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Global warming significantly impacts sediment dynamics in glaciated catchments, affecting water resource op-
erations, water quality, recreational activities, and ecological systems. The propagation of climate-change-
induced geomorphic changes and the catchment's sediment yield are moderated by sediment connectivity,
defined as the degree to which a geomorphic system facilitates sediment transfer. Quantifying functional sedi-
ment connectivity at the catchment scale remains a challenge. To address this, we propose a novel approach
combining graph theory with the morphological method. This approach is exemplified through a detailed case
study of a 2022 thunderstorm event in the Grastal valley, Tyrol, Austria. First, a graph of potential sediment
cascades is constructed using a geomorphological map, a digital elevation model and a flow routing algorithm. A
short-term Digital Elevation Model of Difference (DoD) from consecutive ALS surveys is then used to infer
sediment fluxes and calculate the Sediment Delivery Ratio (SDR) for each landform. The primary sediment
mobilising processes were debris flows and fluvial erosion, with a significant proportion of debris flow material
being deposited on slopes, not reaching the fluvial corridor. Strong fluvial erosion was observed in the proglacial
area, but the propagation of these geomorphic changes is halted by an alluvial fan and a lake. Most landforms can
be clearly categorised as connecting or disconnecting features based on their SDR. In total, a maximum of 12 % of
mobilised sediments exited the catchment. Our findings demonstrate that (i) short-term, catchment-wide DoDs
are valuable for assessing functional connectivity at an event temporal scale, (ii) using landforms as fundamental
spatial units allows for the identification and in-depth analysis of critical sediment sinks and sources, and (iii)
graph analysis facilitates the catchment-wide calculation of sediment delivery ratios between meaningful
fundamental units and the delineation of significant sediment cascades.

1. Introduction

Understanding the impacts of climate change on geomorphic pro-
cesses is crucial, especially for societies adapting to climate-related
hazards and securing water-food-energy systems (East et al., 2022).
This understanding is particularly relevant in glaciated catchments,
where sediment yield, influenced by climate change, can present sig-
nificant challenges for water resource operations, impacting water
quality, recreational activities, and ecological systems (Carrivick and
Tweed, 2021; Lane et al., 2017). A potential increase in sediment
transfer due to climate change has been linked to recent deglaciation
(Antoniazza et al., 2019; Ballantyne, 2002; Lane et al., 2017) and
increasing frequencies and magnitudes of extreme hydrometeorological
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events (Cache et al., 2023; Coulthard et al., 2012; Miiller et al., 2023;
Rajczak et al., 2013). In these contexts, sediment connectivity within
catchments is a critical factor moderating the sensitivity of geosystems
against climate change (Harries et al., 2021; Micheletti and Lane, 2016).
For instance, despite increased erosion rates in proglacial areas due to
paraglacial landscape responses (Ballantyne, 2002), these changes may
in some cases not lead to an increased sediment yield for the entire
watershed, as the propagation of change might be interrupted by dis-
connecting features (Cavalli et al., 2019; Fryirs, 2013; Lane et al., 2017).
The fact that often only a fraction of the sediments eroded in headwaters
contributes to the catchment yield is known as the sediment delivery
problem (De Vente et al., 2007; Walling, 1983) and is strongly related to
sediment connectivity (Fryirs, 2013). On the other hand, climate change
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itself can influence sediment connectivity, potentially leading to in-
creases or decreases; this could also occur indirectly, for example by the
formation (or filling) of proglacial lakes (Bogen et al., 2015; Savi et al.,
2023; Schiefer and Gilbert, 2008).

Connectivity is an interdisciplinary concept applied in fields such as
neurosciences, ecology, and social sciences and refers to the potential
transfer of information or matter within a system (Turnbull et al., 2018).
In geomorphology, connectivity has become a widely used conceptual
framework, focusing on the spatial configuration of landforms and the
fluxes of water or sediments between them (Wohl et al., 2019). Hydro-
logical and sediment connectivity can be defined “as the degree to which
a system facilitates the transfer of water and sediment through itself,
through coupling relationships between its components. In this view,
connectivity becomes an emergent property of the system state,
reflecting the continuity and strength of runoff and sediment pathways
at a given point in time” (Heckmann et al., 2018). This concept en-
compasses two aspects: structural connectivity, which reflects the
spatial configuration of system components, and functional connectiv-
ity, which is inferred from the actual transfer of water and sediment
(Heckmann et al., 2018). While structural connectivity is more static,
functional connectivity is driven by external forcing and shows high
temporal variability (Harvey, 2002; Turnbull et al., 2018; Wohl et al.,
2019). The spatial configuration of landforms that act as either sediment
sources or disconnecting features is pivotal in controlling sediment
pathways and catchment yield (Fryirs, 2013; Turley and Hassan, 2023).
However, structural connectivity is also subject to change due to either
cumulative or instantaneous effects of geomorphic activity (reflecting
functional connectivity; Heckmann et al., 2018).

