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8 Annex: Case studies
8.1 Geomorphic change detection in Gadria-Strimm and
Moscardo catchments, Italy (PP4)
M. Cavalli1, B. Goldin1, S. Crema1, F. Brardinoni1,2, L. Marchi1, G. Blasone3,
F. Cazorzi3
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CNR IRPI, Padova (PP4)

2

University of Milano-Bicocca

3

University of Udine

8.1.1 Introduction
Methods devoted to the assessment of geomorphic changes can be used to
identify geomorphologically unstable areas, to quantify processes intensity,
and to compute sediment budgets. Digital elevation models (DEMs) built
from repeated topographic surveys can be used to produce DEM of
Difference (DoD) maps whose analysis allows to study morphological
changes in slopes and channels from the quantitative (scour and fill
changes in volume) and the qualitative (spatial patterns of erosion and
deposition) perspectives (Scheidl et al., 2008; Theule et al., 2012; Picco et
al., 2013). The activity carried out by CNR IRPI (PP4) in the frame of the
SedAlp project focused on the analysis of multi temporal high-resolution
Digital Terrain Models (DTMs) derived by Airborne and Terrestrial LiDAR.
The aim is to analyse surface changes due to erosion and deposition in a
bedload and two debris-flow prone basins in the Eastern Italian Alps
(Strimm, Gadria and Moscardo pilot areas). The analysis was carried out at
different temporal and spatial scales basically related to the typology of the
adopted surveying method. In Gadria and Strimm catchments, where two
airborne LiDAR (2005 and 2011) are available, geomorphic changes
induced by debris flows and landslides were investigated at catchment
scale. DoD results have been then compared with field estimations stored
in a historical database. In the Moscardo catchment, Terrestrial Laser
Scanner (TLS) has been used to survey three representative areas of the
catchment in a small time window (August 2011-October 2012). Results of
volumetric budgets of the surveyed sediment source areas derived from
DoD analysis have been compared with debris-flow volumes estimated
from flow stage measurements at the instrumented channel reach.
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8.1.2 Study areas
8.1.2.1

Strimm and Gadria catchments

The Strimm and Gadria catchments are two adjacent basins located in the
upper Vinschgau-Venosta valley (Eastern Alps, Italy) (Figure 8-1 and Table
8-1). Gadria and Strimm creeks join at a filter check dam located near the
apex of their large alluvial fan (10.9 km²). The combination of steep
topography, highly deformed-fractured metamorphic rocks and thick glaciofluvial deposits, sets the conditions for chronic debris-flow activity within
the Gadria channel network (Comiti et al., 2014.). The Strimm is
essentially a bedload stream in which debris flows occur only in the
steepest parts of the catchment and rarely in a few sectors of the main
channel (Cavalli et al., 2013). A monitoring station was installed in 2011 in
the Gadria for monitoring debris flows and testing warning procedures
(Comiti et al., 2014).
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Figure 8-1: Location map of Gadria and Strimm catchments (Comiti et al., 2014)

8.1.2.2

Moscardo torrent

The Moscardo catchment is a debris-flow prone basin located in Friuli
Venezia Giulia (Eastern Alps, Italy) (Figure 8-2 and Table 8-1). A debrisflow monitoring system has been in operation in the Moscardo Torrent
since 1989 (Marchi et al., 2002). The presence of a deep-seated
gravitational deformation at the valley head, the low rock mass quality and
its highly shattered state make the steep slopes of the basin prone to
rockfalls and shallow slope failures that supply large amounts of debris to
the channel. Large sediment source areas are present in the upper part of
the basin and along the main channel. Debris-flow initiation points can vary
from event to event, being generally located at the head of the main
channel.
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Figure 8-2: Location map of the Moscardo Torrent basin. (1) Instrumented channel stretch; (2 and
3) rain gauges; (A, B, E) TLS surveyed areas
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Table 8-1: Summary of study area characteristics

Name

Gadria
and
catchments

Country/Region/Province

Autonomous Province of
Bozen-Bolzano (Italy)

Friuli Venezia
(Italy)

Drainage area (km²)

14.8 (6.3 km² Gadria,
8.5 km² Strimm)

4.1

Main river basin

Adige River

But and Tagliamento River

Range of elevation (m)

1394 – 3197

890-2043

Geology (dominant rocks)

Metamorphic
rocks
including
paraand
ortogneiss, pegmatite

Sedimentary rocks (Flysch)

Quaternary legacy

Glaciated

Glaciated

Human impact

Presence
of
several
check dams in the Gadria
creek and of an open
check
dam
with
a
retention basin at the
confluence of Gadria and
Strimm creeks

Presence of several check dams
along the main channel

n.a.

n.a.

Q10 and Q100 (m³/s)

n.a.

n.a.

Mean annual rainfall (mm)

500

500

Timescale of investigation

Years 2005-2011

Scale of single event (August
2011-October 2012)

Investigated components of
the sediment cascade

sediment production
sediment
transfer
sediment storage

Investigated hillslope
geomorphic processes

landslide / debris flow

landslide / debris flow

Fluvial sediment transport

n.a.

n.a.

Mean
(m³/s)

annual

discharge

Strimm

/
/

Moscardo Torrent
Giulia

Region

sediment production/ sediment
transfer / sediment storage

8.1.3 Methods
For assessing geomorphic changes and estimating erosion and deposition
volumes, a method based on fuzzy logic developed by Wheaton et al.
(2010), was used to derive the DoD maps of both study areas. This method
takes into account DEM uncertainties in a spatially variable manner making
possible to discriminate real changes from noise. According to Wheaton et
al. (2010), the process of accounting for DoD uncertainty requires three
main steps consisting of (i) quantifying the uncertainty in the individual
DEM surfaces, (ii) propagating the identified uncertainties into the DoD,
and (iii) assessing the significance of propagated uncertainty.
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The spatially variable uncertainty assessment has been addressed by
creating ad-hoc Fuzzy Inference Systems (FIS) (Wheaton et al., 2010)
using in inputs geomorphometric parameters as proxy of vertical
uncertainty in the DTM: slope and point density in the Gadria-Strimm
catchments and slope, point density and Vegetation Noise in the Moscardo
catchment. Vegetation Noise is an indicator, recently developed by Blasone
et al. (2014), based on the characteristic noise-structures caused by
vegetation cover in LiDAR-derived DTMs. It is intended to measure the
relative vegetation presence in relation to ground points used for DTM
interpolation.
After defining membership functions (MFs) (the process identifying both
linguistic adjectives to characterize the variable to be described and the
range of values covered by each adjective for inputs and output) on the
basis of expert knowledge and the average errors identified in unchanged
areas, a map of spatially variable δz (elevation uncertainty) was obtain for
each individual DTM.
Following the approach by Brasington et al. (2003) and Lane et al. (2003)
based on Taylor (1997) and assuming a normal distribution of errors,
individual errors in the DTMs can be propagated into DoD according to the
equation:
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where Ucrit is the critical threshold error in the DoD or Level of Detection
(LoD) of significant elevation change, δznew and δzold are the individual
errors in new and old DTM, respectively. Ucrit is based on a critical
student’s t-value at a chosen confidence interval where:
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is the absolute value of the DoD.

In both study areas, the 95% confidence interval is used as a threshold.
For each DoD cell, a critical threshold error is then calculated with Eq. (1)
to derive a LoD which is then subtracted from all DoD cells to derive maps
of significant elevation change and calculate volumes of erosion and
deposition.
To refine DoD uncertainty analysis in the Moscardo catchment, spatial
coherence of depositional and erosional units was taken into account. This
approach is based on the observation that erosion and deposition tends to
occur in spatially coherent patterns (Wheaton et al., 2010) and then DoD
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predicted elevation changes within those units could have a higher
probability of being true.
8.1.4 Results
8.1.4.1

Gadria and Strimm catchments

The topographic changes that occurred from 2005 to 2011 along the
channel network of Gadria and Strimm catchments have been assessed.
The analysis was based on two high-resolution
high resolution DTMs (2 m resolution) from
airborne LiDAR surveys. DoD map for Gadria and Strimm basins is
presented in Figure 8-3
3.. This map is useful to highlight the spatial pattern
of geomorphologic changes at basin scale with colors scale ranging from
blue (deposition) to red (erosion).
(erosio
In order to focus on the assessment of geomorphic changes on fluvial and
debris flow processes, which is the main objective of the study, a mask that
includes channel network and adjacent areas has been created using
various informative layers (e.g. hillshade,
hillshade, orthophoto): this has permitted
also to exclude areas where inconsistencies between the two DTMs had
resulted in unrealistic topographic changes.

Figure 8-3: DoD map of Gadria and Strimm catchments
catchme
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(a)

(b)

Figure 8-4: Volumetric
olumetric distributions for Gadria (a) and Strimm (b). Grey shaded areas represent
probabilistically thresholded values at 95% confidence interval. Red and blue values represent
erosion
on and deposition respectively.

From areal and volumetric point of view, erosion process dominate in both
basins. For the two basins, volumetric elevation change distributions
(ECDs) appear to be different (Figure
(
8-4): ECD of the Gadria shows a very
peaked distribution of low magnitude erosion change whereas Strimm ECD
is characterized by a bimodal distribution with two peaks of erosion. The
peak of relatively high magnitude of erosion is likely due to the main
channel near the retention
tention basin, where a debris flow occurred in the
summer of 2010. This event was the largest erosion process occurred in
the catchment during 2005-2011
2005
time period.
Table 8-2: Volumes calculated with DoD approach
approach compared with historical database for the Gadria
catchment

Gadria catchment
Total erosion (m³)
Deposition within
the catchment (m³)

Historical Data
DoD
Base
thresholded

Error
Volume

150,,900

198,005

± 86,690

16,100
,100

20,955

±

6,909

Table 8-3: Volumes calculated with DoD approach compared with historical database for the Strimm
catchment

Strimm catchment
Total erosion (m³)
Deposition within
the catchment (m³)

Historical
Data Base

DoD
thresholded

Error
Volume

35,700

49,791

±

18,872

11,700
,700

7,539

±

3,406
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Volumes calculated with DoD approach have been then compared with
historical database values (Table 8-2 and Table 8-3). To this end, total
deposition volumes estimated in the field have been considered as the
sediment that remained inside the basin. Conversely, eroded volumes refer
to the sediment transported and deposited in the monitored retention
basin, located at the confluence of both catchments, from which material is
periodically removed. Volumes detected in the field are similar to the ones
derived from DoD for both basins. Anyway, it can be observed that DoD
results in a volume of total erosion greater than the field estimates of the
historical database. In the case of Strimm catchment, this can be partly
ascribed to the fact that some events that affected only the upper part of
the basin could have remained undetected by field surveys. In general, the
comparison between volume estimates of DoD and the historical database
are affected by uncertainties in assessing the relative contribution of Gadria
and Strimm to sediment deposition in the retention basin at the
catchments outlet in the case of events that involved both catchments.
8.1.4.2

Moscardo torrent

Three areas (A, B and E in Figure 8-2) were surveyed using a Riegl LMSZ620 laser scanner selected for being, for different reasons, exposed to
debris-flow dynamics. The downstream area (Area A), is located in the
upper part of the alluvial fan, and includes the channel reach monitored
with ultrasonic sensors. The second area (Area B) is located in the central
part of the basin where a large active roto-translational landslide affects
the right bank of the creek (Marcato et al. 2012) and the left bank foot is
subjected to erosion. The upstream area (Area E) was chosen for being the
main sediment source of the basin.
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Figure 8-5: DEMs of differences for surveyed areas A, B and E. Left-hand
L
hand DoDs refer to DEM(S2) –
DEM(S1) while right-hand
hand DoDs to DEM(S3) – DEM(S2)

Each area was surveyed three times (referred to, respectively, as S1, S2
and S3), granting the possibility to capture the morphology before and
after a debris flow occurred on 14th September 2011 and after two large
debris flows recorded on September 24th and 27th of 2012.
Figure 8-5 presents the spatial distribution of differences between
subsequent DTMs (0.2 m resolution).
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For Area A, the 2011 event involved moderate changes of erosion and
deposition, with a prevalence of deposition in the left side of the channel,
without particularly affecting the banks. For the 2012 events, more
relevant changes can be observed, in particular concerning foot erosion of
a large portion of the right side bank.
In Area B, both DoDs show degradation of the channel bed, with foot
erosion on the right bank, which, in the 2012 events, led to the removal of
riprap that had been built to protect the slope. A 40 meters wide landslide
eroded the cliff on the left side, enlarging its area across the events.
For Area E, the pattern of changes is similar between the two DoDs, but
the magnitude of the changes in the second DoD, which includes the 2012
debris flows, is higher.
DoD areal and volumetric budgets are summarized in Table 8-4.
Table 8-4: Areal and volumetric DoD results for unthresholded DoDs and for FIS with spatial
coherence method. DoD code reported is: area, new survey DEM, old survey DEM (e.g. A21: area A,
DoD = DEM(S2) – DEM(S1)).
Area (m²)
Erosion
Deposition
Erosion
No uncertainty analysis (unthresholded)
A21
1399
1330
269
A32
2003
1191
1107
B21
2256
789
1119
B32
2915
1490
2271
E21
22121
7881
14236
E32
28697
11152
21004
Bayesian updating of FIS with spatial coherence (95% CI)
A21
949
967
244 (±51)
A32
1703
914
1083 (±139)
B21
1290
273
1060 (±83)
B32
1792
817
2162 (±188)
E21
14449
2221
13723 (±1957)
E32
18594
4253
20206 (±2555)
DoD

Volume (m³)
Deposition

Net Change

462
480
108
374
1029
2033

+193
-627
-1011
-1897
-13207
-18971

441 (±49)
458 (±87)
80 (±12)
324 (±44)
760 (±170)
1553 (±378)

+198 (±71)
-625 (±164)
-980 (±84)
-1838 (±194)
-12963 (±1983)
-18654 (±2587)

Except from DoD A21 (Area A, DoD = DEM(S2) – DEM(S1)), which shows a
modest positive depositional net budget, all DoDs are characterized by
negative erosional budgets. Eroded volumes are greater for the 2012
events for all DoDs.
Table 8-5 reports the average erosion/deposition values for surveyed
channel and bank areas and channel debris yield rates, which commonly
express sediment supply from the channel bed. Area E calculations refer
only to the main channel, and do not consider the entire scanned area with
secondary channels. These values may be helpful for the geomorphological
estimation of volumes, and can be compared with those reported in other
studies (e.g., Marchi and D’Agostino, 2004).
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Table 8-5: Average erosion/deposition thickness and channel debris yield rate. Values are
calculated from Bayesian updating of FIS with spatial coherence (95% CI) results.

DoD
A21
A32
B21
B32
E21
E32

Average erosion/deposition
thickness (m)
+0.04 (±0.01)
-0.11 (±0.03)
-0.08 (±0.01)
-0.14 (±0.01)
-0.18 (±0.03)
-0.23 (±0.03)

Debris yield rate (m³m-1)
+1.06 (±0.38)
-3.21 (±0.84)
-11.53 (±0.99)
-21.62 (±2.28)
-13.23 (±2.02)
-12.96 (±1.80)

8.1.5 Conclusions
Compared to airborne LiDAR, the TLS technique is more flexible and
accurate in particular for the monitoring of steep areas such as sediment
sources in debris-flow catchment. Nevertheless, TLS is limited in terms of
range and areal coverage: airborne LiDAR is then a valuable and
convenient solution for the monitoring of geomorphic changes at the
catchment scale. In order to carry out sound DoD analysis a spatially
variable uncertainty assessment is recommended, moreover when using
DTMs at different accuracy as in the case of Gadria and Strimm catchments
where the 2005 DTM was less accurate than the 2011 DTM. DoD proved to
be a very interesting method to rapidly assess geomorphic changes both at
catchment scale and in selected sediment sources with a single event time
scale. In the case studies, DoD also provides useful information on
undetected events within the basins and helps in the identification of
erosional and depositional processes in uneasily accessible areas.
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8.2 Colluvial sediment sources, glacial and periglacial
depositional landforms, and geomorphometry-based
sediment connectivity in the Saldur River basin, Italy
(PP4)
F. Brardinoni1,2, R.Sosio1, R. Scotti2, L. Marchi1, S. Crema1, and M. Cavalli1
1.

