1 Colour bathymetry techninque & G.C.D. for river Reach 

Analysis 

In order to create an accurate digital terrain model accounting for reliable river bed 

elevations, a regression model can be calibrated between water depth and Red, Green and 

Blue (RGB) bands obtained from aerial images acquired during the LiDAR survey. Water 

depth can be calculated indirectly as the difference between water surface (estimated from 

the interpolation of selected LiDAR points) and channel bed elevation (measured with dGPS 

in the field). Hybrid Digital Terrain Models (HDTMs) can be then created, by merging LiDAR 

points for dry areas and colour bathymetry-derived points for wet areas (Moretto et al., 

2014).  

This computational process was divided into five principal steps as reported in figure 1: (A) 

LiDAR data, aerial photos and field survey, (B) dataset preparation, (C) bathymetric model 

determination, (D) HDTMs creation and (E) HDTMs validation. Finally, three DEMs of 

difference (DoDs - one for each sub-reach) were produced for each year, and the volumetric 

surface changes and relative uncertainty calculated.  

 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

LiDAR survey 

Aerial Photos 

survey 

dGPS surveys 
Wet area 

extraction 

Dataset preparing 

Depth (R, G, B) 

model estimation 

Colour 

bathymetry 

model application 

Data filtering Wet and dry area 

interpolation 
HDTM validation 

HDTM and DoD 

analysis 
 

Figure 1. Semplified scheme of colour bathymetry process 

LiDAR data and field surveys 

For each LiDAR survey, a point density able to generate digital terrain models with 0.5 m 

resolution has to be commissioned. LiDAR data have to be taken along with a series of RGB 

aerial photos with at least 0.50 m of pixel resolution. The surveys has to be conducted with 

clear weather conditions and low hydraulic channel levels. An in-channel dGPS survey has to 

be performed, taking different depth levels in a wide range of morphological units (around 
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200 points every 0.20 m of water depth). Finally, cross-sections for each study reach have 

to be surveyed through dGPS or total station, to validate the final DTM.  

Dataset preparation  

The raw LiDAR point clouds have to be analysed and the ground surface has to be identified 

through an automatic filtering algorithm (TerraScan, Microstation Application®). In critical 

areas, such as near bridges, manual checks were utilized. The aerial photos have to be 

georeferenced and corrected by applying a brightness analysis in a semi-automatic 

approach: the tool "reference” of TerraPhoto (Microstation application®) is able to combine 

aerial photos with contemporary LiDAR data and flight trajectories. The corrected photos 

have to be joined (e.g. by using ESRI® ArcMap 10) and the pixel size has to be resampled 

(if necessary) to 0.5 m (or more) to minimize georeferencing errors and reduce possible 

strong colour variations due to light reflection, exposed sediment, periphyton, shadows and 

suspended load. This represents a crucial point because poor photo georeferencing may 

significantly increase errors due to a wrong association between water depth and colour 

intensity.  

Wet areas have to be digitized through a manual photo-interpretation process. Along the 

edges of the digitized “wet areas”, LiDAR points able to represent water surface elevation 

(Zw) have to be selected (to avoid points between wet and dry areas but above the water 

surface; e.g. on a vertical bank) on average every 10 m or in correspondence of significant 

slope changes. These points have to be then used to create a water surface elevation raster 

(i.e. Kriging interpolation). Corresponding colour band intensities and Zw have to be added 

to the points acquired in the wet areas (dGPS wet-area survey) obtaining a shape file of 

points containing five fields (in addition to the spatial coordinates x and y): intensity of the 

three colour bands, Red (R), Green (G), Blue (B), elevation of the channel bed (Zwet), and 

Zw. Finally, channel depth was calculated as Dph = Zw – Zwet [m a.s.l.].  

 

Determination of the best bathymetric model  

Starting from the obtained dataset, water depth (estimated indirectly) has to be considered 

as dependent variable, with the three intensity colour bands (R, G and B) being independent 

variables. 80% of the dataset has to be used for calibrating the depth-colour model 

(calibration points) and the remaining 20% to verify the efficiency and choose the best 

model (test points).  

An empirical linear model evaluating all the colour bands, possible interactions and square, 

and cubic terms, have to be tested: 

 

DPH = α + β0 R + β1 G + β2 B + β3 RB + β4 RG + β5 GB + β6 RGB + β7 R2 + β8 G2 + β9 B2 + β10 

R3 + β11 G3 + β12 B3                                                                                     (1)  

                                          

where α and βx are the calibration coefficients in the depth-colour regression. In this model, 

the significance of each component has to be tested and deleted when the adopted 

statistical test (explained below) resulted negative. 