Quantifying connectivity poses a significant challenge, as both
structural and functional connectivity are timescale-dependent but
cannot be measured directly. This challenge is often addressed using
indices instead of dimensional flux measures (Brierley et al., 2022;
Heckmann et al., 2018). Connectivity indices like the Index of Connec-
tivity (IC; Borselli et al., 2008) address structural connectivity in a (semi-
)quantitative way, mostly using topographic characteristics or vegeta-
tion as proxy variables (Turley et al., 2021). The IC and its variations
have been widely applied in studies on sediment connectivity (Najafi
et al., 2021) and perform well in comparison to other indices (Turley
et al., 2021).

However, these indices provide a limited representation of natural
landscapes and do not equally apply to all landscape settings, necessi-
tating diverse indices for different geomorphic settings and making
comparability between study sites difficult (Gay et al., 2016; Zanandrea
et al.,, 2021). The predictive capacity of such indices for functional
connectivity in alpine catchments has not been sufficiently validated
(Martini et al., 2022).

Functional connectivity is usually quantified based on actual sedi-
ment fluxes. Because direct field measurements cannot be applied
comprehensively at the catchment scale, sediment budgeting applying
the so-called morphological approach can be used to infer fluxes using
DEMs of Difference (DoDs) (Antoniazza et al., 2019; Heckmann and
Vericat, 2018; Vericat et al., 2017). Building on this, sediment delivery
ratios (SDR) can be calculated; that is the fraction between the amount
of sediment eroded inside a catchment and the sediment leaving it
(Heckmann and Vericat, 2018; Turley et al., 2021; Wohl et al., 2019).
The significance of sediment delivery ratios for entire catchments has
been critically debated (Hoffmann, 2015; Parsons et al., 2006). Utilising
DoDs and flow-routing algorithms, SDRs can also be calculated for
smaller units within a catchment, providing insights into how the
coupling between individual units determines the connectivity of the
overall system (Heckmann and Vericat, 2018). Since multi-temporal
high-resolution digital elevation models become more and more avail-
able using airborne laser scanning (ALS) or Structure-from-motion
photogrammetry (SfM) on UAV-imagery, such approaches have been
used in several recent studies to quantify functional connectivity (e.g.
Calle et al., 2020; Heckmann and Vericat, 2018; Turley and Hassan,
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2023).

Another developing branch of approaches to quantify connectivity in
geosystems is based on graph theory and network analysis methods
(Heckmann et al., 2015; Morrison et al., 2022; Turnbull et al., 2018).
While the representation of geosystems by means of graphs is quite
common in geomorphology, the explicit use of graph theory for ana-
lysing connectivity has long been overlooked (Heckmann et al., 2015).
Graph metrics can be used to measure both structural (e.g. Cossart and
Fressard, 2017; Fressard and Cossart, 2019) and functional connectivity
(Brierley et al.,, 2022; Heckmann and Schwanghart, 2013). The
CASCADE modeling framework to quantify sediment connectivity of
fluvial systems (Schmitt et al., 2016) or the Network Sediment Trans-
porter model (Pfeiffer et al., 2020) are based on graph representations of
the river network, for example. Heckmann and Schwanghart, 2013 used
graph theory to model sediment cascades within an alpine catchment,
considering various geomorphological processes like rockfall, debris
flows and fluvial transport. While they used a cell-based approach to
construct the graph in their study, they already pointed at the potential
benefits of an object-based approach where sediment pathways are
assessed not between raster cells but between meaningful spatial units
(“fundamental units”, see also Poeppl and Parsons, 2018; Turnbull et al.,
2018). Landforms, as contained in a geomorphological map, can
represent such fundamental units: Buter et al. (2022) assessed the
functional connectivity of two alpine catchments under different hy-
drometeorological scenarios using a graph-based approach. They
manually mapped and classified sediment transport pathways between
landforms based on field evidence and then calculated a connectivity
degree based on the area involved in those sediment cascades.

Our study has two main goals: From a methodological perspective, it
extends Buter et al.'s (2022) approach by using a flow routing algorithm
to set up the network model of the catchment and by inferring sediment
fluxes between landforms from a DoD.