CNR IRPI, Padova (PP4)

2.

University of Milano-Bicocca (subcontractor)

8.2.1 Introduction
Mountain drainage basins are characterized by a wide array of landform
assemblages produced by active (or formerly active) glacial, periglacial,
colluvial and fluvial processes. The spatial organization and the altitudinal
zonation of these processes are heavily controlled by landscape history,
including past tectonic and glacial activity, in conjunction with
contemporary climatic, tectonic, and anthropogenic forcing. In
consideration of the current generalized conditions of atmospheric
temperature rise, the study of the geomorphic functioning of formerly
glaciated environments but also a quantitative appraisal of the effects of
ongoing glacier retreat and/or permafrost degradation on sedimentary and
geochemical fluxes are critical for an improved understanding and
management of these landscapes. In the context of alpine drainage basins,
colluvial processes are key geomorphic agents in that they act as dominant
sediment sources to stream channels, prominent players of ecologic
disturbance, they promote siltation in artificial reservoirs, and constitute a
threat to infrastructure and residential areas. In light of the above, the
objectives of this contribution include: (i) characterizing the spatial
organization of the colluvial sediment cascade and its conditioning
associated with the distribution of glacial and periglacial depositional
landforms (e.g., moraines and rock glaciers); and (ii) comparing source-tosink colluvial sedimentary pathways as mapped from aerial photographs
and supplementary fieldwork, with a geomorphometry-based index of
sediment connectivity (i.e., Cavalli et al., 2013).
8.2.2 Study area
The study area is the Saldur River basin (97 km²), a glacier-fed tributary of
the Adige River, located in the Austroalpine tectonic domain of the
European Eastern Alps (Figure 8-6). Dominant lithology is made of
methamorphic rocks of the Matsch Unit including paragneiss and schist,
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with lesser orthogneiss, pegmatitic intrusions, and marble (Habler et al.,
2009) (Table 8-6). Elevation ranges from to The Saldur valley is a typical
relict trough, trending northeast-southwest, with a U-shaped cross section.
The climate is particularly dry, mean annual precipitation ranging between
500 and 700 mm, increasing with elevation.

Figure 8-6: Map showing the location of the Saldur River basin (green polygon) within western Alto
Adige.

Most of the precipitation occurs during the summer months. The
combination of dry climate and high elevation has promoted widespread
development of discontinuous permafrost and intense frost shattering on
rock slopes, which today results in a dense spatial distribution of rock
glaciers and creeping debris lobes (Haeberli, 1985) (Figure 8-7). In
addition, the dry and cold climate has favoured the preservation of complex
moraine structures (Figure 8-7).

18
Table 8-6: Basic information of Saldur River basin

Name

Saldur River

Province, Country

Autonomous Province of Bolzen-Bolzano, Italy

Main river basin

Adige River

Basin size (km²)

97

Elevation range (m)

930-3785

Dominant lithology

Metamorphic rocks including paragneiss and schist, with
lesser orthogneiss, pegmatite and marble

Quaternary legacy

Entirely glaciated in the LGM, currently glacierized area:
2.25 km² (2013)

Human impact

Possible overgrazing on the slopes between the 1950s and
the 1980s

Mean
annual
(m³/s)

discharge

n.a.

Q10 and Q100 (m³/s)

n.a.

Mean annual rainfall (mm)

500-700 mm, depending on elevation

Period of investigation

From 1950s to 2012

Investigated
components
of the colluvial sediment
cascade

Sediment production / sediment transfer / sediment storage

Investigated
processes

River bank collapses, surficial erosion, and rapid (both
shallow and deep-seated) failures including slides, flows,
avalanches and slumps

geomorphic

Fluvial sediment transport

n.a.

8.2.3 Methods
Data collection involved the compilation of an airphoto-based,
multitemporal (1959-1969-1982-1992-2000-2006-2008-2012) inventory of
colluvial sediment sources, including debris slides, debris flows, surficial
erosion patches, and bank collapses. The inventories followed the
procedures detailed by Brardinoni et al (2003; 2009). Accordingly, each
sediment source track was subdivided (hence digitized) into initiationtransportation and deposition zones (i.e., polygons). The former polygons
were classified in terms of movement type, and morphologic position at
initiation (e.g., open slope, gully channel, gully headwall, rock glacier front,
moraine ridge) (see Box 3.1 in Chapter 3), the latter were classified in
terms of sediment delivery target (e.g., hillslope, gully channel, permanent
stream, fan, cone) (see Boxes 3.1 and 3.2 in Chapter 3). For each
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sediment source we have noted the photo year of first occurrence, degree
of vegetation regrowth through time, and have calculated areal extent,
length and width.
Simultaneously, via visual inspection of aerial photos and LiDAR-derived
shaded relief raster, we have compiled an inventory of rock glaciers (intact
and relict), protalus ramparts, creeping debris lobes, and segments of
moraine ridges. The mapping and the degree of activity of periglacial
depositional landforms follows the specifics detailed by Scotti et al (2013).
Complementary fieldwork conducted in summer 2013 and 2014 was
instrumental for verifying rock glacier degree of activity, colluvial
movement types, initiation and sediment delivery sites, as well as for
measuring sediment source geometry (length, width, depth) of erosion and
deposition (see Box 3.3 in Chapter 3). In particular, we have measured a
total of 55 sediment sources through which we have derived a field-based
relation connecting area to volume (V = 0.17 A1.20; R2 = 0.85). In this
way, airphoto-based areas (polygons) could be translated into estimates of
debris volumes mobilized within the analyzed time window.
8.2.4 Results
8.2.4.1

Colluvial activity and colluvial sediment flux

We have mapped a total of 1695 initiation/transportation polygons and 191
deposition polygons. The former are composed of: (i) 697 patches
(polygons), first detected in 1959 aerial photographs, undergoing chronic
surficial erosion, which we are unable to quantify in terms of volumetric
sediment loss; and (ii) 998 discrete mass-wasting events including debris
avalanches, flows, slides and bank collapses. We estimate that discrete
mass wasting events, collectively (either mapped as initiation,
transportation or deposition zones), after applying the field-based areavolume relation noted above, have mobilized a total of 997,000 m³ of
debris. This volume corresponds to a specific debris mobilization rate of
about 1.41 m³/ha/yr across the Saldur River basin. A large proportion of
the sediment mobilized (39%) has reached the ephemeral-colluvial channel
network (e.g., gullies and ravines), 22% has been re-deposited on
unchannelled topography including hillslopes, moraines and rock glacier
bodies, 20% has made it to permanent, fluvial stream channels, and 19%
has fed coarse-textured sedimentary linkages including debris-flow fans
and talus cones.
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8.2.4.2

Interactions with glacial and periglacial depositional landforms

Periglacial depositional landforms are major landscape components in the
Saldur River basin (Figure 8-7), where we have mapped a total of 126 rock
glaciers (RG) (76 intact and 50 relict), 28 protalus ramparts (PR), and 209
creeping debris lobes. In addition, we have inventoried 101 segments of
moraine ridges. These glacial landforms exert different roles in the spatial
configuration of the colluvial sediment cascades. Preserved lateral moraines
of the Little Ice Age (LIA) impart partial sedimentary disconnection
between hillslopes and the valley floor.

Figure 8-7: A: Mapping of sediment sources, glacial, and periglacial depositional landforms. B:
Close-up view of the Upper Saldur River basin in which are apparent differences in the spatial
distribution of landforms and deposition zones between the two valley sides. Numbers indicate
peculiar sediment connectivity configurations (see text).

This is apparent when we look at site 1 (Figure 8-7b) in which we note that
some events are able to cross the moraine, some mass-movement events
are deflected down valley, and some others blocked (Figure 8-8a). Older,
hence larger lateral moraines, where well preserved, can impart complete
sedimentary disconnection, as it is the case of sites 2 (Figure 8-7b) in
which no rapid shallow failure is able to travel across these sedimentary
barriers (Figure 8-8b). Finally, moraine structures associated with the
existence of relict (or active) tributary glaciers act as funnels in that they
force debris flow and debris slide sediment delivery to single tributary
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streams (i.e., sites 3 in Figure 8-7b), in which colluvial sediment flux and
bedrock incision are focused. These fast source-to-sink pathways contrast
markedly with adjacent slow ones composed by continuous sequences of
rock glaciers and protalus ramparts, in which the development of the
drainage network is extremely limited (if any; Figure 8-9) and the
downslope speed is controlled by the pace of creeping permafrost-rich
debris (i.e., sites 4 in Figure 8-7b). It follows that when these landforms, in
response to atmospheric temperature rise, become relict due to total loss
of permafrost, not only will cause a complete shutdown of such slowmoving sedimentary pathways, but also could start acting as sediment
sources for catastrophic sediment evacuations such as debris flows.

Figure 8-8: Examples of: (A) partial hillslope-valley floor disconnection imparted by the LIA-lateral
moraine (dashed yellow line indicates moraine ridge); (B) complete hillslope-valley disconnection
imparted by an older (Egesen advance) and larger lateral moraine (dashed yellow line indicates
moraine ridge); and (C) lack of drainage network development on relict creeping permafrost-rich
lobes of debris (dashed yellow lines delineate adjacent lobes).
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8.2.4.3
Testing
a
connectivity (IC)

geomorphometry-based

index

of

sediment

Application of the geomorphometry-based index of sediment connectivity
(IC) proposed by Cavalli et al (2013), using the Saldur River mainstem as
sedimentary sink, is instructive in that it shows "pros and cons" associated
to a similar automated procedure of landscape classification. Sites for
which the IC index appears to perform in a realistic way in relation to the
mapping of sediment sources and sedimentary landforms include: (i) the
hillslope traversed by the LIA lateral moraine (site 1; Figure 8-9b), which is
correctly characterized by medium-to-high connectivity; (ii) valley sides
showing an abrupt transition in connectivity across the Egesen lateral
moraine (site 2); (iii) funnelling effect exerted by moraine structures in
tributary valley systems (i.e., note that red/orange lines tend to converge
progressively towards the moraine front; sites 3); (iv) source basins of
active alluvial fans (note high number of debris-flow deposition lobes (filled
green polygons); sites 4); and (v) low connectivity values along intact rock
glacier sequences (sites 5).

Figure 8-9: A: Index of connectivity, with superimposed sediment sources (filled red and green
polygons), rock glaciers and protalus ramparts (filled green (intact) and white (relict) polygons),
creeping permafrost-rich lobes (black linework), and moraine ridges (ginger pink linework). B:
Close-up view of the Upper Saldur River basin (polygons for RGs and PRs are empty). Numbers
indicate peculiar sediment connectivity configurations (see text).
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Conversely, we observe a number of problematic sites in which sediment
connectivity mapping does not agree well with current geomorphic
conditions. In particular, we note an overestimation of sediment
connectivity in: (i) hillslopes denoting high connectivity patterns despite
the existence of large and well preserved lateral moraines (site 6); (ii)
creeping permafrost-rich debris lobes (sites 7) and intact rock glaciers
(sites 8) that show intermediate sediment connectivity with highconnectivity pathways (i.e., orange/red channel-like features) cutting
across them (Figure 8-9b).
In light of the above results, we suggest that in order to obtain a more
realistic assessment of sediment connectivity in high mountain basins
similar to the Saldur River basin, it is critical to combine the multitemporal
mapping of sediment sources, the mapping of glacial and periglacial
depositional landforms, and the geomorphometry-based, spatiallydistributed index of sediment connectivity. Equally important, this approach
holds critical implications for evaluating landscape response to climate
change in steep, permafrost-prone areas, as well as for assessing mass
wasting-related hazard. In particular, those sites that today lie well within
the domain of discontinuous alpine permafrost and that display
counterintuitive medium-to-high sediment connectivity values, such as
intact rock glaciers and creeping debris lobes, are characterized by
topographic conditions (high slope, high drainage area, and/or high stream
power index) that might favour slope instability and catastrophic in-channel
sediment evacuation where climate scenarios foresee fast permafrost
degradation and glacial retreat.
8.2.5 Conclusions
This contribution proposes an agile and integrated approach for identifying
dominant source-to-sink colluvial sedimentary pathways, hence for
estimating the intensity and the spatial distribution of mass wasting-driven
sediment flux, as well for the rapid assessment of the relevant disturbance
regimes across high-mountain areas. We highlight the importance of
combining: (i) remotely-sensed multitemporal inventories of colluvial
sediment sources (as opposed to examination of single photosets and
short-term event based documentations), which integrate meteorological
forcing across meaningful geomorphic time scales and allow to evaluate
temporal variability/uncertainty; (ii) fieldwork to ground truth interpreted
spatial patterns and provide an empirical basis for the estimation of
sediment fluxes; (iii) mapping of periglacial depositional landforms such as
rock glaciers and protalus ramparts, which enables to constrain the spatial
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distribution of (past and present) discontinuous alpine permafrost; and (iv)
a semi-automated procedure for delineating sediment connectivity across
landscape components, which allows for an assessment of geomorphic
response potential in peculiar future climate scenarios at distinct locations
of a given study basin. In order to further improve the completeness of the
present sediment source inventory, and pursue an even more reliable
appraisal of mass-wasting disturbance, future work will involve integration
of this study with existing databases of deep-seated landslides (IFFI
database of the Geological Survey of Bolzano) and historical debris-flow
event documentations (ED30 database of the Autonomous Province of
Bolzano). Last but not least, a careful examination of sediment flux through
time, which was beyond the scope of the present contribution, will aim to
identify causal linkages and interactions among permafrost distribution,
meteorological forcing, and sediment delivery to stream channels.
8.2.6 Acknowledgements
We wish to thank Laura Galletti and Emilio Perina for their precious
assistance during field data collection.
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8.3 Sediment transfer and delivery in Maira Valley (PP5)
M. Zerbato1, D. Tiranti2
1 Regione Piemonte, Torino (PP5)
2 ARPA Piemonte, Torino
8.3.1 Target of study
Target of the study has been the sediment sources assesment and
classification, in order to estimate the balance of sediment transfer and
delivery through the main valley, comparing the results with the volume of
sediment gathered in the reservoirs.
Sediment sources of upper Valle Maira were classified taking into account
the sources „state of activity“: active sources producing sediments on
annual basis and quiescent sources, producing sediments on pluriannual
basis.
Sources classified as „active“ where then evaluated on the base of the
possibilty for the sediments to reach or not the hydrographic network.
Again, active sources, directly provides sediments to the streams, while
potential sources possibly supply sediments to the streams in occasion only
of major heavy rains.
In order to make this information more objective, we did evaluate the
connectivity index, as defined by Marco Cavalli (CNR IRPI, Padova) who
also revised the conclusions.
8.3.2 Overview of the catchment area
The Maira basin covers a total area of approximately 1.210 km² (2% of the
Po catchment basin), 59 % of which in mountain area.
The Maira river originates at the Aguille of Chambeyron, at an altitude of
3.471 m a.s.l., and flows down to the Cuneo plain, crossing then an
intensely cultivated territory, irrigated with widespread surface water
diversion. Near Casalgrasso the river performs a wide conversion to the
north, before flowing into the Po river. In correspondence of
Cavallermaggiore the main stream receives the water of the tributary
Mellea.
The Maira watercourse is divided into 2 separate sections characterized by
different morphological, morphometric and hydraulic behavior: mountain
stretch, which extends for about 41 km, and the plain stretch, which
extends for about 64 km to the confluence into the Po river.
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Our case study regards only the mountain stretch, where 2 reservoirs for
hydropower production (Saretto and San Damiano) are located.
The basin has characteristics intermediate between hydrological foothills
and inland basins: average long-term rainfall area ranges from 800mm/y in
the plains to 1.100 mm/y in the mountain area.
8.3.3 Methodology
After individuating the possible sediment supply sources for the
hydrographic network and their propensity to actually produce debris, we
did devise a classification based on different morphologic processes.
Therefore, we classifyed the sediment supply sources in:
Widespread erosion: Sectors
cryoclastic action and including:
•

•

widely

affected

by

weathering

and

sectors with sub-outrcopping bedrock, where the debris is produced
by weathering and rock mass degradation induced by both structural
features (fracturing, stratification, scistosity) and
compositional
features (presence of phillosilicates, clays, evaporites).
Sectors with diffused erosion over pre-existent debris (such as
morainic deposit, talus, landslide deposits etc.).