The statistical regressions can be performed in R® environment using two methods: the 

“traditional regression method” based on statistical significance testing of each variable    

(P-value < 0.05), and the AICc index (Burnham and Anderson, 2002).  
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Hybrid DTM creation and validation 

The final HDTM represents a full integration between filtered LiDAR ground points and colour 

bathymetric points. LiDAR points have to be used in all dry areas and up to 0.20 m of water 

depth, whereas the bathymetric points have to be used in the remaining wet areas. The 

best bathymetric model for each study area has to be therefore applied to the wet areas 

starting from 0.20 m of water depth down (measured from the water surface elevation 

raster) on the georeferenced images, to determine the “Raw Channel Depth Raster” 

(RDPH). The RDPH has to be then transformed into points and filtered, as explained below, 

in order to delete uncorrected points, mainly due to sunlight reflection, turbulence, strong 

periphyton presence, and elements (wood or sediment) above the water surface. According 

to this approach, the filtered depth (DPH) model has to be finally obtained.  

To filter out possible incorrect points, a method based on the analysis of slope changes in 

neighbouring cells can be adopted. Changes of local slope calculated among neighbouring 

cells were analized through a semi-automatic method which uses a “curvature raster”, 

obtaining a value of curvature (slope derivative) for each cell. The curvature tool calculates 

for each cell the second derivate value of the input surface (RDPH) on a cell-by-cell basis 

(3x3 moving window). For ranges of curvature >700 or <-600, cells were considered 

incorrect outliers and consequently eliminated. This range was derived from dGPS survey 

analysis and joined with direct observations over the estimated wet raster, on which no 

changes in elevation greater than ± 0.6 m were present within a horizontal distance of < 

0.5 m. In other words, all areas with an unreal slope variation (derived by curvature 

calculation) outside the proposed curvature range were removed. In addition, non-surface 

points (outliers; < 5% of total points distribution) have to be also deleted.  

After the filtering of points, the “water depth model” (DPH - water depth model) can be 

finally obtained. For each point, the corresponding Zw [m a.s.l.] has to be subtracted to 

acquire the estimated river bed elevation (Zwet = Zw DPH = [m a.s.l]). Hybrid DTMs 

(HDTM) can be built up with a natural neighbour interpolator, integrating Zdry points (from 

LiDAR) in the dry areas and in the first wet layer (0 – 0.20 m) and Zwet points (from colour 

bathymetry) in the remaining wet areas. 

Finally, the HDTM models can be validated by using dGPS cross-sectional surveys. The error 

of each “control point” was derived considering the difference between elevation of the 

HDTM and corresponding elevation of the dGPS control points.  

The accuracy of HDTMs can be estimated separately for wet and dry areas, also taking into 

account the dGPS error (available from the instrument for each point). The average 

uncertainty for both wet and dry areas can be calculated averaging the error derived by 

each dGPS control point available for the correspondent dry or wet area. The total average 

uncertainty can be calculated by weighting dry and wet uncertainties with the correspondent 

surfaces. The error for each water layer (every 0.20 m of depth) was also calculated.  

 

Analysis of morphological changes 

The high-resolution HDTMs allowed to explore the morphological effects of the flood events 

occurred between our considered surveys. 



Project: SedAlp  

“Sediment management in Alpine basins: integrating sediment continuum,  

risk mitigation and hydropower” 

 

162 

The Geomorphic Change Detection 5.0 (GCD) software developed by Wheaton et al., 2010 

(http://gcd.joewheaton.org) can be used to perform reliable DEMs of Difference (DoDs). 

Elevation uncertainty associated with the DoDs can calculated in Matlab environment (Fuzzy 

Logic application) using an “ad hoc” FIS file and considering slope, point density and 

bathymetric points quality as input variables. Slope and point density categorical limits (low, 

medium, high) have to be chosen taking into account values available in the literature 

(Wheaton et al., 2010) and local environment. Bathymetric points quality can be used to 

delete erroneous cells from the HDTMs in the final erosion-deposition volume computation 

(see Delai et al., 2013 for further details).  