The second goal addresses a lack of event-scale studies on functional
connectivity, identified for example by Turley and Hassan (2023), as a
large part of the sediment transfer in alpine catchments takes place
during extreme events (Anderson and Shean, 2022; Micheletti and Lane,
2016) which are likely to increase in frequency and magnitude due to
climate change (Cache et al., 2023; Coulthard et al., 2012; Gobiet et al.,
2014; Rajczak et al., 2013). Therefore, our approach is exemplified by a
case study of a large 2022 hydrometeorological event in the Grastal
valley, Austria, that also triggered multiple debris flows. The con-
structed graph is analysed to assess the spatial distribution of erosion
and deposition and to identify landforms or system configurations that
interrupt sediment cascades (disconnecting features) and significantly
influence the connectivity of the overall catchment. Thus, we aim at
answering the following questions regarding the functional connectivity
and sediment dynamics of the event: (i) How much sediment was
mobilised, and which are the most important sediment sources? (ii) How
much of the mobilised material was deposited and where? (iii) Which
landforms or spatial configurations led to deposition and can be classi-
fied as disconnecting features? (iv) How well-connected was the whole
catchment during the event?

2. Study area and event description

The Grastal valley is a north-south oriented subcatchment of the
Horlachtal valley, located in the Stubai Alps in Tyrol, Austria (Fig. 1). It
covers 7.2 km? and the elevation ranges between 1770 m and 3340 m
(ellipsoidic height). The area geologically belongs to the Otztal-Stubai
Complex and is dominated by paragneisses, orthogneisses and mica
shists (Hoinkes, 2021). The mean annual temperature measured at the
nearby Horlachalm weather station was 3.1 °C between 1991 and 2020
and the mean annual precipitation was 820 mm/a (Rom et al., 2023a).
The Grastal valley is dominated by large talus cones which are affected
by a high debris flow activity, especially on the west-facing slopes (Rom
et al., 2023a).
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Fig. 1. Location of the Horlachtal catchment (black outline) with the Grastal subcatchment (crosshatch). Coordinate system: UTM Zone 32 N; epsg: 25832.
Background DEM: SRTM (OpenTopography, 2013); with semi-transparent hillshade.

A glacier, the Grastalferner, is situated in the south-eastern corner of
the valley, covering an area of 0.47 km? (6.5 % of the catchment area in
2022). The glacial meltwater drains into a lake, the Grastalsee, that lies
just below the terminal Little Ice Age moraine (Fig. 2). The lake is the
most important contributor to the base flow of the main valley stream,
the Grastalbach. There are no continuous discharge measurements for
the Grastal valley itself, but a gauge is located at the Horlachtal catch-
ment outlet to which the Grastal contributes. According to these records
a glacio-nival runoff regime prevails in the Horlachtal valley, with the
peak runoff in June (analysis period: 2010-2022). Daily discharge peaks
typical of glacial meltwater streams should be absent in the Grastal
valley, as they are attenuated by the Grastalsee lake.

On Wednesday, 20th of July 2022, a convective thunderstorm took
place in the Horlachtal valley without precipitation in the week before.
The maximum recorded rainfall intensity was 10 mm per 30 min at the
Grastal weather station, with a total sum of 27 mm. The event lasted
about two hours, from 4 to 6 pm, but much of the precipitation fell
within the first hour. The event triggered 156 debris flows in the whole
Horlachtal valley, 27 thereof in the Grastal catchment. A second pre-
cipitation event was recorded in the night of 22 to 23 of July, with a peak
intensity of 8.5 mm per 30 min, which probably triggered few smaller
debris flows on Saturday, 23rd of July (Rom et al., 2023c). Based on the
images taken by an automatic wildlife camera installed in the Grastal
valley, it can be assumed that the main geomorphological changes can
be attributed to the first rainfall event, so that it is defined as the main
event in this study. Comparable extreme debris flow events in the
Grastal valley have been dated to around 1850, between 1930 and 1942
and between 1990 and 1997 (Rom et al., 2023b).

3. Methods and data
The main steps of the proposed workflow are (i) the construction of a

graph based on a geomorphological map and a flow routing algorithm,
(ii) morphological sediment budgeting using a DoD and (iii) the

calculation of SDRs for quantifying functional connectivity. The most
important software tools used are SAGA GIS (Conrad et al., 2015) for
data preparation and flow routing, and ESRI ArcGIS Pro for geomor-
phological mapping. Matrix operations and network analysis were per-
formed with R, using the igraph package (Csardi and Nepusz, 2006). In
the following section, the acquisition and processing of the required data
are described first. Then the sediment budgeting, graph set-up, and
network analysis are explained.