Stream-related erosion: Sectors with erosion linked to channelized water
flow at different scales, from rill and gully erosion up to erosive phenomena
related to major streams as bottom, bank and headwall erosion.
Debris-flow, debris of various origin, affected by mass-transport with
variable fluid/solid ratio. On the maps we did include in this category,
without distinction: flow channels (with variable debris content); recent
lateral banks and proper alluvial fan.
Active talus: Rock debris at the base of a cliff, deriving from rockfalls,
minor landslides and minor debris flows. We did map all the talus slope
straighforwardly connected to the hydrographic network. In the study area
this type of debris source is rather limited.
Rock glaciers: Distinctive geomorphological landforms, consisting of rock
debris frozen in interstitial ice and affected by slow displacements. We did
map the toe of the deposits wherever the rock glacier directely releases
debris in the streams. In the study area this type of debris source is rather
limited.
Landslides, including falls, flows, slides and complex landslides: In the
study area a distinction was made between slides (both translational and
rotational) and flows. The former, more or less active, have a slow
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displacement rate. The latter normally results from
displacements and are thus considered to be quiescent.

rapid

former

Avalanches: Debris may enter the sediment cascade also because of
avalanches which cause displacement of
o debris. We mapped the areas of
debris accumulation (including vegetal materials and buried snow also)
while the avalanche path was ignored.
A sediment source may be related to several morphologic processes: we
made, however, a distinction considering the
the prevalent type. This
distinction, in some cases quite subjective, is needed in order to try to
evaluate, for each morphologic process, a “sediment production rate“.

Figure 8-10: Example of sediment sources
sources classification map in the upper part of Mollasco basin.
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8.3.4 Results
8.3.4.1

Assessment of the Connectivity Index

The Connectivity Index (IC) of the sediment, developed within the SedAlp
project, has been applied to some sub-basins of the Maira Valley and to the
entire valley. The study has been carried out in collaboration with CNRITPI, using the method proposed by Cavalli et al. (2013), obtained refining
a previous connectivity model originally developed by Borselli et al. (2008).
Starting from the available data (LiDAR DTM at 5 m of resolution and
hydrographic network), we proceeded with the extraction of the studying
river basins: Maira (total), Maurin, Unerzio, Preit and Mollasco. The
weighting factor W was calculated through the roughness coefficient of the
entire study area, using a „moving window“ of 3x3 cells, as a consequence
of the low resolution of the starting DTM. The roughness was then
calculated on a variable scale of investigation, from 5 m (DTM resolution)
to 15 m (moving window size).
Then the IC has been applied to the entire Maira Valley, using as target the
main hydrographic network and extracting the results for the different subbasins.
The values of connectivity were divided into 4 classes, analyzing the
distribution of values within each basin with the Natural Breaks algorithm,
an approach that minimizes the variance within the class and maximizes
the variance between classes. This algorithm allows to group homogeneous
zones according to the index values, as a function of the number of classes
chosen.
The IC is very useful in understanding which territorial sectors might
effectively be connected with the drainage network, as long as it is taken
into account the intrinsic limitations of the method, as were clear in this
case.
The presence of valley sectors not directly linked to the main hydrographic
network is particularly evident and this corresponds to what is observed
concerning to the morphology of the valley: in high altitude areas, where is
prevalent the glacial morphology, sub-basins are little connected with
streams; for some of these sub-basins, the final stream outlet is
represented by lakes. In other cases, there is an hydrography
superimposed to the glacial morphology, with very low stream slope in
presence of glacier thresholds.
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Figure 8-11 Comparison between connectivity index and fluvial and glacial morphological
characteristics. Areas in glacial morphology (in blue color) appear not to be connected, while areas
in fluvial morphology (light and dark yellow colors) seem to be well connected to river network.

The adopted method required a thorough analysis, which much time
devoted to the identification of sediment sources through multi-temporal
photointerpretation, DEM-based morphometric analyses and detailed field
surveys.
The connectivity index is evaluated for each sub-catchment but is not
related to the single sediment sources, whose level of connection is still
based on the judgment of the operator.
8.3.4.2

Estimation of potential sediment yield

In order to assess the potentially mobilizable detrital-volume as a function
of rainfall thresholds, we refer to the sediment sources characterisation
explained in section 8.3.3.
Specific triggering thresholds were defined based on the values of
precipitation recorded at historical activations for each considered
geomorphological process. The adopted methodologies are already finalized
within previous projects (Alpine Space PARAmount project; 7th Framework
Programme AQWA project, Alcotra CRISTAL project), and already described
in scientific literature.
The deposits identified as potential source area have been classified
according to their propensity to change their rheological state in presence
of water. Based on the textural and cohesion characteristics of deposits,
three groups were identified:
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A.
Unconsolidated deposits characterized by a clast- or matrixsupported texture and unsorted (e.g. soil and colluvial covers, debris flow
levees and lobes, unconsolidated glacial deposits, diamicton, some
landslide deposits and snow avalanche deposits). This deposit type can
change its rheological properties as a function of water content and can be
mobilized by rainfall events of moderate intensity.
B.
Unconsolidated deposits consisting mainly of coarse sediments
with open-work or partially open-work texture (e.g. talus deposits, rockfall
deposits, coarse debris in gullies and incised channels) that are mobilized
only by very high water discharge (e.g. associated with a Glacial Lake
Outburst Flood or with a very intense rainfall).
C.
Consolidated deposits (dense, cemented or iced) characterized by
sorted or unsorted clast- or matrix-supported texture (e.g. cemented karst
deposits; dense glacial deposits; rock glaciers, etc.) that do not change
their rheological behavior in presence of water and then are not particularly
affected by rainfall (like a bedrock).
Based on these assumptions, the identified source areas were classified,
excluding the C source areas because they are not influenced by rainfall
events.
Geomorphological processes, actual or potential, responsible for the
mobilization of unconsolidated deposits forming source areas in presence of
rainfall events, were identified as follow:
a.
Shallow landslides (including slope debris flows and earth flows),
small phenomena characterized by a low depth of sliding surfaces (<2 m of
depth) that affect soil and colluvial covers involving low volumes of
material (normally ≤ 500 m³).
b.
Channelized debris flows that, unlike other torrential processes,
such as flash floods and hyperconcentrated flows, are characterized by high
concentration of sediment in the solid-liquid mixture (normally 50-80%
vol.).
c.
Alpine rotational slides (Cruden & Varnes, 1996), phenomena
characterized by a very variable depth of sliding surface (from 2 m to over
20 m) and, consequently, involved volumes of material. Their activation
depends by antecedent precipitation amount, were the influence interval of
antecedent precipitations is linked to the each landslide characteristics and
geological/hydrogeological context .
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For each of these phenomena, specific triggering thresholds were defined
on the basis of the following criteria:
a.
Shallow landslides, on the back analysis of past occurrences and
associated rainfall records: the regional landslides and weather databases,
for the period 1990-2002, were used in order to link each recorded shallow
landslide event to the nearest rain gauge and – consequently - to derive
the observed critical rainfall amount (among 429 occourences 160 records,
with available information about initiation instant, were selected as
calibration set for the empirical model).
b.
Channelized debris flows, on the basis of a recent approach,
aimed to understand the specific debris flow triggering mechanisms and
following processes establishing the propensity of a lithotype to weather
into clay or other fine minerals with clay-like rheological behavior (clay-like
phyllosilicates). Maira basins have been classified by the CWI (Clay
Weathering Index), distinguishing Exellent Clay-Maker (ECM), Good ClayMaker (GCM) and Bad Clay-Maker (BCM). In addition, the relationships
between basins and their main morphometric parameters has been
considered at the regional level: 1,549 debris flow events resulting in
damage to alluvial fans in the period 1800-2012 were correlated to rainfall
values recorded on the day of debris flow occurrence. In this way, three
different behaviors were recognized, according to the CWI basin proposed
classification.
c.
For Alpine rotational slides has been applied a specific model,
called TRAPS (Tanslational/Rotational slides Activation Prediction System):
this model, developed and tested in several geological context, outlines the
relationship between critical rain threshold and the contribution of 60 days
antecedent precipitations, including snow melting.
After identifying threshold values for the different geomorphological
processes responsible to the mobilization of deposits, a semi-quantitative
estimation of the potential mobilizable volumes has been carried out,
considering an average thickness of mobilizable material from the source
area during rainfall events characterized by different intensity and related
return-period. In this way, three differen scenarios have been defined,
depending on rainfall severity characterized by a likely recurrence:
A.
Frequent Scenario: characterized by activation of low number of
phenomena. This scenario is described by a spot activation of channelized
debris flows in ECM basins (RP 2 years) and rare shallow landslides with a
indicative areal density about 2 phenomena per 1 km² (RP < 10 years).
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This scenario is linked to very low contribution of sediments to main river
(scenario similar to the common behavior).
B.
Occasional Scenario: characterized by activation of moderate
number of phenomena. This scenario is described by the activation of
channelized debris flows in ECM and GCM basins (RP 10 years), shallow
landslides with a indicative areal density lower than 10 phenomena per 1
km² (RP 10-15 years) and isolate activation/reactivation of few and small
rotational slides. This scenario is linked to a notable contribution of
sediments to main river.
C.
Rare Scenario: characterized by activation of a high number of
phenomena. This scenario is described by the activation of channelized
debris flows in ECM, GCM and BCM basins (RP > 50 years), shallow
landslides with a indicative areal density upper than 10 phenomena per 1
km² (RP ≥ 20 years) and activation or reactivation of a consistent number
of rotational slides. This scenario is linked to a high contribution of
sediments to main river.
To obtain the mobilizable volume from source areas, an estimation of the
average depth of failure surfaces was derived for each type of slope
phenomena based on literature data in relation with deposits area. In this
way, a mean pseudo-volume of mobilizable material was obtained and
compared with standard slope phenomena volumes present in literature,
considering the average percentage of material that propagate up to the
alluvial fan for each CWI basin.
8.3.4.3

Open questions / research needs

The sediment volumes evaluated represent the maximum amount of
mobilizable material that reach the alluvial fans for each scenario, but
without a numerical modeling of deposition pattern (including grain-size
distribution) it is not possible to quantify the actual volume of sediment
that propagates down to the Maira stream. Moreover, a single rainfall event
does not affect the totality of source areas with the same intensity, but the
activation of each slope process depends on rainfall intensity spatialdistribution during a given rainfall event. Consequently, only a limited
number of source areas will be mobilized during a single rainfall event. In
conclusion, the real volumes that become part of the Maira stream
sediment transportation will correspond to a variable percentage of the
total volumes related to the three scenarios considered.
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Figure 8-12: Source areas referred to the Scenario A (Frequent Scenario), Scenario B (Occasional
Scenario), Scenario C (Rare Scenario).
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8.3.4.4

Historical analysis of alpine basins

In order to integrate the sediment sources classification carried out as
explained in the previous chapters, available data regarding phenomena
occurred in the Maira Valley context, that may contribute to the sediment
cascade, have been preliminarily analyzed.
Available maps regarding instability and regional historical archives have
therefore been analyzed.
Available cartography
Concerning the framework of dissestive phenomenology, the analysis was
developed with regards to the maps of the Hydrogeological Plan, published
by the Po river Basin Authority, which collects the basic knowledge
concerning landslides and alluvial fans. The Basin Plan is updated through
the informations reported in each approved municipal plan, and therefore
the global representation, at the basin scale, may be hard homogeneous.
The data collected are shown in Figure 8-10 and Figure 8-11.

Figure 8-13: Instability phemomena of the Maira Valley reported in the Basin Hydrogeological Plan
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Figure 8-14: Alluvial fans of the Maira Valley reported in the Basin Hydrogeological Plan

Figure 8-15: Instability inventory for Maira Valley reported by SIFRAP (WEB-GIS based Information System of
ARPA Piemonte);

Other data concerning the basic documentation are represented by SIFRAP
(Information
System
of
landslides
in
Piedmont),
(http://webgis.arpa.piemonte.it/geoportale/),
carried
out
by
Arpa
Piemonte, developing the project according to the national scale project
called IFFI (Inventory of landslides in Italy). The SIFRAP includes more
than 35,000 landslides (mapped 1:10,000 scale) in the whole Piedmont
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Region. Arpa Piemonte has also developed an inventory of regional-scale
alluvial fans, as shown in Figure 8-16.