Geomorphic changes in the study reaches can be finally calculated, similarly to Wheaton et 

al., (2010), by using a spatially variable uncertainty thresholded at 95% C.I. and the 

Bayesian updating method which accounts for spatial coherent erosion and deposition units 

(5x5 mobile windows).  
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5.2.2. Conceptual model developed for GIS-systems for estimation of 

LW storage and distribution with the channel network 

 

The assessment of Large Wood (LW) storage, distribution, and the possibility of downstream 

movement is essential for achieving a good management of riparian system. Wood in rivers 

provide many benefits to the fluvial systems, including ecological and morphological 

aspects. Nevertheless, the hazards that may result from its presence may increase the 

vulnerability of the environment, especially in the case of extreme floods. 

The forecast of the LW distribution and movement in Alpine area, can be carried out by 

implementing a GIS-based conceptual model that takes into account the source areas, the 

different processes of recruitment and the possibility of mobilization. The implementation of 

these kind of models is closely linked to the available spatial data. The adaptation of various 
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parameters to local conditions requires expert users. The GIS-based conceptual model 

below reported, must be contextualized to the application area, and should be considered a 

guide to obtain an indicative value of the channels propensity to LW production. The most 

interesting aspect concerns the final in-channel LW displacement modeling, which can 

identify the critical sections in the river system. In this sections the local authority turn its 

attention in setting priorities for correct management of riparian vegetations and LW. 

The model proposed has been implemented in the Veneto Dolomites, where basic spatial 

database consists of GIS-metadata available on the national 

(http://www.pcn.minambiente.it/GN/) or regional geoportal 

(http://www.regione.veneto.it/web/ambiente-e-territorio/geoportale). The main processed 

information (ESRI® Arcmap) are: orthophotos, digital terrain model (DTM), geolithological 

map, CORINE land cover and Inventory of landslides in Italy (IFFI Project, Amanti et al., 

2001). 

In this model it is assumed that the dominance of LW input from mass wasting processes is 

thought to stem the low natural mortality in the relatively young, managed forests that is 

covering the Veneto Dolomites area, and the fact that these channels are highly confined. 

Therefore LW input from floodplain erosion is very limited. Most of the LW is derived from 

hillslope instabilities, but it is also recruited all riparian vegetation inside the flood plain. In 

the first and second order of channels (high degree of congestion index: LW length vs. 

channel width) the material may be released only during debris flow events. These channels 

are not considered in the river transfer modeling , even for the low resolution of the DTM. 

Once LW is within the channel network, the further modeling of its downstream transfer It 

has been implemented by assuming that the LW movement is a function of the Unit Stream 

Power, the wood congestion index, and presence of critical sections in the river system, 

such as bridges or dams, which block the fluitation, and create accumulation area. All these 

assumptions are derived from many years of field surveys in 13 basins, and subsequent 

statistical processing (Rigon et al., 2012).  

 

The GIS-based conceptual model (Figure 1) is formed by three sub-models.  

i) Instability sub-model calculates the LW Recruitment sites and volume (LWR map) by an 

intersection between Landslides and Debris Flow susceptibility maps (LDF map) and forest 

map (F map). LDF map is obtained through a geostatistical bivariate analysis (‘‘WofE,’’ 

weight of evidence method, Bonham-Carter et al., 1989), based on a comparison between 

the density of landslides (IFFI Project) and several potential factors (i.e., elevation, slope, 

aspect, concavity, geolithology, and land use). 

The weighted factors have been combined according to posterior probability theory to obtain 

susceptibility values, i.e., high scenario 0.5–1 , medium scenario 0.25–0.5, and low 

scenario 0.05–0.25. Susceptibility values is directly related to the likelihood of the 

instabilities occurrence. F map It can be obtained from the digitalization of forest stand 

mass (public forest management plan), in the entire drainage area, or through an 

extrapolation based on the CORINE land cover. 
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Figure 1. Flowchart describing recruitment and transfer of LW as performed by the conceptual model 

and applied to the Cordevole basin. 

 

ii) Hillslope transfer sub-model simulates the displacement of unstable LW volumes towards 

the channel network by using the ‘‘slope decay’’ function, featured in ‘‘TauDEM’’ (Tarboton, 

2002), whereby the initial LW mass undergoes a progressive decrease depending on the 

distance, along the flowpath, from the unstable area to the channel, and steepness of the 

slope, i.e., the steeper the slope and shorter the distance, the larger the fraction of LW 

volume delivered into the network. The channel network map consists of the flood plain of 

the collectors (at least) the third order on, derived through photo-interpretation. Output 

from the second model is the In-Channel LW map (ICLW map), which it is obtained by the 

sum of the LW derived from the slope decay function and the riparian vegetation (F map) 

inside the floodplain polygons. 