3.1. Geomorphological mapping

For the creation of the geomorphological map (GMM), a catalogue
with 35 landform types was developed, similar to the one used by Buter
et al. (2020). The landforms were mapped as polygons, seamlessly
covering the entire study area at a target scale of 1:5000. The initial map
was created for the year 2018 covering the whole Horlachtal valley. The
Grastal valley section was then updated to reflect the post-event situa-
tion in 2022, which is the basis of this study (Fig. 3). Various datasets
were used to support the landform mapping process, including ortho-
mosaics, hillshades, multiple topographic indices, DoDs, ALS intensities
and contour lines. Additional map sources were the GEOFAST map 146
(Kreuss, 2018), the map of historic glacier extents and associated debris
bodies by Helmut Heuberger (Heuberger, 1966) and the Austrian rock
glacier inventory (Wagner et al., 2020).

Areas with elevation changes due to fluvial transport along the
channel were mapped as “fluvial corridor” and no further distinction
was made between the active river channel and floodplains, because
most areas previously mapped as floodplains in the 2018 GMM were
flooded during the event. The fluvial corridor was then further divided
into 14 reaches (Fig. 2). The reach boundaries were drawn where the
channel planform changed (e.g. from single-threaded to multi-
threaded), before a section characterised by lateral debris flow input,
or where the erosion/deposition pattern changed. We address the
channel section below the lake Grastalsee as “main channel”. If
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Fig. 2. 2020 orthomosaic of the Grastal catchment with recent and LIA glacier extents. River reaches are numbered consecutively (white digits). Contour lines at 100
m intervals. Glacier extent source: GroB and Patzelt, 2015. Orthomosaic data source: Province of Tyrol — data.tirol.gv.at.

measures are related to all channels, including the section between
glacier and lake, the term “fluvial corridor” is used instead. Debris flow
channels were only mapped if they stand out clearly from the sur-
rounding landform and likely determine the process area of the next
debris flows.

A total of 246 landforms were mapped for the Grastal catchment;
some of the biggest landforms were manually subdivided considering

local watershed boundaries to increase the level of detail (Fig. 3). The
most prominent landform type in the Grastal catchment is rock face with
39.6 % surface area, followed by talus slope with 27.3 %. The area
shares of all other landform types are <10 %.
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Fig. 3. Geomorphological map of the Grastal 2022 reflecting the post-event system structure.

3.2. Orthophoto mosaics

Orthomosaics were mainly used for landform mapping purposes. For
the original geomorphological map of the whole Horlachtal reflecting
the pre-event system configuration, a 2018 orthomosaic provided by the
federal state of Tyrol, Austria was used (Data source: Land Tirol - data.ti
rol.gv.at). The map was then updated to the post-event state with a self-
created orthophoto mosaic from 2022. To achieve this, aerial imagery
from a Sony Alpha 6000 camera mounted on the helicopter during the
ALS survey on the third of August 2022 were used. The images together
with post-processed image coordinates from the helicopter flight were
processed with Agisoft Metashape Professional, Version 1.8 using the
workflow proposed in Over et al. (2021).

3.3. Digital terrain models

Two ALS Datasets were used within this study, reflecting the pre- and
post-event topography respectively. The datasets originate from our
own surveys on September 22nd, 2021 and August 3rd, 2022, using a
Riegl VUX 1LR scanner attached to an Airbus H125 helicopter. The data
acquisition procedure is described in more detail in Rom et al. (2023b).
A ground classification was performed to filter out the vegetation pre-
sent in the lower altitudes, utilising the SAGA LIS Ground Classification
tool. It is important to note that no larger hydrometeorological event
was observed between September 2021 and 20 July 2022 (Rom et al.,
2023c), hence the majority of geomorphic changes can be attributed to
the described event, especially on the hillslopes.
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3.4. DEM differencing and uncertainty estimation

Prior to the calculation of the DoD, the two point clouds were co-
registered with an iterative closest point-algorithm (icp) to reduce the
systematic error. For this, stable areas were manually mapped
throughout the catchment. The 2021 point cloud was cut with the stable
area polygons and used as target, the icp itself was conducted with the
Iterative Closest Point Adjustment tool in SAGA-LIS. Both point clouds
were then rasterized using a moving-plane method. The process area —
understood as the area affected by erosion, sediment transfer and
deposition during the event — was manually mapped using the DoD and
orthomosaics. With that, a masked DoD restricted to areas with actual
sediment transfer was calculated (Fig. 4). Consequently, signals in the
DoD most likely related to other processes than sediment transfer (e.g.
glacier melt, water level changes in lakes, snow melt) were excluded.