Figure 8-16: Arpa Piemonte representation of alluvial fans at the basin scale

During the examination of available documentary sources, we have found
and digitized some interesting maps, providing information about instability
in some specific areas of the Maira valley:
•

•

"Map of the High Maira Valley Landslides", a document drawn up by
Regione Piemonte in the late '80s, related to the upper part of the
valley;
"Geomorphological and instability map of Mollasco basin"
(Geomineraria Italiana Ltd, 1984).
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Figure 8-17: Geomorphological map of landslides in the Mollasco basin (landslides coloured in
brown)
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Figure 8-18: Upper Maira Valley Landslides map

Arpa Piemonte created a multimedia archive of historical information and
documents, named "Sources", which includes about 40,000 records and
180,000 documents (books, journals, photographs, videos, etc..), largely
digitized and georeferenced.
In 1957, between 12 and 15 of June, a large part of the Piedmont Region
was hit by a violent alluvional event which flooded the Maira floodplain and
caused significant landslides along the valley slopes. For some of western
Piedmont valleys (Stura di Demonte, Maira, Varaita and Susa valleys), the
flood event of '57 is the largest and most heavy event occurred in the
twentieth century.
According to the historical available information, the major effects had
been evident in Acceglio (in the upper part of the valley), as a result of the
Maira flooding and especially because of several debris flow events
occurred in the Mollasco basin; Maira river, transporting a high volume of
sediment coming from Mollasco basin just upstream Acceglio, caused
widespread damage and destruction of build-up areas, spilling into the
floodplain downstream of Acceglio.
Starting from images witness gathered, it was possible mapping in detail
the area affected by Maira flooding in the Acceglio area.
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8.4 DEM-based scaling of bedload sediment yield in loworder torrents of the Isar catchment (PP6)
A. Huber, T. Heckmann, F. Haas, M. Becht
Physical Geography, Catholic University of Eichstätt-Ingolstadt
(Subcontractor)
8.4.1 Introduction
The magnitude of bedload sediment yield in low-order catchments depends,
among others, on the size and spatial distribution of sediment sources, and
the type and activity of geomorphic processes transferring sediments from
these hillslope sources to the channel network.
Currently, (potential) bedload yield is assessed in Bavaria by expert
judgement based on historical events, geological data and a mapping
framework called “EGAR” (LfU 2014).
8.4.2 Study areas
The investigation area of the PP6 – WP4 work is located in the Bavarian
Northern Limestone Alps, about 50 km south of Munich near the city of Bad
Tölz. In order to capture the influence of different factors on sediment
production and transfer, the six torrent catchments selected for this study
vary in size, lithology and dominant geomorphic processes (Table 8-7).
However, artificial structures such as debris flow barriers, check dams,
retention structures for deadwood (large woody debris) and gravel have
been built in all of them, which on the one hand mitigates sediment-related
hazards and on the other negatively affects sediment continuity and
delivery to the trunk stream. The catchments are characterized by similar
climate (mean annual precipitation is between 1700 and 2000 mm), relief
(outlet at 670-780 m asl, highest elevation 1195-1481 m asl), and only one
was partially glacierised during the Pleistocene.
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Table 8-7: Selected properties of the study areas

Property

Arzbach

Halsbach

Murbach

Schronbach

Steinbach
(Klein/Großbach)

Tratenbach

Catchment
size [km²]

14,6

1,6

3

7,77

4,8

2,7

Relief [m asl]

670 - 1480

678 – 1456

697 – 1395

780 – 1195

751 – 1306

670 – 1363

Lithology

Main
Dolomite,
Jurassic
series,
Pleistocene
sediments

Main
Dolomite,
Jurassic
series,
Pleistocene
sediments

Main
Dolomite,
Jurassic
series,
Pleistocene
sediments

Main
Dolomite,
Jurassic
series,
Pleistocene
sediments

Flysch,
Pleistocene
sediments

Jurassic
Series, Flysch,
Pleistocene
sediments

Human
impact

Debris flow
barrier,
check dams,
deadwood
barrier

check dams,
gravel
catchment

check dams,
gravel
catchment

--

Gravel
catchments,
check dams,
river bed
ramp

River bed
ramp, check
dams, bank
stabilization

HQ100 [m³/s]

73,9m³

--

28,5

--

40,0

--

Mean annual
rainfall [mm]

1700

1900

2000

1700

1800

1900

Timescale of
investigation

Nov. 2012 –
June 2015

Nov. 2013 –
Jun. 2015

Apr. 2014 –
Jun. 2015

Nov. 2012 –
Jun. 2015

Nov. 2012 –
June 2015

Nov. 2013 –
June 2015

Investigated
components
of the sediment cascade

sediment production / sediment transfer (in hllslope channels) / sediment storage

Investigated
hillslope
geomorphic
processes

landslide /
debris flow
/fluvial
erosion

Fluvial
sediment
transport

landslide /
debris flow /
rock fall

landslide /
debris flow /
fluvial
erosion

fluvial
erosion

landslide /
debris flow /
(fluvial)
erosion

landslide /
debris flow /
fluvial
erosion

Bedload

8.4.3 Methods
The present study builds upon previous research experience in alpine
catchments (e.g. Haas et al., 2011) revealing that mean annual bedload
yield scales with the size of the so-called “sediment contributing area”
(SCA) in form of a power law. A set of rules is applied to a high-resolution
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digital elevation model (DEM) in order to identify sufficiently steep terrain
sections directly adjacent to the channel network, under the hypothesis
that these are geomorphically coupled and hence contribute sediments to
the channel network. Moreover, torrent reaches that are deemed too flat to
sustain bedload sediment transport are identified to decouple sediment
pathways from downstream sections. Thus it is possible to compute, for
each raster cell that is part of the channel network, the cumulative size of
the SCA. In order to account for different rates of sediment mobilization,
raster cells belonging to the SCA can be assigned a weight (for example,
w=1 for bare and w=0.2 for vegetated areas, c.f. Haas 2008). This is
facilitated by a detailed geomorphological and landcover map that is based
on aerial photos and supported by field mapping.
While the DEM-based approach serves to identify sediment sources and
coupled sections of slope-aquatic and fluvial sediment cascades, sediment
traps (plastic troughs with a volume of c. 90 l) have been deployed in
selected hillslope channels and are used to measure, on a c. bi-weekly
basis, the sediment yield (in the snow-free period). The content of the
sediment traps is weighed in situ and sampled (full sample whenever
appropriate) for laboratory analysis with respect to granulometry and
organic matter.
These measurements aim at investigating and quantifying the dependence
of sediment yield on the size of SCA (that can be computed for each
sediment trap). On a smaller spatial scale, steep slope sections prone to
erosion are surveyed regularly (twice a year and additionally in case of
extreme events) to quantify surface changes associated with erosion (and
deposition) and to better understand sediment dynamics on and delivery
from sediment sources.
Rates of sediment yield are compared to precipitation (sum, intensity etc)
recorded on a 15-min basis by three rain gauges installed within (or at
least in the direct vicinity of) the study areas.
8.4.4 Selected results
8.4.4.1

DEM-based delineation of SCA

Figure 8-19 shows the SCA delineated on the DEM using the rule-based
approach described in section 8.4.3. It is clearly visible that the largest part
of the SCA is located in the upper regions of the catchment that is
characterized by steep slopes. The contributing areas are subdivided in to
categories: 1. grey colored: the areas with a weight of 0.2 due to
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vegetation cover; 2. black colored: areas with a weight of 1.0 due to
missing or sparse vegetation cover (parameters according to Haas, 2008).

Figure 8-19: Sediment contributing areas of the Murbach catchment as delineated from the DEM.
The geomorphological/landcover map was used to weight the sediment contributing areas using the
weighting scheme proposed by Haas (2008).
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8.4.4.2

Measurements of sediment yield (sediment traps)

Sediment trap AB001
11.07.2013-23.04.2015
Sediment collected [g]
Cumulative mass [g]

Sediment collected [g]

20000
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18.06.2014
02.07.2014
30.07.2014
13.08.2014
27.08.2014
04.10.2014

11.04.2014

17.10.2013

30.09.2013

0

Date of sampling
Figure 8-20: Sediment yield of a small hillslope channel in the Arzbach catchment collected in a
sediment trap. The width of the columns indicates the length of the sampling intervals, the end of
which is labelled on the x axis.

Figure 8-20 shows the sediment yield measured in different sampling
intervals in a sediment trap within the Arzbach catchment. Most notably, no
significant sediment yield was collected during the winter season, which
may be due to a general cease of surface runoff in small tributaries during
snow cover. Peaks in sediment yield in September 2013 and June 2014
correspond to rainfall events in the respective months.
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Figure 8-21: Sediment yield collected in the sediment trap AB001 (c.f. Figure 8-20) related to the
precipitation sum and maximum daily precipitation of the respective sampling interval. Precipitation
data are from the Bad Tölz station of the German Meteorological Survey (DWD).

In Figure 8-21, we relate the sediment yield collected in the same sediment
trap to rainfall parameters of the respective sampling intervals. The
precipitation sum (left panel) shows a week trend only, which is disturbed
by three data points that indicate extremely high sediment yields that
appear independent of the precipitation sum. This can be explained by the
rainfall intensity (right panel; here: daily precipitation at Bad Tölz). It
appears that the catchment of the hillslope channel exhibits a threshold
behaviour, with surface runoff and corresponding erosion being linked to a
daily rainfall intensity of > 30 mm/d.
8.4.4.3

Correlation of sediment yield and SCA

One of the major results published by Haas et al. (2011) is a power-law
dependence of mean annual sediment yield on the size of the SCA, while
there is almost no correlation of sediment yield and the hydrological
catchment of the sediment traps. Figure 8-22 shows the regression
analysis conducted by Haas (2008) and Haas et al. (2011) in their study
area (dark blue circles). The light blue circles depict the results of the
present study. The latter have to be interpreted with due caution, because
the measuring period is much shorter than in Haas (2008); while Haas
(2008) uses mean annual sediment yield based on 5 years of data, the
longest measuring periods for our study approach one year only. Our data
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exhibit a similar trend as Haas’ data, and the combination of both data sets
leads to a similar regression function with a poorer, yet still acceptable r²:
log10(Sediment yield) = 2.1266 + 0.8644 logSCA (r²=0.59, p<<0.001).
Furthermore, it must be noted that this analysis is best suited for long-term
average sediment yield; the estimation of event-based sediment yields
appears to be infeasible using this approach, as different locations exhibit
very different behaviour during specific events. Due to the temporal
averaging out of these differences, the spatial pattern emerges more
clearly; c. 60% of this pattern can be explained by the size of the SCA.

Figure 8-22: Linear regressions of log SCA on log sediment yield using data from the
Lahnenwiesgraben catchment (Northern Calcareous Alps, Haas et al., 2011; dark blue circles and
line), the SedAlp sediment traps (light blue), and a combination of both datasets (black regression
line).

8.4.5 Conclusions and perspectives
Preliminary results from our observations show that, in general, the
estimation of (average) sediment yields from hillslope tributaries to
torrents in our study area is feasible using the DEM-based delineation of
sediment contributing area. The rules forming the basis of this delineation
represent an implementation of lateral (hillslope-channel) and longitudinal
(within-channel) sediment connectivity and highlight the importance of
connectivity analysis. While data requirements for the SCA delineation are
quite low (high resolution DEMs and auxiliary data such as a map of the
channel network are widely available in the Alpine Space), the calibration of
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the regression function relies on time series of measured sediment yield.
However, several studies suggest similar relationships in different study
areas (Neugirg et al., 2014; Sass et al., 2012), which might indicate a
general applicability of the concept in the estimation of sediment yield in
low-order torrent catchments. To investigate if the observed correlations
also hold on a larger spatial scale, we suggest to collect and analyse
corresponding data from natural or artificial sediment traps (e.g. check
dams, bedload retention structures etc.) draining larger catchments.
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8.5 Automatic detection of erosion in mountain basins:
application to the Bléone River basin (PP7)
F. Liébault1, M. Bertrand1,2, H. Piégay2
1

IRSTEA Grenoble (PP7)

2

UMR5600 EVS CNRS, Lyon

8.5.1 General description of the activity
In alpine environments, it is common to find patches on hillslopes where
the surface is almost continuously eroded by geomorphic agents. The
persistence of instability on these terrains prevents a sustained vegetation
establishment, and maintains exposure of bedrock or colluvium. When
these active surfaces are coupled with the stream network, they can have a
dramatic impact on the sediment supply to stream channels. The most
active debris-flow torrents in the European Alps are always associated with
large active erosion cells in their catchment. This is for example the case of
the Illgraben in the Swiss Alps, an emblematic debris-flow torrent which
delivers much of the Upper Rhône River sediment load (Bennett et al.,
2013). Another reported case is the Réal Torrent in the Southern French
Alps, where the recurrent debris flow occurrence (several each year) has
been associated with large active gullies cut in deep fluvio glacial deposits
(Navratil et al., 2013). It has been also long recognized that sediment
yields of upland streams can be controlled by punctual sediment sources,
typically representing less than 10% of drainage area (Mosley, 1980;
Benda and Dunne, 1997; Gomez et al., 2003). In this context, extracting
the spatial distribution of active erosion patches is critical for the
anticipation of natural hazards related to sediment disasters (debris flows
and torrential floods), but also for the catchment-scale management of
sediment transport in environmental studies.
This case study is dedicated to the identification of catchment-scale active
erosion in mountainous environments at the regional scale. The general
objective was to develop a GIS-based method for the automatic mapping of
erosion cells from the combination of IRC imagery (orthophotos) and
satellite scenes (Landsat). The method has been developed in the Southern
French Alps and tested in the Bléone River basin.
8.5.2 Study site
The Bléone River basin is a 905-km² alpine catchment representative of the
sedimentary eastern prealpine belt of the French Alps (Table 8-8). The
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Bléone is a tributary to the Durance River, a large gravel-bed piedmont
river in SE France. Elevations range from ~400 to ~3000 m a.s.l. Bedrock
geology is exclusively composed of sedimentary rocks (limestones, marls,
sandstones, molasses, gypsum) from Jurassic, Cretaceous and Tertiary
ages (Figure 8-23). During the last cold period, only the very upper part of
the catchment was glaciated, and glacial imprints in the present landscape
dynamics can be considered as low. The climatic setting is characterized by
Mediterranean influences, with mean annual rainfall ranging from 600 to
1200 mm (Navratil et al., 2010). Rainfalls are generally high during spring
and autumn, with associated high flows during these seasons.
Table 8-8: General description of the study site

Study site

Bléone River basin

Country/Region/Province
Geographic coordinates

06°13’52’’E – 44°05’23’’N

Drainage area

905 km²

Main river basin

Durance River

Range of elevation
Geology
rocks)

France / Provence-Alpes-Côte-d’Azur / Alpes-de-Haute-Provence

405 – 2927 m a.s.l.

(dominant

Quaternary legacy

Sedimentary
Mostly Unglaciated

Human impacts

torrent-control works (reforestation, check-dams), gravel
mining, embankements, hydropower (lower valley)

Mean annual discharge

NA

Q10 and Q100

NA

Mean annual rainfall
Timescale
investigation

600-1200 mm
of

2009 orthophotos

Investigated components
of the sediment cascade

sediment production

Investigated
hillslope
geomorphic processes

landsliding / debris flow / gullying

Fluvial
transport

sediment

bedload
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Figure 8-23: Geological map of the Bléone River basin (data source: BRGM BDGEOL50)

8.5.3 Methodology
The erosion mapping procedure is based on a combination of high-spectralresolution satellite images (3 Landsat 7 ETM+ summer scenes from 2001 to
2003) and high-spatial-resolution infrared orthophotos (BD Ortho 2009
from IGN) (Figure 8-24). A supervised method was used, with a training
set to calibrate the classification algorithm, and a validation set to test the
performance of the method. Pixel-based and object-oriented approaches
were combined in the data processing. This method was calibrated in the
Southern French Alps, and we decided to test its performance on the
Bléone River basin in the SedAlp project. Pixel size of orthophotos is 50 cm,
whereas it is 30 m for Landsat images. A comprehensive technical
description of the methodology is available in Bertrand (2014).
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Figure 8-24: Simplified workflow of the GIS procedure for erosion mapping (Bertrand, 2013)

8.5.4 Results
The automated procedure of active erosion detection was applied over 51
5x5 km tiles of infra-red orthophotos to produce the map presented in
Figure 8-25. Objects classified as erosion cells (n=9573) were provided by
the application of an image segmentation algorithm applied to orthophotos.
The total surface classified as active erosion represents only 7% of the
Bléone River basin (70 km² over 905 km²). A prevalence of active erosion
is observed in the subalpine Cretaceous and Tertiary domains, in the upper
part of the Bléone catchment. Most of erosion cells in this domain are
unvegetated talus slopes supplied by highly fractured limestone and
sandstone rockwalls. Important erosion cells are also detected in the
Jurassic domain, where they generally correspond to active gully
complexes entrenched into black marls, and to talus slopes below
limestone rockwalls. The Tertiary molassic domain in the downstream part
of the basin is much less affected by erosion. This can be explained by
lower elevations and slopes.
A closer view of the active erosion map on orthophotos reveals the good
general performance of the classification algorithm (Figure 8-26). It
appears that most of the erosion cells were correctly detected, although
some fields were classified as erosion. A quality control of erosion detection
was done by expert classification of 500 random points in the basin,
excluding valley floor (Figure 8-27). The cross-comparison of expert and
automated classifications showed a global efficiency of 0.96 (96% of
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random control points correctly classified), a sensitivity of 0.74 (74% of
erosion control points correctly detected), and a specificity of 0.99 (99% of
no erosion control points correctly detected).