iii) River transfer sub model reproduces in-channel LW transferred downstream through an 

algorithm that calculates the possibility of flotation according to the unit stream power 

(using the formula specified in Rigon et al., 2012), the presence of critical section and the 

relative size of LW/channel. The dimensions of logs can be obtained only from the public 

forest management plan, and if not available this should be corrected by the function. An 
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essential point consists in the mapping (photo interpretation) of all critical sections that 

determine the “capture” of LW displacement, and estimate a locking percentage for every 

artificial intervention. In some areas are available a artificial intervention inventory, to be 

checked. The volume and distribution of in-channel LW along the river network is calculated 

by the model for three different levels of estimated likelihood of occurrence: high, scenario 

1; medium, scenario 2; and low, scenario 3. The algorithm of this transfer is also a decay 

function based on the unit stream power, calculated for each cell that identifies the thalweg 

line. On these cells it is forced locking of the timber as a function of the relative size (LW 

length/channel width > 1) and and the locking degree of critical section (values between 0 

and 1). It must be pointed out that there is no formal relationship between such likelihood 

of occurrence and the recurrence interval of rainfall events triggering instabilities. These 

volumes, although possibly affected by bias, may give useful indications about riparian 

vegetation management. In this sense, such results allow to identify the best design 

solutions and plan the artificial interventions aiming at risk management, in particular about 

the hazard related to in-channel wood. An example of the application of this model can be 

observed in Comiti et al. (2012)  
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5.4. Dissemination, Events, Conference, Workshop (Italy) 

 

 

 

 

a) Conference and Public event in Maira Valley (North-West, Italy), 17-18 October 2014 

 

b) Workshop Tematico Progetto SedAlp: risultati ed esperienze (Provincia Autonoma di 

Bolzano, Italy), 12 November 2014 

 

c) Workshop Tematico Progetto SedAlp: risultati ed evidenze (Dipartimento TeSAF, 

Università di Padova, Italy), 29 May 2015 

 

d) Third International Conference “Wood in World River 2015” (Padova, Italy), 6-10 July 

2015 
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Conference and Public event in Maira Valley               
(North-West, Italy), 17-18 October 2014 
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Workshop Tematico Progetto SedAlp: risultati ed 
esperienze (Provincia Autonoma di Bolzano, Italy),           

12 November 2014 
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Workshop Tematico Progetto SedAlp: risultati ed evidenze 
(Dipartimento TeSAF, Università di Padova, Italy),           

29 May 2015 
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Venerdì 29 Maggio 2015 

Aula 2040, Dipartimento TeSAF, 

Università degli studi di Padova, Viale dell'Università 16, Legnaro(Pd), 35020. 

Workshop tematico 
 

Progetto Sed-alp: risultati ed evidenze 
 

09:00 - 9:15: Saluti ed Introduzione (Prof. Mario A. Lenzi - TeSAF, Università degli Studi di Padova) 
 

9:15 - 10:15: Effetti geomorfici, quantità e caratteristiche del materiale legnoso in alveo in due fiumi 
italiani a fondo ghiaioso (Dr. Diego Ravazzolo - TeSAF, Università degli Studi di Padova) 
 

10:15 - 11:15: Effetto di un evento di piena vicino al livello bankfull in un tratto a fondo ghiaioso del 
fiume Piave attraverso un bilancio di sedimenti integrato con DTM ibridi e formule di trasporto solido 
(Dr. Johnny Moretto - TeSAF, Università degli Studi di Padova) 
 

11:15 - 12:15: L'impatto degli impianti idroelettrici sulla continuità dei sedimenti: implicazioni 
morfologiche e ottimizzazione dei piani di gestione (Dr. Matteo Cesca e Dr. Alessandro Vianello - 
Dipartimento Sicurezza del territorio- ARPAV) 
 

12:15 - 13:30: Pausa pranzo 
 

13:30 - 14:30: Analisi morfometriche e monitoraggio delle colate detritiche all'interno del Progetto 
SedAlp (Dr. Stefano Crema - IRPI - CNR) 
 

14:30 - 15:30: Dinamica della vegetazione riparia lungo un tratto del Fiume Piave (Dr. Lorenzo Picco - 
TeSAF, Università degli Studi di Padova) 
 

15:30 - 16:30: Trasporto di legname durante eventi di piena in due fiumi italiani a fondo ghiaioso (Dr. 
Diego Ravazzolo - TeSAF, Università degli Studi di Padova) 
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Third International Conference                                     

“Wood in World River 2015” (Padova, Italy),                      

6-10 July 2015 
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