An error assessment of the DoD was conducted according to Ander-
son (2019), using stable areas as a reference. 10,000 points were
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selected randomly inside the previously mapped stable area polygons,
but within a 30 m buffer around the process areas and a minimum dis-
tance of 2 m between them (see Fig. 4). When using the morphological
approach, it should be considered that DEM- and hence DoD-uncertainty
is likely spatially variable (Vericat et al., 2017; Wheaton et al., 2009). A
visual inspection of the DoD revealed spatially coherent errors that tend
to increase in steep and rough areas. The existence of a spatially
correlated random error was confirmed through a semi-variogram
analysis with a range of 290 m. The random error o, inside the stable
areas amounts to £0.061 m, reflecting the precision of the model. The
systematic error Ggsys calculated as the mean offset amounts to +0.0010
m.

The DoD was then thresholded considering the spatially correlated
random error. Thresholding might not be needed when systematic errors
are negligible and only net volumetric balances are calculated, because
the random error averages out (Anderson, 2019). In the case of this
study, where gross erosion and deposition are calculated, thresholding
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Fig. 4. Grastal valley DoD 2022-2021 with 1 m resolution. Thresholded and restricted to areas with likely sediment transfer (specifically, changes in glacier surface
height are not shown here). Randomly selected points within representative stable areas used for error assessment are displayed in yellow. Hillshade in

the background.
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should be applied to prevent an overestimation of fluxes (Anderson,
2019; Dai et al., 2021). Spearman's rank correlation coefficient between
the absolute DoD values and the topographic roughness index (TRI,
Riley et al., 1999) or slope respectively was calculated to identify the
variable that correlates most strongly with the observed increase in er-
rors in rocky areas. While both relations were statistically significant
with p < 0.01, the relationship between TRI and DoD was slightly
stronger (p = 0.194). The TRI values were then divided into ten classes
(from 0 to 1, 1-2 up to >9) and the corresponding DoD standard de-
viations within stable areas determined. A minimum level of detection
(minLoD) was calculated for each class (ranging from 0.08 m to 0.41 m)
using a confidence level of o = 0.95 and then applied class-specifically to
the whole DoD. The variogram analysis was repeated after thresholding
and no more spatially correlated random error could be detected. It is
important to note that the removal of measurements by thresholding
automatically leads to smaller uncertainty bounds (6yenm = +£0.028 m,
Osys,th = 20.0007 m) but likely to a bias in net balances as well, which is
not quantifiable with this method (Anderson, 2019).
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3.5. Graph construction and sediment flux calculation

Graphs are mathematical formulations of networks and consist of
nodes N and edges E between those nodes. An edge between two nodes
can be directed, that means pointing from one node to the other, or
undirected. Attributes like weights can be attached both the nodes and
edges. In our study, the nodes (raster cells or the center of the landform
polygons, respectively) have coordinates, and the edges have weights
and other attributes, which makes the graph a spatial network. The to-
pology of a graph can mathematically be represented by an adjacency
matrix (Anderson and Dragicevi¢, 2020; Heckmann and Schwanghart,
2013). Landforms as FUs were chosen because they have unique topo-
graphic and material characteristics; they can be delineated based on
expert knowledge; furthermore, they are related to the geomorphic
processes that shape(d) them and can be classified according to their
role in sediment cascades (source, sink or link): While cliffs are usually
sediment sources, talus cones or floodplains act as (temporary) buffers,
and river reaches or debris flow channels represent links at the temporal
scale of years to decades (Fryirs et al., 2007).

The graph construction and flux calculation workflow is shown in
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per raster cell and edge weights

®1® @ @00 @
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Fig. 5. Workflow example for graph construction, edge flux calculation and graph contraction. For display reasons the DEM and DoD were resampled to 25 m and a
D8-algorithm was used instead of MFD for this example. The steps to calculate the flow accumulation matrix (c) and to contract the graph (d) were performed with r
and the igraph package (igraph functions: contract, simplify). Fluxes and volumetric changes are reported in m>.
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Fig. 5 in a simplified manner (see caption). First, a weighted adjacency
matrix (flow direction matrix) from a hydrologically corrected 1-m DEM
was calculated using an MFD-algorithm. The edge weights are the
relative amount of flow from one node to adjacent nodes, proportional
to slope gradient (Schwanghart and Kuhn, 2010). The younger 2022
DEM was used for flow routing because it better represents the assumed
system state during the event. Then a flow accumulation matrix was
computed as in Schwanghart and Kuhn (2010), Eq. 14, but with the DoD
values (negative for eroded material, positive for deposited material)
instead of w(0) (Fig. 5a and b).