Figure 8-25: Active erosion map of the Bléone River basin (active erosion cells in orange)
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Figure 8-26: Zoom on detected active erosion cells (delimited in black) in the Bléone River basin
(background: 2009 BDOrtho from IGN)
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Figure 8-27: Random control points used for the validation of the erosion map

8.5.5 Conclusions and perspectives
An automated procedure of active erosion detection calibrated in the
Southern French Alps, and based on a combination of high-spectralresolution satellite images and high-spatial-resolution infra-red orthophotos
was applied in the 905-km² Bléone River basin. More than 9500 erosion
cells were detected by this procedure, representing 7% of the basin. The
control quality of the automated mapping revealed a sensitivity of 0.74 and
a specificity of 0.99. Non detected erosion cells are preferentially located on
marl outcrops with sparse vegetation and in shadows. The specific spectral
signature of these rocks (dark color) explains that they are not correctly
captured by the automatic detection algorithm.
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Erosion detection is a first step towards the identification of sediment
sources of alpine rivers. The next step concern the determination of the
degree of connectivity of erosion cells for a given target (e.g. catchment
outlet, stream network). Some DEM-based GIS tools dedicated to this
specific task were developed in WP4 of the SedAlp project by the University
of Padova (Cavalli et al., 2013). By combining these two kinds of
approaches, it is now practically possible to implement an automated
method of sediment source mapping at regional scale. This still needs to be
done on a test site to provide a comprehensive analysis of the performance
of this integrated approach.
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8.6 Sediment yield assessment of a debris-flow torrent
from sequential high-resolution DEMs (PP7)
F. Liébault, O. Passalacqua, C. Bel
IRSTEA Grenoble (PP7)
8.6.1 General description of the activity
Active debris-flow torrents are increasingly recognized as important
components of the alpine sediment cascade. Recent integrated studies of
sediment transfer in small alpine headwaters gave insights into the
contribution of debris flows to erosion of upland catchments. The
comparison between the Rio Cordon and the Moscardo basins in Italy
revealed that for comparable recurrence intervals, sediment transport by
debris flows is two to three orders of magnitude larger than sediment
transport from bedload (Mao et al., 2009). In a bedrock-dominated
catchment of the Northern French Prealps, sediment yields from debris
flows were shown to be primarily controlled by the release of sediment
stored along steep slope channels during antecedent bedload transport
events (Theule et al., 2012). A buffering effect was also observed in the
Illgraben Torrent in Switzerland, where landslide debris were temporary
sequestred downslope and did not contribute directly to sediment yields
from debris flows (Berger et al., 2011).
This case study reports the application of two sequential airborne lidar
surveys for the detection of geomorphic changes in a very active debrisflow torrent of the Southern French Prealps, the Réal Torrent. This highresolution dataset was used to quantify sediment yields for the whole
catchment and for the most active gully of the catchment. Results were
compared to other active gullies on earth. A complementary outcome from
the study was the identification of the main sediment sources of debris
flows and the reconstruction of the complex pattern of sediment transfer
along the main channel.
8.6.2 Study site
The Réal is a very active debris-flow torrent located in the upper Var River
catchment in the Southern French Prealps (Figure 8-28, Table 8-9). It flows
into the Tuébi River, a tributary to the Var River, near the small village of
Péone. The 2.3-km² catchment has a relief of 870 m (1218–2088 m a.s.l.)
and a mean slope of ~ 30°. Bedrock geology is composed of Palaeogene
sandstones and alternating sequences of Cretaceous and Jurassic marls

56
and limestones. Quaternary deposits cover about 70% of the catchment.
Most of the sediment supply to the channel comes from alluvial fills formed
behind a glacier during the Würm period. The unconsolidated deposits are
composed of a stratified mixture of coarse gravels and boulders with a fine
matrix of sand and clay, and are prone to intense gullying and landsliding.
An active deep-seated landslide deforming Jurassic black marls since the
1920s is located on the right bank of the main channel in the upper
catchment (Figure 8-28). Field observations reveal that debris flows
generally initiate in a very active gully entrenched into the fluvio-glacial
deposits. This unnamed gully is referred as “the big ravine” (Figure 8-28).
Three debris flow monitoring stations have been deployed along the main
channel in late 2010 to survey the activity of the torrent (Navratil et al.,
2013).
Table 8-9: General description of the study site

Study site
Country/Region/Province
Geographic coordinates

Réal Torrent
France / Provence-Alpes-Côte-d’Azur / Alpes-Maritimes
06°54’30’’E – 44°07’03’’N

Drainage area

2.3 km²

Main river basin

Var River

Range of elevation
Geology (dominant rocks)
Quaternary legacy
Human impacts

1218 – 2088 m a.s.l.
Sedimentary
Glaciated
Check-dams (n=8) built between 1933 and 1983

Mean annual discharge

NA

Q10 and Q100

NA

Mean annual rainfall

1049 mm

Timescale of investigation

2009-2012

Investigated components
of the sediment cascade

sediment production / sediment transfer / sediment storage

Investigated
hillslope
geomorphic processes

landsliding / debris flow / gullying

Fluvial sediment transport

Bedload

The rainfall regime of the study area is Mediterranean,with a primary peak
in autumn and a secondary peak in spring. A mean annual rainfall of 1049
mm was recorded at the Météo France station of Péone for the 1951–2004
period. This station is located at 4 km from the Réal Torrent, on the
opposite hillside, at an elevation of 1659 m a.s.l. The channel of the torrent
is dry most of the time; runoff occurs only during spring to summer
convective storms and long-lasting autumn showers. Debris flows typically
occur between May and September during high-intensity rainfall events.
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Figure 8-28: Map of the Réal Torrent catchment

8.6.3 Methodology
Geomorphic changes of the whole catchment during a 3-year period were
detected by comparing two high-resolution digital elevation models (DEMs)
derived from airborne LiDAR surveys acquired in July 2009 and July 2012
by a private company. Technical specifications of these surveys are
provided in Table 8-10. Ground point densities are around 6 points per m²,
which is a common value for this kind of data.
A first processing of the two surfaces revealed a systematic offset between
them. A merging of the two surveys was necessary before DEM
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differencing. We used a simple approach known as the slope-based method
recently proposed by Streutker et al. (2011). The main advantage of this
method is that it can be implemented using simple workflows in common
GIS softwares. Merging can be done without access to expensive vendor
lidar softwares (like TerraScan or Polyworks). This method determines the
xyz offsets from a multiple linear regression between the elevation
difference of overlapping surfaces and local slopes in the x and y directions.
In overlapping surfaces, the greater the slope, the greater would be the
elevation difference if there is on offset between the two surfaces. Once the
xyz offsets have been determined, a 3 parameters translation of the point
cloud is executed for the coregistration (no rotation or scale parameters).
Additional information about the complete technical procedure can be found
in a MSc report (Passalacqua, 2013). A quality control of the coregistration
was done using an independent set of thousands of points along a road,
and box plots of elevation differences on the road between the two dates
before and after merging show that the offset has been sufficiently
removed by the merging operation. The mean error shifted from -8 cm to 4 mm (Figure 8-29).
Table 8-10: Technical specifications of airborne LiDAR surveys (SDE: standard deviation of error).
Date

20/07/2009

Aircraft type
Laser scan
Scanning mechanism
Pulse repetition rate (kHz)
Laser beam wavelength (nm)

11/07/2012
Helicopter Ecureuil AS 350 B3

Riegl LMS Q560

Riegl LMS Q680i

Rotating polygon mirror

Rotating polygon mirror

200

400

1550

1550

Type of echo

Full waveform

Flight height (m)

650

550

Angle of scan (°)

0-60

0-60

0.5

0.5

0.28-0.37

0.28-0.37

5

6

8

8

20

20

6.4

6.0

Laser beam divergence (mrad)
Footprint diameter on flat terrain (m)
Number of flight lines
Elevation precision of laser points
(SDE in cm)
Planimetric precision of laser points (SDE
in cm)
Ground point density (points m−2)
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Figure 8-29: Boxplots of elevation shifts between 2009 and 2012 for couples of points along a road
before and after the coregistration process

The standard deviation of elevation differences obtained after merging for
points on the road was 4.8 cm. This gives a critical level of detection of
elevation change of 13.3 cm, at the 95% confidence interval (t=1.96). This
value was applied on the whole catchment surface, although we
acknowledge that the error is not uniform in space and that it strongly
depends on the surface roughness and point density (Milan et al., 2011).
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8.6.4 Results
A change detection map for the whole 2.6-km² catchment was produced by
classic DEM differencing (Figure 8-30). This map revealed that most of the
sediment production comes from the Big Ravine. Three big landslide scars
were detected in this ravine, which may likely correspond to debris-flow
initiation sites. A large deep-seated landslide is present in the catchment
on the right bank of the torrent, but we did not detect any significant
geomorphic activity on this landslide. If we look at what happened in the
channel, we see alternating sequences of erosion and deposition, with a
complex pattern of sediment transfer. The formation of a deeply
entrenched channel downstream of a large check-dam was clearly detected
by the LiDAR data. Although important erosion can be observed locally, the
net sediment budget of the main channel revealed a net deposition of 13
000 m³ over the 3-yr period (Table 8-11), which confirms the long-term
aggradation trend of the torrent, which has been attested by the burial of
several check-dams (Chambon et al., 2010). The sediment budget also
reveals that a direct contribution of the ravines to the sediment output of
the catchment was effective during the period, since the sediment yield of
the catchment (~15 000 m³) exceeds the total volume erosion in the main
channel (~10 000 m³).
Sediment yields obtained from these data show extremely high erosion
rates for the Big Ravine, with 14 cm of erosion per year (or 0.28 Mt km-2
yr-1), and 23 mm per year for the whole catchment (or 0.0078 Mt km-2 yr1
) (Table 8-11). These results were compared to reported sediment yields
for emblematic hot spots of erosion on earth (gully complexes in New
Zealand, China, Europe and Himalaya), as well as sediment yields reported
for Mediterranean badlands (Nadal-Romero et al., 2011) and alpine rivers
(Hinderer et al., 2013) (Figure 8-31). It appears that specific sediment
yields of gully complexes are one order of magnitude higher than for
Mediterranean badlands, which are considered as emblematic erosion
landforms on earth. It is also evident that the Big Ravine of the Réal
belongs to this cluster of points. Two abrupt transitions zones appear on
this scatterplot: (1) one between 10 and 100 ha, which corresponds to the
transition between elementary hillslopes and drainage networks (fluvial
systems with alluvial storage); (2) one between 10 and 100 km², which
corresponds to the transition between debris-flow and fluvial domains of
drainage networks.
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Figure 8-30: Change detection map of the Réal Torrent between summer 2009 and 2012 from
sequential aiborne LiDAR surveys.
Table 8-11: Sediment budget of the Réal Torrent catchment during a 3-yr period from two
sequential airborne LiDAR surveys (20/07/2009 and 11/07/2012)

Erosion (m³)

Deposition (m³)

Net budget (m³)

Secondary ravines

29 278 +/-37

24 444 +/-35

-4 834 +/-51

Big Ravine

25 515 +/-26

1 615 +/-11

-23 900 +/-28

Torrent channel

10 782 +/-19

23 842 +/-31

13 060 +/-37

All catchment

65 575 +/-49

49 901 +/-49

-15 674 +/-69
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Figure 8-31: Specific sediment yield as a function of drainage area. Data compilation of gully
complexes in Europe (Illgraben Torrent from Bennett et al. 2012; Manival Torrent from Loye 2013,
Laval Torrent from Mathys et al., 2003), New Zealand (11 active gully complexes from Derose et al.,
1998; Hog’s Wash from Betts et al., 2003), China (Jiangjia Ravine from Chen et al., 2005), and
Nepal (Siwalik Hills from Ghimire et al., 2006).

8.6.5 Conclusions and perspectives
The application of sequential airborne LiDAR surveys on the Réal Torrent
for a 3-yr period confirmed that this kind of data can be very efficient for
detecting the main sediment sources of debris flow events. These data
clearly showed that debris flows initiated in a single very active ravine
where 3 large landslide scars were detected. Although a large deep-seated
active landslide in black marls is present in the catchment, it did not have
any detectable effect on the geomorphic activity of the torrent during the
period of observation.
The derived sediment budget from sequential LiDAR data confirmed the
aggradation trend of the torrent, which was attested by the burial of checkdams built in the 1930s. It also revealed a direct contribution of active
ravines to the sediment output of the catchment during the period of
observation. A very short residence time of sediment, and a very high level
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of connectivity between sediment sources and the catchment outlet can
therefore be inferred from these results.
This case study provided new sediment yields data for a very active gully
complexe, which can be viewed as a hot spot of erosion in the alpine
context (14 cm yr-1 of erosion rate in the most active part of the
catchment, which is one order of magnitude higher than typical erosion
rates in Mediterranean badlands, considered as emblematic erosion
landforms on earth). Our results indicate that these erosional landforms are
of critical importance for assessing the sediment input to alpine rivers, as
they can be considered as very efficient sediment sources, maintaining the
braiding pattern in some alpine valleys (Schlunegger et al., 2009; Liébault
et al., 2013). A regional inventory of such landforms could be of great
interest for the assessment of their contribution to the sediment supply of
large alpine rivers.
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8.7 Historical analysis of channel changes of the Bouinenc
Torrent (PP7)
F. Liébault1, S. Lallias-Tacon1,2, H. Piégay2
1

IRSTEA Grenoble (PP7)

2

UMR5600 EVS CNRS, Lyon

8.7.1 General description of the activity
The historical analysis of torrent activity in the Alps is important for the
assessment of changing sediment supply conditions of large alpine rivers.
This topic is becoming more and more strategic for the understanding of
morphological trajectories of these rivers, which play a determinant role in
the ecological status of alpine aquatic ecosystems (Piégay et al., 2009;
Comiti, 2012; Liébault et al., 2013). In the absence of long-term series of
discharge records or sediment transport data in small mountain streams,
the best proxy that can be used for assessing changing conditions is the
channel morphology, which is known to adjust to water and sediment
fluxes. Active channel width evolution has been increasingly used over the
last decades to reconstruct geomorphic responses of alpine rivers since the
second half of the 19th century (Liébault and Piégay, 2002; Surian and
Rinaldi, 2003; Liébault et al., 2005). This information was used to detect
the most critical periods of active channel narrowing, which can be crosscorrelated with potential forcings (gravel mining, reforestation, torrentcontrol works, climate change following the end of the Little Ice Age).
This study case was dedicated to the reconstruction of channel changes of
the Bouinenc Torrent, a tributary to the Bléone River in the Southern
French Alps, from the systematic analysis of historical aerial photos
available since the late 1940s. This information was combined with a highresolution digital elevation model of the floodplain to study the formation of
recent terraces associated with the evolution of the active channel of the
torrent.
8.7.2 Study site
The Bouinenc Torrent is a tributary to the Bléone River near Digne-lesBains in SE France (Figure 8-32). The Bouinenc is a wandering gravel-bed
stream that drains a 38.9-km² steep catchment cut into the interbedded
marls and limestones of the Digne Prealps. Elevation ranges from 680 to
2270 m a.s.l. Most of the hillslopes are affected by dramatic gullying, which
forms a typical badland morphology and erodes marly terrains at a rate of
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~1 cm yr-1 (Mathys et al., 2003). Gullies mostly produce fine sediments
transported as suspension, but regressive erosion from ravines also
destabilises talus slopes and limestone rockwalls that supply coarse
sediments to the stream channels. The climatic setting is Mediterranean,
with a mean annual rainfall of ~900 mm. Most precipitation falls during
spring and autumn, but severe convective storms also occur during
summer.
The historical analysis of channel changes was conducted in the last 3 km
of the Bouinenc, where the stream develops a wandering pattern in a 200m-wide floodplain, at the exit of a confined gorge. A multi-thread, braided
channel is observed locally. The overall channel slope is 0.016 and the
mean active channel width is 24 m (range: 10–45 m). Two short bedrock
reaches with marl outcrops are observed along the reach, 0.95 and 1.78
km upstream from the confluence with the Bléone. Channel reach
morphology is a riffle-pool-bar system entrenched in a floodplain
sporadically destroyed by bank erosion. Surface grain-size distributions
(GSDs) were sampled in the field by Wolman pebble counts of 100+
particles at 38 bars, visually classified as fine or coarse gravel bars. Fine
gravel bars show moderately well-sorted surface GSDs with a mean median
particle size (D50) of 16 mm (range: 12–22 mm). Coarse gravel bars are
characterised by poorly sorted surface GSDs with a mean D50 of 33 mm
(range: 17–60 mm).
Table 8-12: General description of the study site

Study site

Bouinenc Torrent

Country/Region/Province
Geographic coordinates
Drainage area

France / Provence-Alpes-Côte-d’Azur / Alpes-de-Haute-Provence
06°17’17’’E – 44°08’12’’N
39 km²

Main river basin

Bléone River

Range of elevation

680 – 2270 m a.s.l.