This yields, for each node, the accumulated volumetric sediment
budget of its contributing area (Fig. 5c¢). Negative values mean more
erosion than deposition in the catchment area, and consequently sedi-
ment output. Positive values point to errors as deposition within a
catchment cannot exceed erosion; hence, this metric can be used to
assess the quality of DoD and flow routing (Dai et al., 2021; Heckmann
and Vericat, 2018). For each edge, multiplying the volumetric budget of
the source node with the edge weight (and switching the sign) yields a
sediment flux that passes along that edge. The nodes representing raster
cells are then contracted by combining all nodes pertaining to a specific
landform into a single new node and summarising the edges by adding
the fluxes. This operation results in a graph where nodes represent
landforms (Fig. 5d). The edges, derived from the flow direction matrix of
the DEM, represent the spatial arrangement of landforms along the di-
rection of flow and, hence, structural connectivity. Taking into account
the edge attribute “sediment flux“derived from the accumulated DoD,
the graph also represents functional connectivity (during the time period
covered by the DoD). Several other attributes like coordinates or gross
sediment budgets were attached as node attributes for further analysis or
visualization purposes (e.g. Fig. 9, Table 1).

3.6. Quantifying functional sediment connectivity

Two metrics were calculated to quantify the functional sediment
connectivity during the event: As a global graph metric, the ratio be-
tween the number edges with sediment transfer (“active edges™) and the
total number of edges was calculated. This metric describes functional
connectivity but treats the coupling between landforms as a binary
variable and not as a continuum. It enables a comparison with studies in
which no actual sediment fluxes were determined (e.g. Buter et al.,
2022). The metric is labeled as “active edges proportion”, to avoid
confusion with the common graph metric “edge density”.

The second metric is the spatially variable sediment delivery ratio. In
contrast to Heckmann and Vericat (2018) the SDR is calculated for
contracted landform nodes instead of raster cells, because this allows the
analysis and classification of specific landforms or landform types as

Table 1

Budgets and graph metrics for the 14 reaches of the fluvial corridor in Grastal
valley. The reaches are numbered according to flow direction or altitude from
high to low respectively. The SDR is calculated according to Eq. (1).

Reach Erosion Deposition Sediment Sediment SDR
unit [m®] [m®%] input [m®] output [m®]
1 0 0 0 0 NA
2 1866 178 3393 —5081 0.97
3 139 1640 4311 —2810 0.63
4 16,284 191 3944 —20,037 0.99
5 1848 350 2326 —3825 0.92
6 2618 3607 2804 —1814 0.33
7 50 18 —3424 3393 0
8 931 892 8522 —8561 0.91
9 471 1812 4126 —2785 0.61
10 83 334 5882 —5631 0.94
11 175 107 6645 —6713 0.98
12 16 150 7722 —7589 0.98
13 30 3483 13,455 —10,001 0.74
14 39 0 10,270 —10,309 1
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connecting (high SDR) or disconnecting features (low SDR). The SDR of
each node N is calculated by the following formula:

Sediment output(N)
Sediment input(N) + gross erosion (N)

€8]

Equation 1: Sediment delivery ratio calculated for landform nodes.
where the sediment output is the sum of all edge fluxes from the node N
to the adjacent landforms in the direction of flow, which is equal to the
negative of its accumulated volumetric sediment budget; the sediment
input(N) is the sum of the attribute “sediment flux” of the edges directed
to the node N and the gross erosion(N) is the negative sum of all grid
cells with a negative DoD value within the extent of the corresponding
landform polygon of N. All variables have volume as a unit, the SDR is
hence dimensionless and scaled between 0 and 1. It can be calculated for
all “active” landform nodes which either have a sediment input or a
gross erosion >0.

4. Results and discussion
4.1. Sediment erosion and deposition

After thresholding the DoD, the minimum volume of eroded sedi-
ment of the whole catchment amounts to 85,323 m® and the minimum
deposition volume to 64,071 m3. The difference of 21,252 m® has
therefore been either removed from the catchment area or deposited in
sinks that cannot be measured with the surveying methods used here (e.
g. in lakes). The total area affected by erosion amounts to 78,368 m? and
the total area affected by deposition 74,112 m2. Fig. 6 displays the total
erosion and deposition per landform type. The most important sediment
sources during the event were pre-existing debris flow channels. These
are mostly part of the talus slopes but were mapped separately if they
showed strong incision and a distinct appearance. The second most
important sources were sediments temporarily stored in the fluvial
corridor, where both strong incision (especially in the steep channel
section above the lake) and bank erosion could be observed. The erosion
of talus slopes, the third largest class, can mostly be attributed to
smaller, not separately mapped debris flows or undercutting by the
directly adjacent main channel. The ca. 4900 m® of eroded sediment on
the landform type ,,alluvial fan“all refer to the fan at the mouth of the
glacial meltwater stream into lake Grastal (see Fig. 2). Alluvial fans are
typically depositional landforms, and this is also true for this one (see
following paragraph and Fig. 6); the incision of the fan probably
occurred after widespread deposition by sediment-laden floodwater.
The proglacial area was mainly affected by fluvial erosion, while the
debris flows are prominent on the west-facing slopes of the main valley.