Geology (dominant)

Sedimentary

Quaternary legacy

Unglaciated

Human impacts

torrent-control works (reforestation, check-dams)

Mean annual discharge

NA

Q10 and Q100

NA

Mean annual rainfall
Timescale
gation

of

investi-

Investigated processes
Investigated
hillslope
geomorphic processes
Fluvial
transport

sediment

900 mm
1948-2010
sediment transport / sediment deposition
Not relevant
Bedload
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Figure 8-32: General map of the Bouinenc Torrent catchment: (A) Position of the Bouinenc in the
Bléone River basin, (B) location of the study reach in the Bouinenc Torrent catchment (aerial photo
from BDOrtho 2000 IGN)

8.7.3 Methodology
The active channel width (unvegetated gravel bars and low-flow channels)
of the Bouinenc Torrent was systematically measured at 10-m regular
intervals along the 2.9-km alluvial downstream reach of the torrent, on 9
historical aerial photographs between 1948 and 2004 (Table 8-13). This
was completed with two recent airborne LiDAR surveys in 2008 and 2010.
Aerial photos before 2000 were georectified with ArcGIS before active
channel analysis. Active channels at all dates were also manually digitized
for overlaying on a high-resolution digital elevation model (DEM) derived
from the airborne LiDAR survey acquired in 2010. This gives the possibility
to investigate the relative elevation of the terraces formed since 1948, and
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to reconstruct the long profile evolution of the channel during the last 60
years.
Table 8-13: Historical aerial photographs and airborne LiDAR coverages used for
reconstructing the morphological trajectory of the Bouinenc Torrent

Year

Scale/Resolution

Data source

1948

1:30 000

IGN

1956

1:25 000

IGN

1:30 000

IGN

1:17 000

IGN

1984

1:30 000

IGN

1990

1:30 000

IGN

1:20 000

IGN

0.5 m

IGN

0.5 m

IGN

0.5 m

IRSTEA

0.5 m

IRSTEA

1975
1982

1993
2000
2004
2008
2010

Type

B&W
photographs

Color
photographs

aerial

aerial

RVB Orthophotos

Airborne LiDAR survey

8.7.4 Results
Historical aerial photos revealed dramatic changes of the active channel
during the last 60 years (Figure 8-33). A very strong active channel
narrowing is observed between 1948 and 1975, followed by stable
conditions 1975 onwards. The mean active channel width decreased from
85 m to 22 m between 1948 and 1975 (74% decrease). During this 30-yr
period, the channel pattern shifted from braiding to single-thread
wandering, with a strong vegetation encroachment in the former braided
plain.
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Figure 8-33: Historical evolution of the Bouinenc Torrent between 1948 and 2010 (LalliasTacon 2014): (A) active channel mapping at different dates, (B) box plots of active
channel width evolution through time, (C) aerial photograph of 1948 and (D) 2010

The manual editing of active channel boundaries on each set of aerial
photographs was used to produce a map of the age of surface formation for
the forested floodplain of the Bouinenc (Figure 8-34). This map gives for
each point of the floodplain the last date at which the point was included in
the active channel. A mosaic of dated remnant surfaces was provided and
used to characterize the active channel elevation at each date. This is
illustrated by a cross-section extracted from the LiDAR-derived 2010 DEM,
showing the relative position of each remnant surface in respect to the
present active channel (Figure 8-35). The systematic analysis of remnant
surfaces elevations allowed for the reconstruction of the long-profile
evolution of the 3-km reach (Figure 8-36). This analysis revealed that
channel narrowing was associated with a substantial channel incision along
the entire reach.
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Figure 8-34: Dating of terrace formation from historical aerial photographs (background:
hillshade view of the LiDAR derived 2010 DEM); black line: position of the cross section
presented in Fig. 8-27

Figure 8-35: An example of cross-section extraction from the 2010 LiDAR-derived DEM,
with indication on the age of remnant surfaces (the position of the cross-section is
indicated in Fig. 8-26)

70

Figure 8-36: Long-profile evolution of the Bouinenc Torrent derived from historical aerial
photos and LiDAR data

The relative elevations of remnant surfaces in respect to the 2010 active
channel was plotted against time to look at the time evolution of incision
since 1948 (Figure 8-37). This analysis revealed two distinct periods of
channel incision: one which started before 1948 (as attested by the incision
of the 1948 active channel in a terrace level at +1.9 m from the 2010
active channel), and a second one which started in the 1990s. A short
aggradation period is observed between 1984 and 1990.
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Figure 8-37: Relative elevation of remnant surfaces as a function of time; the black solid horizontal
line shows the relative elevation of the surfaces abandonned before 1948; the grey rectangle shows
one standard error buffer around the line; error bars of points correspond to one standar error from
the mean

8.7.5 Conclusions and perspectives
The combination of historical aerial photographs and high-resolution LiDAR
data proved to be an efficient method for the reconstruction of channel
changes of the Bouinenc Torrent during the last 60 years. A strong active
channel narrowing was detected during the 1950s and 1960s, which was
associated with a shift from braided to wandering pattern. This is in perfect
agreement with channel changes observed along other torrents in the
Southwestern Prealps (Liébault et al., 2005), where a downstream
progressing channel narrowing was associated with the effect of
spontaneous reforestation due to rural depopulation. This is also the case in
the Bouinenc, where the forest cover increased due to both torrent-control
works and a decreasing demographic pressure (Vallauri and Vincent,
1999). It is also interesting to see that the active channel of the torrent did
not increased during the recent period, under the effect of large floods in
1962, 1986 and 1994. This can be explained by the decreasing sediment
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supply from the catchment, which prevents the reactivation of a braided
channel pattern.
The long-profile extraction from lidar points on dated remnant surfaces
revealed at least two periods of channel incision. The one observed during
the 1950s and 1960s can be clearly associated with the effect of
reforestation after the Second World War, already demonstrated in the
Southern Prealps (Taillefumier and Piégay, 2003). The second phase of
incision, which started in the 1990s, is more difficult to explain. One
possibility is that it corresponds to the recovery of a possible aggradation
following the 1986 and 1994 large floods (attested by the comparison of
1984 and 1990 remnant surfaces). If this scenario is correct, it implies that
the present-day entrenchment was already reached in 1975. This is partly
suggested by the lack of remnant surfaces of the 1975 active channel.
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8.8 Sediment dynamics in the Kuzlovec and Mačkov
graben torrents (Gradaščica river atjažatchment,
Slovenia) (PP9)
N. Bezak, S. Rusjan, M. Mikoš
University of Ljubljana (PP 9)
8.8.1 Introduction
Two relatively small adjacent torrential catchments with steep topography
were selected as case studies in order to gain additional knowledge about
hydrological and related erosion processes. Namely, several extreme flash
floods occurred in this area, the most severe in 1924, which took the life of
19 people. There were also two major flood events in August and October
2014. During the August flood event, 50 landslides were triggered, 10
housed and 2 industrial buildings were damaged, 30 to 50 km of local
roads was damaged and 4 bridges collapsed. Initial estimation of damage
in the area of Polhov Gradec for the August flood event was 400.000 €.
Furthermore, Gradaščica river catchment also plays an important role in
the flood safety of the Slovenian capital city Ljubljana. The aim of the study
is to gain knowledge about suspended sediment transport, connectivity of
extreme rainfall events, discharge and sediments movement. We are also
interested in the comparison of the response of the two selected adjacent
catchments from hydrological and erosion process point of view.
8.8.2 Study area
The Gradaščica river catchment is positioned in the transitional area
between the Dinaric and Alpine region in the central part of Slovenia
(Figure 8-38). The headwater section flows through the varied mountain
relief of the Polhov Gradec Dolomites, and is carved with numerous ravines
and valleys. The Gradaščica river catchment comprises an area of 158.82
km² and reaches deeply into the Polhov Gradec mountainous area. Steep
slopes, fairly high altitudes and abundance of precipitation (average yearly
sums between 1600 to 1800 mm) result in a quick rise in the water level
and consequently, in torrential response of the Gradaščica river and its
numerous tributaries. The plain area of the Ljubljana catchment widens in
the eastern part of the catchment. The Gradaščica river has a rain-snow
regime. Highest stream discharges can be observed especially during
autumn rainy period and during early spring as a consequence of
snowmelt. High streamflows can be also observed during summer storms
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which
hich are frequent in the Polhov Gradec mountainous areas, lowest stream
discharges are usually observed in July.

Figure 8-38: Gradaščica River catchment on a map of Slovenia.

Figure 8-39: Gradaščica River catchment area down to the water station Dvor and location of
Kuzlovec and Mačkov graben research catchments.
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Table 8-14: General description of the study areas
Name

Kuzlovec

Mačkov graben

Country/Region/Province

Slovenia/West
of
Ljubljana
/Gradaščica river catchment

Slovenia/West
Ljubljana/Gradaščica
catchment

Drainage area (km²)

0.71

2.33

Main river basin

Sava river basin (part
Danube river basin)

Range of elevation (m)

From 394 to 847; mean elevation
631 m.a.s.l.

From 384 to 1015;
elevation 649 m.a.s.l.

Geology (dominant rocks)

Marly limestone, dolomite, sandy
slate, oolitic limestone; dolomite;
Gröden
stratum;
dark
gray
limestone and dolomite

Marly limestone, dolomite, sandy
slate,
oolitic
limestone;
dolomite; light gray christalline
dolomite; Gröden stratum

Quaternary legacy

Unglaciated

Unglaciated

Human impact

Two check dams are located at
the catchment outlet and were
constructed after the catastrophic
torrential floods in 1924, which
take the life of 19 people living in
surrounding area. The damage
was estimated on 30 million (!!) of
Yugoslavian dinars (this was
before a big inflation in 1930s).
However, the check dam volumes
are full.

Several check dams are located
along the stream and these
hydrotechnical
objects
were
constructed after the catastrophic torrential floods in
1924, which took the life of 19
people living in surrounding
area. The damage was estimated on 30 million Yugoslavian
dinars (this was before a big
inflation in 1930s). However, the
check dam volumes are mostly
full.

Mean ann. discharge (m³/s)

0.0114 m³/s or 11.4 l/s

0.0872 m³/s or 87.2 l/s

Q10 and Q100 (m³/s)

Q100 was estimated with the use
of empirical equations, because
use of statistic (peaks over
threshold or annual maximum
series) methods would not be
reliable in case of just one year of
data series.

Q100 was estimated with the
use of empirical equations,
because use of statistic (peaks
over
threshold
or
annual
maximum
series)
methods
would not be reliable in case of
just one year of data series.

Q100: Hofman: Q100= 1.8 m³/s
Isovsky: Q100=3.8 m³/s

Q100: Hofman: Q100= 5.1
m³/s; Isovsky: Q100=12.5 m³/s

Comment: Probably both values
are overestimated. However, in
the engineering practice this is the
safe side.

Comment: Probably both values
are overestimated. However, in
the engineering practice this is
the safe side.

Mean annual rainfall (mm)

Estimated between
mm;
Measured
1.5.2014): 1500 mm

1600-1800
(1.5.2013-

Estimated between 1600-1800
mm;
Measured
(1.5.20131.5.2014): 1500 mm

Timescale of investigation

Data are collected for the period
1.5.2013-1.5.2014 and will also
continue after the 1.5.2014.

Data are collected for the period
1.5.2013-1.5.2014 and will also
continue after the 1.5.2014.

Investigated components of the
sediment cascade

sediment
production
(observations) / sediment transfer
(measurements)
/
sediment
storage (observations)

/

Investigated hillslope
geomorphic processes

Observations of rill and interrill
erosion processes

Observations of rill and interrill
erosion processes

Fluvial sediment transport

Measurements of suspended load
and estimation of the bed load

/

of

the

of
river

Sava river basin (part of the
Danube river basin)
mean
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8.8.3 Methods
8.8.3.1

Field monitoring system

In the Kuzlovec and Mačkov graben research catchments several
hydrological variables are being observed. The location of the considered
research catchment is shown in Figure 8-39.. The measuring equipment,
which is used for observations
observations of different important hydrological and
meteorological parameters, is listed below:
1) 6 automatic rain gauges (Onset RG2-M)
RG2 M) were placed around and in the
Kuzlovec and Mačkov graben research catchments,
2) 2 water level data loggers were placed at the outlet of the Kuzlovec and
Mačkov graben research catchments,
3) In-stream
stream turbidity measurements (Hydrolab MS5 sonde) are performed
during extreme hydrological and meteorological events,
4) Disdrometer is located in Ljubljana and at Črni vrh in the vicinity
v
of the
Kuzlovec and Mačkov graben catchments.
5) At-point
point discharge measurements are performed during extreme events
using Flo-tracer
tracer (dilution of salt) and FlowTracker (Doppler).
The locations of the rain gauges, water level data loggers, in-stream
in
turbidity measurement location and location of the disdrometer at Črni vrh
are shown in Figure 8--40.. Discharge measurements were performed at
points where water level data loggers are located.

Figure 8-40: The monitoring system at the Gradaščica River experimental catchment.