By far the largest proportion of mobilised sediment was redeposited
on the talus slopes and did not reach the channel network (Fig. 6). Those
are mainly debris flow deposits. The aforementioned alluvial fan forms
the second most important depositional landform class with ca. 13,900
m® of sediments. Around 12,800 m® were deposited inside the fluvial
corridor and could potentially be reworked by subsequent flood events.
The sediment input to the lake Grastalsee amounts to a minimum of
11,400 m®. The actual volume is likely to be significantly higher since
the subglacial sediment yield from the Grastalferner glacier represents
an unknown input.

4.2. Assessment of functional connectivity

4.2.1. Functional connectivity analysis at catchment scale

The contracted graph consists of 246 nodes representing distinct
landforms. Between those landforms, 1160 possible sediment pathways
were detected via flow routing. During the study period, 352 of those
pathways were active, i.e. sediment transport along those edges was
inferred from the DoD. This results in an active edges proportion of 30.3
%. The catchment yield during the observation period was about 10,300
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Fig. 6. Erosion (left side) and deposition (right side) per landform type (only landform types with >1000 m® erosion or deposition are shown). Please note the

different y-axes scales.

m? (derived with flow routing, sediments deposited in lakes deducted),
which results in a maximum sediment delivery ratio of 12 % for the
whole catchment.

Throughout the catchment, 36 landforms delivered an amount of
23,930 m® of sediment into the fluvial corridor, which was either
deposited there or transported onwards. Looking only at the main
channel below the lake Grastalsee, these numbers are reduced to 20
landforms and 13,380 m®.

The SDRs of all active landforms have a mean of 61 % and a u-shaped
distribution (Fig. 7). The vast majority of landforms either have a SDR
close to 0 or close to 1, that means they can clearly be classified into
connecting and disconnecting features. This finding supports ap-
proaches which include the manual mapping of buffers and barriers
within catchments (e.g. Fryirs, 2013; Fryirs et al., 2007; Nicoll and
Brierley, 2017; Turley and Hassan, 2023). It also confirms the general
assumption that landforms are suitable fundamental units for functional
connectivity studies.

60

40

Count

20

Fig. 8 shows violin plots of SDRs of selected landform types. The
highest variance is to be found within talus slopes and the fluvial
corridor (that is the river reaches). Little variance but high SDRs char-
acterise the landform types debris flow channel, lateral/end moraine
and rock face. The difference in the central tendencies of the SDRs of
active river reaches (n = 13, mean SDR = 76.9 %) compared to other
active landforms (n = 115, mean SDR = 59.7 %) is noticeable, but not
statistically significant (Mann-Whitney-test, confidence level = 0.95).

For two important landform types, talus slopes (mean SDR = 50.4 %)
and alluvial fans (mean SDR = 45.0 %), a clear classification into con-
necting or disconnecting features is difficult for different reasons: The
alluvial fan adjacent to the lake Grastalsee was most likely affected first
by widespread deposition, then by more channeled erosion. The SDR
variability of talus slopes instead is partly a consequence of a typical
modifiable areal unit problem (Dark and Bram, 2007), related to the
user-specified selection of landform types in a landform catalogue:
Debris flow channels were only mapped as distinct landforms if they are
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Fig. 7. Histogram of the SDRs of all active landforms.
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Fig. 8. Violin plots of the SDRs of selected landform types. The arithmetic mean is marked with an x. Only landforms with fluxes or erosion volumes >100 m>

were considered.

heavily incised. Debris cones were only mapped if the deposition shape
was conspicuously dominated by debris flow activity (multiple debris
flow processes over a substantial amount of time, resulting in a lower
slope gradient of the landform). Consequently, the landforms classified
as talus slopes can include both the erosion and deposition areas of
debris flows, most of which have already stopped at the slopes. In
addition, Rom et al. (2023b) were able to show that the runout length of
the debris flows that occurred during the event depended on the
magnitude of the forcing, i.e. the amount of rain that fell on their
contributing areas. This indicates that the degree of coupling of debris
flows cannot be explained by structure alone and the resulting SDR
variability is inherent.