In order to obtain rough estimates of the potential soil rates we also
compared RUSLE model results with results obtained with the use of the
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Gavrilović equation which was mostly used methodology in Slovenia for the
calculation of the mean annual soil loss. The comparison was carried out for
two research catchments of Kuzlovec and Mačkov graben torrents which
are positioned inside the Gradaščica river experimental catchment.
8.8.3.2

Soil erosion modelling

Soil erosion or soil loss is a widespread problem in many countries around
the world. Because soil erosion measurements are usually rare, in
numerous cases (R)USLE methodology is used to assess potential soil
erosion. With development of the GIS tools RUSLE (empirical) model
became relatively easy to implement in order to obtain rough estimate of
the potential soil rates in the investigated catchments. In our study, Saga
GIS program was used for all GIS calculations.
In our study we compare WATEM/SEDEM model, RUSLE model and
Gavrilović equation (Gavrilović, 1970), which was mostly used methodology
in Slovenia for the calculation of the mean annual soil loss. The comparison
was carried out for the two experimental catchments, the Kuzlovec and
Mačkov graben torrents, which are part of the Gradaščica River
experimental catchment.
Soil erosion modelling for identification and delineation of sediment sources
A spatially distributed WATEM/SEDEM model can be applied to detect the
most critical parts of the catchments in terms of sediment sources. The
WATEM/SEDEM model was developed by the Physical and Regional
Geography Research Group in K.U. Leuven, Belgium (Van Oost et al.,
2000; Van Rompaey et al., 2001; Verstraeten et al., 2002). This model has
been applied in several case studies in different countries, as e.g. Belgium,
Italy, Spain. The WATEM/SEDEM model contains three parts: soil erosion
calculation using RUSLE 2D approach, sediment transport capacity
determination and sediment routing to the streams.
The WATEM/SEDEM model is a grid based model, which calculates the
mean annual soil loss E [kg m-2 year-1] using the revised USLE equation,
known as RUSLE (see section 8.1.3.2.2). The WATEM/SEDEM model
calculates annual transport capacity TC [kg m-2 year-1] for each pixel, which
accounts for the maximum amount of sediment that can be transported
through each grid cell (Van Rompaey et al., 2001). For each grid cell, local
soil erosion rates and routed sediments from upslope (multiple flow
algorithm; Verstraeten and Prosser, 2008) are summed and if the transport
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capacity is larger than the calculated sediment flux all sediments are routed
downslope, in opposite situation the sediment deposition is modelled (Shi
et al., 2012). The model does not account for the river bank erosion and
channel storage, meaning that when sediment reaches the river it is routed
to the downstream section of the river (Verstraeten and Prosser, 2008).
If one wants to use the model to predict the sediment output, only the
transport capacity parameters, which depends on land–use, should be
calibrated (Feng et al., 2010). However, for the determination of the spatial
soil erosion patterns and for the identification of potential sediment sources
also other parameters are important and should be included in the
calibration: parcel trap efficiency and parcel connectivity parameters. The
first set of parameters takes into account how each grid cell contributes to
water runoff (different types of land-use). For forest and pasture less runoff
is expected as for the cropland, therefore the modelled soil erosion rates
are smaller. Two parcel connectivity parameters are included in the model,
one for cropland and one for forest and pasture jointly. These parameters
take into account the reduction of the total upstream contributing area
(trapping runoff and therefore reducing the erosion rates) at a parcel
borders (Feng et al. 2010). The WATEM/SEDEM model can be calibrated
using
an
automatic
parameter
estimation
procedure
(PEST;
www.pesthomepage.org/), which is model independent. Because of the
robustness of the PEST, which only requires that (1) parameters, which one
wants to calibrate, and fundamental model outputs are written in ASCII
files and (2) that model can be run using the command line without user
intervention to run to completion, this optimization program has been used
to calibrate many hydrological models around the world (e.g. HBV model).
The WATEM/SEDEM model uses several raster maps as a basis for the
calculations, namely: digital elevation model (DEM) grid, parcel map grid,
rainfall erosivity factor grid (R), soil erodibility factor grid (K) and cover and
management factor grid (C). A suggested horizontal resolution is 20 x 20
m. However, uniform value (R, K, C, P factors) can be selected in case of
small catchments. Parcel map grid is actually a reclassified land–use map,
which distinguish among roads, rivers, agriculture fields, forest and pasture
areas.
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Soil erosion modelling for estimation of potential sediment yield
RUSLE
The Revised Universal Soil Loss Equation (RUSLE) is one of the mostly used
models (Renard et al., 1997) for potential soil erosion assessment, because
it is one of the least data demanding models. However, because it is based
on the long-term soil loss measurements on erosion plots in the USA it has
several limitations. Furthermore, long-term annual erosion rates are
obtained as results, meaning that individual events cannot be analysed.
The basic (R)USLE equation is composed from 6 parameters:
(  ) * + * , * - * . * /,

(1)

where:

R is rainfall erosivity factor [MJ*mm/ha*h*year],
K is soil erodibility factor [t*h/MJ*mm],
L is slope factor [-],
S is slope length factor [-],
C is cover management factor [-],
P is support practice factor [-].
The final output A is the estimate of average annual soil loss and has units
t/ha*year.
Rainfall erosivity factor
The Rainfall erosivity factor (R factor) accounts for the energy and intensity
of rainstorm. Renard et al. (1997) provided basic steps for the calculation
of the R factor. Rainfall data was divided based on 15-minutes steps
(intervals) and then storms were determined. In our study we used next
definition of the storm event:
- event in which there was more than 12 mm of rainfall;
- maximum rainfall amount in ½ hour was larger than 6 mm.
Two storms were separated if time difference between events was larger
than 6 hours and total rainfall amount was less than 1.2 mm.
R factor was calculated as the product of the total kinetic energy of the
storm (E) and its maximum 30-minute intensity (I30):
)  0 * 123 ,

(2)
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where energy of the storm depends on the intensity of storm i [mm/h].
Petan (2010) developed equation for the calculation of the specific rainfall
energy, which is valid for the Ljubljana gauging station:
4  0.31 1 ' 0.6 * exp '0.074 * ?.

(3)

0  ∑B 4A /A .

(4)

This equation was also used in our study, because Kuzlovec and Mačkov
graben catchments lie relatively near Ljubljana. Energy of the storm (E) is
defined as sum of the product of rainfall and specific energy defined with
equation 3:
Annual erosivity is determined as the sum of all storms.
For the calculation of the R factor one can also use some other procedures,
which depend upon other parameters, as e.g. hydrograph volume or peak
discharge. These methodologies are often referred as MUSLE (Williams,
1975) and USLE-M (Kinnell, 1997).
Soil erodibility factor
The Soil erodibility factor (K) was defined as the rate of soil loss per unit of
R as measured on a unit plot. It measures soil susceptibility to rill and
interrill erosion. K is a function of soil texture, organic matter content and
permeability (Ranzi et al., 2012). Soil erodibility factor was obtained with
the use of the following equations:
CD  4EF ∑ G ln

  JK
,


+  0.0034  0.0405 * exp '0.5

MNOP$Q RST.UVW 
 
3.XT3T

(5)

where Dg is geometric mean weight diameter of the primary soil particles
[mm], dl is the maximum diameter for particle size class (clay, silt, sand),
dl-1 is the minimum diameter for particle size class (clay, silt, sand) and fl is
the corresponding mass fraction (Van der Knijff et al., 2000). This means
that soil texture was used for the calculation of the K factor. Standard
USDA soil texture triangle was used in order to obtain rough estimate of
the percentage of particle size class (clay, sand and silt).
Slope and slope length factors
The Slope (L) and slope length (S) factors are usually calculated based on a
digital elevation model (DEM). Higher the slope the higher is the velocity of
overland flow and also shear stresses on soil particles increases (Ranzi et
al., 2012), furthermore as slope length increases also erosion becomes
more significant (Renard et al., 1997). The LS factor was originally
obtained for slope smaller than 18%, because data used for developing
RUSLE methodology involved slopes up to 18%. However, some studies
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were also made for slopes larger than 18% (e.g. Nearing, 1997). LS factor
was calculated with next equation (Moore et al., 1991):
,-  Y  1 Z

[\

^_`a

c

] Z3.3bWU] ,
.T2

(6)

where AS is the area of plot per unit width and β is slope angle obtained
from the digital elevation model (m=1.3 and n=0.4 were used in the
study). Some other procedures are also possible for the calculation of the
LS factor (e.g. Desmet and Govers, 1996).
Cover management factor
The Cover management factor (C factor) accounts for the effects of
cropping and management practices on soil erosion rates (Renard et al.,
1997), where C values around 1 mean bare soil with no vegetation and
without management practice (high erosion rates) and C values near 0
account for forested areas where surface erosion is limited due to the
vegetation (Ranzi et al., 2012). The cover management factor often plays a
crucial role in defining soil erosion rates from catchments. Table 8-15
shows C and Kx (used in the Gavrilović equation, which is presented in next
chapter) factors which were adopted in this study.

Table 8-15: C and Kx factors for different land use areas (adopted from: Petkovšek, 2002;
Cebecauer and Hofierka, 2008)

C factor

KX factor

Mixed forest (Forest, Agricultural land overgrown with forest trees;
Broad-leaved forest)

0.002

0.05

Agriculture land, with significant areas of natural vegetation
(Abandoned agricultural land, Open land with specific vegetation
cover)

0.1

0.45

0.004

0.3

0.2

0.315

0.004

0.3

0.1

0.45

0.005

0.15

Land use

Permanent grassland
Traditional orchard
Built-up and similar land
Fields
Uncultivated agricultural land
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Support practice factor
The Support practice factor (P factor) captures the effect of support
practise (e.g. bench terrace, arable land terrace, contour cultivation) (Ranzi
et al., 2012) and it is usually determined from field observations. Ranzi et
al. (2012) provided some P factor values for different support practice
effects. Lower P factor values correspond to the higher supporting practice,
meaning that soil erosion rates decreases with support practice effects.
GAVRILOVIĆ EQUATION
The Gavrilović empirical equation (Gavrilović, 1970) was developed based
on data from former Yugoslavia and North Africa and was used for the
estimation of annual soil rates. The equation is appropriate for the
Mediterranean areas and was mostly used for larger catchments; we have
decided to use the Gavrilović method to make a comparison with RUSLE
methodology. However, this equation cannot be used for the determination
of spatial soil erosion patterns and identification of the potential sediment
sources. The Gavrilović equation can be written as:
d  3.14 * /e * +f * +gT.V * hi ,

(7)

where PY is mean annual precipitation [mm], KT is temperature factor [-],
KZ is erosion coefficient [-] and FW is catchment area [km²]. Soil erosion
rates W are given in m³/year. KT factor can be calculated with next
equation:
f

+f  j0.1  T3,

(8)

where T is mean annual temperature [°C].
KZ factor can be written as:
+g  +k * +e * +3  √1,

(9)

where KX is cover management factor (which accounts for vegetation
influence; Table 8-15) [-], KY is erodibility factor [-], K0 is factor which
accounts for development of erosion on the investigated catchment [-] and
I is mean slope in the catchment [m/m]. If catchment is not homogeneous
in sense of erosion factor then Gavrilovič (1970) suggests how to estimate
this factor, however this was not needed for Kuzlovec and Mačkov graben
catchment, because both catchment are relatively homogeneous. If KY is
close to 1, higher erosion rates are expected, K0 value near 0 means that
no erosion is present in the analysed catchment.
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8.8.4 Results
8.8.4.1

Identification and delineation of sediment sources

Figure 8-41 shows comparison of two soil erosion model outputs (x and y
axis units are meters),
), namely WATEM/SEDEM model, which also considers
sediment deposition, and RUSLE, which only calculates potential soil
erosion rates. One can notice that some areas are identified as potential
sediment sources by both models; however there are important differences
di
between both maps shown in Figure 8-41. A cross-comparison
comparison like this can
help the soil managers to correctly identify the sediment sources, which
would be one of the steps to reduce soil erosion rates in a specific
catchment.

Figure 8-41: Example of identification of potential sediment sources using WATEM/SEDEM model
(a–left) and RUSLE approach (b–right).

Further, the WATEM/SEDEM model identifies areas where sediments are
deposited. The difference
difference between the WATEM/SEDEM model and RUSLE
method is also in spatial resolution of input/output, because in first case
the 20 m resolution was used (as suggested by the model developers), in
the case of the RUSLE method a 1 m spatial resolution was selected.
selected

8.8.4.2

Estimation of potential sediment yield

Data from rainfall station Črni Vrh nad Polhovim Gradcem was used for the
calculation of R factor. 5 minute rainfall data from 1.1.2000 to 31.12.2010
was used for the calculation of the R factor. Equations 2, 3 and 4 were used
in order to obtain mean annual
annual erosivity. R factor 3218 MJ*mm/ha*h was

84
calculated for the station Črni Vrh nad Polhovim Gradcem. Because
Kuzlovec and Mačkov graben experimental catchment are relatively small
and homogeneous a uniform R factor was assumed for both catchments.
Petan (2010) calculated mean annual rainfall erosivity for the Črni Vrh nad
Polhovim Gradcem station 3171 MJ*mm/ha*h, where data from 1.1.1999
to 31.12.2008 was used for calculations.
For the Kuzlovec and Mačkov graben experimental catchments uniform soil
type was determined. The corresponding texture was silt (Kovačec, 2012),
meaning that this soil type contains about 90% of silt and less than 10% of
clay and sand. With the use of Eq. 5, K factor 0.043 t*h/MJ*mm was
determined. Two methodologies were used for the calculation of the LS
factor (Moore et al., 1991 and Desmet and Govers, 1996). Fig. 8-2 shows
digital elevation model of the Gradaščica river, which was used for the
calculation of the LS factor for the Kuzlovec and Mačkov graben research
catchments. Comparison between two procedures for the calculation of the
LS factor was also made. Relatively high LS values were obtained for
Kuzlovec and Mačkov graben due to the high slopes which are
characteristic of these torrential catchments. Mean slopes for the Kuzlovec
and Mačkov graben are 27.7° (51.6%) and 30.5° (59%), respectively. For
cover management factor (C) two types of land cover maps were used in
the study: a detailed land use map which was derived from the orthophoto
map of Slovenia (map named Slovenia; the estimated resolution of land
use data is 1 m) and European CLC Corine land cover map with a 100 m
resolution. Values in Table 8-15 were used in order to estimate cover
management factor C based on the two land cover maps. Support practice
factor was determined based on field observations and because no major
support practice effects could be found in the Kuzlovec and Mačkov graben
catchments, therefore, a uniform P value 1 was adopted for both analysed
catchments.
Table 8-16 shows selected coefficients and parameters for the Gavrilovič
equation. PY parameter was determined based on data from rainfall station
Črni Vrh nad Polhovim Gradcem (daily data from 1971 to 2000), KT was
calculated based on daily temperature measurements (period from 2000 to
2013) from meteorological station Topol pri Medvodah, which is the closest
meteorological station where long term daily temperature measurements
are available. KX factor was selected based on values from Table 8-15. KY
and K0 were determined based on field observations. Based on the
parameters presented in Table 8-16 final estimated mean soil loss rates
were determined with the use of the Gavrilović equation (Eq. 7)
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Table 8-16: Selected parameters for the Gavrilović equation

Catchment
Area: FW [km²]
Precipitation: PY [mm]
Temperature: T [°C]
Temp. factor: KT [-]
Slope: I [m/m]
Cover management: KX
Erodibility: KY
Erosion processes: K0
Erosion factor: KZ

Mačkov graben
0.704
1653
9.75
1.04
0.59
0.09
0.65
0.15
0.045

Kuzlovec
2.326
1653
9.75
1.04
0.52
0.08
0.65
0.15
0.054

Based on all the presented input parameters (factors) R, K, LS, C and P
average annual soil loss rates were determined with the use of Eq. 1. These
input maps or parameters were also used by the WATEM/SEDEM model.
Table 8-17 shows mean and standard deviation of the annual soil loss rates
[t/ha/year] for different combinations of LS and C factors. However, one
can notice that differences among considered combinations of input
parameters are not negligible small. CLC Corine land use map is much
coarser than Slovenia land use map, which was determined based on
orthophoto data, which means that some of the potential sediment sources
can be overlooked. Furthermore, procedure for the calculation of the LS
factor which was proposed by Moore et al., 1991 gave higher erosion rates
as procedure proposed by Desmet and Govers, 1996. Because Slovenia
land use map is more accurate than CLC Corine land use map, these two
combinations were used for comparison with the Gavrilović equation
results. Table 8-18 shows comparison between RUSLE methodology,
WATEM/SEDEM model and Gavrilović equation. Because Gavrilović equation
calculates soil loss rates in m³/year final values were multiplied with mean
soil density 2.65 t/m³. The catchment areas for Kuzlovec and Mačkov
graben were 70.4 ha and 232.6 ha, respectively.
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Table 8-17: RUSLE methodology results for different combinations of C and LS factors

Catchment

Land use

Mačkov graben

CLC Corine

Mačkov graben

Slovenia

Mačkov graben
Mačkov graben

CLC Corine
Slovenia

Kuzlovec

CLC Corine

Kuzlovec

Slovenia

Kuzlovec
Kuzlovec

CLC Corine
Slovenia

LS factor

Mean of annual soil
loss [t/ha/year]

Standard
deviation of
annual soil loss
[t/ha/year]

12.3

29.0

6.6

22.3

15.2
7.9

36.2
26.8

16.9

33.4

3.6

11.5

20.0
4.0

40.6
13.6

Desmet and Govers,
1996
Desmet and Govers,
1996
Moore et al., 1991
Moore et al., 1991
Desmet and Govers,
1996
Desmet and Govers,
1996
Moore et al., 1991
Moore et al., 1991

From Table 8-18 we can see that differences between RUSLE methodology
and Gavrilović equation are significant, however differences are even more
evident for the Mačkov graben research catchment. Furthermore, the
WATEM/SEDEM model yields much lower mean annual soil erosion rates
compared to RUSLE and Gavrilović methods, which can be explained with
the fact that this model also considers sediment deposition within the
catchment. However, due to the fact that none of the selected models
considers all processes, which are present in the Gradaščica catchment and
were observed during the field trips after two floods in 2014, we can
conclude that the calculated mean annual soil erosion rates are probably
underestimated. The gully erosion, which was (is) the dominant process in
the both experimental catchments, is not included in the RUSLE
methodology. Furthermore, none of the models accounts for potential
sediment sources due to soil slips, shallow landslides and other mass
movements (e.g. rock falls).
Table 8-18: Comparison among WATEM/SEDEM model, RUSLE methodology (Slovenia land use
map) and Gavrilović equation

Mean annual soil loss [t/year]
RUSLE [LS- Desmet and Govers, 1996]
RUSLE [LS- Moore et al., 1991]
Gavrilovič
WATEM/SEDEM

Mačkov graben
1500
1800
420
/

Kuzlovec
250
280
100
20
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Kumar and Kushwaha (2013) calculated mean soil loss values of
approximately 8.5 t/ha*year from areas with very dense forest cover,
however much higher erosion rates were obtained for open areas. Ranzi et
al. (2012) also obtained lower erosion rates for forested areas as for more
open areas. Petkovšek (2002) obtained mean annual erosion rates value of
about 2.5 t/ha*year for forested areas using RUSLE methodology, while
with the use of the Gavrilović equation these estimates were about 5 times
smaller. Relatively similar erosion rates were calculated in our study
(RUSLE; LS- Desmet and Govers, 1996 and Slovenia land use map) for two
torrential catchments (Table 8-17). Furthermore, Petkovšek (2002)
calculated higher erosion rates for grasslands, vineyards and also fields,
where the ration between RUSLE results and Gavrilović equation varied
from about 1:1 (for meadows) to 5:1 (for forest). In all mentioned studies,
the terrain slopes were considerably lower compared to the topography of
the Kuzlovec and Mačkov graben experimental catchments.
8.8.4.3

Comparison of modelling results with field observations

Based on the field observations after two extreme events, which occurred
in August and October 2014, we have identified several sediment sources
within the investigated torrential catchments and we tried to define the
dominant erosion processes. Field observations indicate that predominant
erosion processes during extreme events in the steep torrents of the
Gradaščica catchment are rill erosion and especially gully erosion (Figure
8-42). Rain drop erosion and sheet erosion could not be identified as one of
the dominant processes in our steep torrential catchments where the
dominant land use is forest. Further, several shallow landslides were also
triggered during these two events (Figure 8-43). Likewise, another
important process is connected with sleet event, which happened in
February 2014 and lead to large woody debris potential. Damaged woods
(potential large woody debris) could not be removed from forest after the
sleet event. Therefore, during the floods in 2014 the large amounts of
woody debris were transported downstream and accelerated several
erosion processes, like stream channel bank erosion (Figure 8-44). In the
Kuzlovec torrent valley large amount of sediments were deposited in the
local depression-ponds (Figure 8-45). The remaining sediments, which
were not deposited within the steep headwater catchments, were
transported downstream as bedload or suspended sediment load and were
eventually deposited in lowland areas.
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Figure 8-42: Identification of potential sediment sources within the Gradaščica catchment where
the rill (left) and especially gully (right) erosion are dominant processes

Figure 8-43: Several shallow landslides were also triggered during the extreme rainfall event.

Figure 8-44:: Transport of large woody debris (a consequence of
of sleet event) also accelerated erosion
processes (e.g. stream channel bank erosion).

89

Figure 8-45: Local depressions
depressions-ponds
ponds within the steep torrents where a large amount of sediments
were deposited during the extreme event in August 2014.

If these field observation are from process point of view compared with soil
erosion model results presented in this report, we can conclude that the
selected soil erosion model should also account for soil deposition within
wit
the catchment (mostly storage in local depressions). Furthermore, the
most evident process was gully erosion. The RUSLE method, which was
developed based on plot measurements and eventually does not account
for gully erosion, probably should not be used
used for predicting potential soil
erosion rates. The WATEM/SEDEM model, which also considers deposition
and most importantly in some cases can also be used to model gully
erosion (Desmet and Govers, 1996), should have an advantage over RUSLE
methodology. However,
ever, some processes, which were not dominant, but
were present during the extreme events, like shallow landslides or soil
slips, are not implemented in the WATEM/SEDEM model. Likewise, the
processes connected with large woody debris transport are also not
included in the selected models.
Results of the soil erosion models presented above are rather rough
estimates of the potential soil erosion rates. However, based on the
measurements presented in WP5 report, a specific sediment yield
assessment for the two months of continuous suspended sediment
measurements (October and November 2014, when several flood waves
were recorded) was 3.2 t/ha; the assumption was that bed load presents
20 % of the suspended sediment load. However, one should notice that
relatively
vely extreme flood event occurred in the end of October 2014. If this
estimate is compared with the soil erosion modelling results for the
Kuzlovec catchment, which are presented in Table 8-18,, we can see that
the WATEM/SEDEM model
model probably underestimates the mean soil erosion
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rates, therefore the model would need further calibration based on longer
time series of measurements.
8.8.5 Open questions and research needs
A cross-comparison of different soil erosion models (e.g. RUSLE,
WATEM/SEDEM) should be used to identify the potential sediment source
areas. Further, the soil erosion observations at different scales (catchment,
slope, plot) are needed to quantify the mass movements dynamics and
magnitude and also to calibrate soil erosion models. These observations are
usually not very frequently performed and therefore it is hard to validate
the soil erosion model outputs. Therefore, more emphasis should be given
to the field measurements at different scales (a combination of different
scales is desired), which can yield an insight into the erosion processes
form the perspective of the catchment spatial extent. The measurements in
the Kuzlovec and Mačkov graben will continue in order to reduce the
uncertainty in the results presented in this report.
8.8.6 Further information
Some publications have already been published:
•

•

•

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).
Bezak, N., Mikoš, M., Šraj, M. 2014. Trivariate Frequency Analyses of
Peak Discharge, Hydrograph Volume and Suspended Sediment
Concentration Data Using Copulas. Water Resources Management
28(8):2195–2212.
Bezak, N., Šraj, M., Rusjan, S., Kogoj, M., Vidmar, A., Sečnik, M.,
Brilly, M., Mikoš, M. 2014. Hydrological comparison of the two
adjacent torrential watersheds: Kuzlovec and Mačkov graben. Acta
hydrotechnica (in press; In Slovene).

Conference proceedings:
Experimental catchments Kuzlovec and Mačkov graben were also presented
on the ERB conference (Euromediterranean Network of Experimental and
Representative Basins), which was held in Coimbra in September 2014:
•

Bezak, N., Rusjan, S., Vidmar, A., Kogoj, M., Šraj, M., Brilly, M.,
Mikoš, M. 2014. Two adjacent experimental torrential watersheds in
Slovenia. ERB Conference, Coimbra: 9–13 September, 2014 (poster
presentation).
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The procedure for the estimation of suspended sediment concentration
values using copula functions was presented in the IHP conference (Danube
Conference 2014), which was held in Deggendorf in September 2014:
•

Bezak, N., Brilly, M., Mikoš, M., Šraj., M. 2014. The use of copulas in
hydrology: some useful case studies. IHP conference, Deggendorf:
22–24 September 2014.
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9 Tools
9.1 Connectivity Toolbox
Marco Cavalli & Stefano Crema, CNR IRPI, Padova
9.1.1 Background theory
The Index of Sediment Connectivity (IC), as proposed by Cavalli et al.
(2013) based on the work of Borselli et al. (2008), is a distributed
distribut
geomorphometric index that can be easily derived from a Digital Terrain
Model (DTM). IC is mainly focused on the influence of topography on
sediment connectivity and is intended to represent the linkage between
different parts of the catchment (i.e., hillslopes
hillslopes and features of interest
such as catchment outlet, main channel network or a given cross section
along the channel. The IC is defined by the following formula:

 Dup
IC = log10 
 Ddn





(1)

where Dup and Ddn are the upslope and downslope components of
connectivity (Figure 9-1
1),
), respectively. IC is defined in the range of [-∞,
[
+∞],
∞], with connectivity increasing for larger IC values.

Figure 9-1: Upslope and downslope components of IC (modified after Borselli et al., 2008).
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The upslope component Dup is the potential for downward routing of the
sediment produced upslope and is estimated as follows:

Dup = W S A

(2)

where W is the average weighting factor of the upslope contributing area
(see later), S is the average slope gradient of the upslope contributing
area (m/m) and A is the upslope contributing area (m²).
The downslope component Ddn takes into account the flow path length that
a particle has to travel to arrive to the nearest target or sink. Therefore,
Ddn can be expressed as:
Ddn = ∑
i

di
Wi S i

(3)

where di is the length of the flow path along the ith cell according to the
steepest downslope direction (m), Wi and Si are the weighting factor and
the slope gradient of the ith cell, respectively. It is worth noting that di can
assume two values: cell size (l) in the case of cardinal direction and l√2 in
the case of diagonal direction.
The developed tools in SedAlp implement some refinements made to the
original model by Borselli et al. (2008) to adapt the model to mountain
catchments and to its use with high-resolution Digital Terrain Models
(DTMs). The changes are herein summarized:
•

•

•

Slope factor computation. A lower limit and an upper limit are
introduced to avoid infinites in computation and to limit the bias of
high IC values on steep slopes.
Contributing area calculation. The tools uses the multiple flow Dinfinity approach to calculate contributing area, instead of the singleflow direction algorithm, to capture the real flow paths especially on
hillslopes where divergent flow predominates.
Choice of the Weighting factor (W). The roughness index, calculated
as the standard deviation of the residual topography at a scale of few
meters is used to derive the Weighting factor.

More details can be found in Cavalli et al. (2013) and in the 2nd milestone
of the project.
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9.1.2 Sediment Connectivity tools
Two software tools for the computation of the Index of Connectivity have
been developed in the frame of SedAlp: an ArcGIS toolbox for ArcGIS 10.1
and 10.2 (Figure 9-2)) and a free, open source and
an stand-alone
alone application
named SedInConnect (Figure
Figure 9-3), developed in Python.

Figure 9-2: ArcGIS toolbox interface for the Connectivity Index tool.

Figure 9-3: Graphical User Interface of SedInConnect 2.0, a free, open-source
open source and stand-alone
stand
application for the computation of sediment connectivity.

95
Both tools require in input the pit-removed DTM, a weighting factor raster,
and, optionally, a shapefile that represents the target feature for the
computation of the Connectivity Index. The stand-alone application can
optionally compute automatically the Roughness Index derived Weighting
factor and, furthermore it integrates a new “sink feature”. The “sink
feature” can be chosen by the user to introduce in the analysis those areas
that act as sinks in relation to the flow of sediment.
The
tools
are
freely
available
in
(http://www.sedalp.eu/download/tools.shtml).

the

SedAlp

webstite
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9.2 Fluvial Corridor Toolbox
Hervé Piégay, University of Lyon
Both for scientists and river basin managers, development of automated
geographic information system (GIS) tools is essential today to
characterize riverscape and explore biogeomorphic processes over large
channel networks and notably connectivity. Since the 1990’s, GIS
toolboxes and add-in programs have been used to characterize catchments. However, there is currently no equivalent to a planimetric and
longitudinal characterization of fluvial corridor networks at multiple scales.
This is why, FluvialCorridor, a new GIS toolbox has been developed within
this SedAlp project. This package allows (i) to extract a large set of
riverscape features such as the main components of fluvial corridors from
DEM and vector layers (e.g. stream network or valley bottom), and (ii) to
provide spatial aggregation into homogeneous segments and metrics
characterizing each of them (Figure 9-4). The methodological frameworks
involved have been previously described by Alber and Piégay (2011),
Leviandier et al. (2012) and Bertrand et al. (2013) and this new effort
focuses on the GIS tools allowing the user to automatically operate them.
FluvialCorridor has been developed for ArcGIS with the related native
Python library named ArcPy and tested on ArcGIS 10.0 and 10.1.
Obviously, each component of the package can be used separately;
however, it also provides a complete workflow for fluvial corridor
characterization, even as the toolbox is continually under development and
revision. Case study database, FluvialCorridor package and guidelines are
available online.
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Figure 9-4: Example of an AGO-scale database extraction through the FluvialCorridor package. This
theoretical framework involves all the tools of the package so that three input raw data are required.
Aerial photographs are used to illustrate potential investigations provided by external data. Four
UGO-scale units are created: spatial components and a reference centerline. Then, they are
disaggregated into a DGO-scale database to refine the accuracy of the morphometric, geomorphic
and topologic metrics stored in the related attribute tables. An AGO scale database is created by
merging DGO-scale units into homogeneous reaches thanks to the Hubert test.
AGO : Aggregated Geographical Object, DGO : Disaggregated Geographical Object, UGO : Unitary
Geographical Object (polygon or polyline)

Compared to the initial development, this toolbox provides many options to
explore the database. Operator can do different choices to improve the
exploration of his dataset, depending on the data available and the
geographical context. For example, the “Valley bottom” tool allows the
operator to choose his own threshold in terms of elevation. The “Stream
network” tool allows the user to choose the drainage area value (in km²)
used to initiate the hydrographic network and in the “Hubert test” tool, α
value is also chosen by the operator. As a last example, the constant
length used to the spatial disaggregation of UGOs is a user-defined
parameter. Further improvements are projected. Major efforts are currently
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underway to include imagery analysis tools. From colors or infra-red
orthophotographs, this will enable the user to access new riverscape units
(e.g. water bodies or backwaters, vegetation islands or forest cover, bars,
anthropogenic elements, etc.) according to a specific research focus. Some
others utilities are investigated such as include a cluster analysis module
for exploring features typology after the spatial aggregation. Moreover,
only one algorithm of aggregation (i.e. Hubert test) is currently available.
One of the future improvements will be to implement new statistical
algorithms such as the multivariate Hidden Markov Models (Baum and
Eagon, 1963; Mari et al., 2011).
As it is still in development, the FluvialCorridor toolbox shows some
shortcomings. Geomatic or geometric limits are referenced within the
guidelines included with the package. One of them deals with the limits of
the spatial disaggregation processes, especially for polygon inputs.
Currently and as implemented in the package, with too highly curved
centerlines, Thiessen polygons used for the disaggregation does not cross
the entire input polygon. Moreover, methodological shortcomings about the
multiscale potential of the package are also noticed. Problems can occur
with some tools used at a regional scale. Input parameters do not handle
the inherent size effect of fluvial longitudinal patterns. Nevertheless, and as
mentioned previously, the FluvialCorridor toolbox is still underway and
geomatic and geometric weaknesses remain infrequent. The package still
provides robust tools and frameworks to enrich scientific studies or
management plans and produces consistent information from local to
regional scales.
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