The spatial distribution of the sediment delivery ratios is shown in
Fig. 9 in form of a graph representation. Landforms with high SDRs are
spatially clustered, and three clusters can be identified that are consis-
tent with the previous analyses: (A) the upper parts of the west-facing
slopes with high debris flow activity. However, much of the material
mobilised there was deposited again further downslope (B). More
landforms with high SDRs can be found within or adjacent to the fluvial
corridor (C). The fluxes there are mostly a result of lateral erosion or the
downstream transport of debris flow material.

An advantage of the network approach is that one can easily extract
subgraphs (representing subcatchments or sections of the sediment
cascade) to address both the coupling between specific landforms and
the resulting connectivity of the whole system. An example of an
important subsystem is shown in Fig. 10. The focus is on two debris flow
channels (DF1 and DF2) that were active during the event, as visible in
the top panel. The middle panel shows the cumulative volumetric bal-
ances, i.e. the sediment output per landform. In absolute terms, more
sediment was mobilised within and exported from DF1 (ca. 8400 m?)
than DF2 (ca. 2300 m®). About half of the material exported from those
two debris flow channels was deposited on a debris cone (DC), which has

10

an SDR of 0.48 (see bottom panel). The other half was transported
further into the fluvial corridor. While reach 12 shows almost no
deposition (SDR = 0.98), in reach 13 the sediment supply exceeded the
transport capacity (SDR = 0.74, see also Table 1). As can be seen from
the coloring in the bottom panel, the SDR of DF2 is noticeably lower
than that of DF1 (0.81 vs. 0.95). Based on field observations, the reason
for this probably lies in a second, smaller sediment pulse that has
deposited material in the lower part of the debris flow channel.

4.2.2. Functional connectivity of the fluvial system

Table 1 reports the sediment budgets, fluxes and SDRs for all 14
reaches separately (their locations are displayed in Fig. 2 and Fig. 9).
The very steep first reach is located directly downstream of a proglacial
lake with a bedrock channel bed. No significant elevation changes could
be detected there. Reach 4 shows the highest amount of sediment
erosion and outflux by far. The channel is comparatively steep there and
cuts through the LIA terminal moraine, providing a lot of erodible loose
material. The negative influx into reach 7 can be explained with the
channel relocation during the event and the resulting change in flow
routing of the post-event DTM. The overall high sediment delivery ratios
of the fluvial corridor indicate a supply limitation. An investigation of
long-term fluvial morphodynamics in the Grastal valley (Kara, 2023)
showed a response to major events, but no continuous aggradational or
degradational trend.

It can be assumed that sediment transport from the proglacial area,
including the unknown subglacial sediment yield, is largely intercepted
by the lake Grastalsee. This applies in particular to bedload transport,
but also to suspended load, as was observed in other studies with similar
settings (Bogen et al., 2015; Geilhausen et al., 2013; Schiefer and
Gilbert, 2008). Hence, for the sediment budget calculation of the reaches
below lake Grastalsee, the boundary conditions can be considered as
known.



T. Himmelstoss et al.

Geomorphology 465 (2024) 109419

Landform node

SDR
1.0

0.0

Sediment flux [m3]
—— 100 - 2,500

— 2,501 - 5,000

== 5,001 - 7,500

@ 7,501 - 10,000
@== 10,001 - 12,500
@ 12,501 - 15,000
@ 15,001 - 17,500
@ 17,501 - 20,000

2 Kilometers
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positioning of the nodes is based on the centre of the landforms. Landform nodes corresponding to river reaches are labeled with reach numbers and have a bright
circle around them. The thickness of the edges scales with the magnitude of the sediment fluxes. Only nodes and edges with sediment fluxes >100 m? are displayed.

Hillshade in the background.

4.3. Sources of uncertainty and negative fluxes

When applying the morphological method, the choice of both spatial
and temporal resolution have an impact on the results, where the total
sediment transport rates seem to decrease with both coarser spatial and
temporal resolutions (Dai et al., 2021; Lane et al., 1995). In this study,
high-resolution ALS datasets with a raster cell size of 1 m were used. In
context of the magnitude of the observed volumetric changes, this res-
olution seems to be sufficiently high. It should be noted though that the
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washout of very fine material might not be detectable even in a high
resolution lidar-born DoD (Heckmann and Vericat, 2018). In addition,
gross erosion or deposition might both be underestimated due to alter-
nating phases of erosion and deposition in the same places. This can be
seen in the example of the alluvial fan discussed above. Short survey
periods are able to mitigate this problem and improve the attribution of
changes to a specific event. On the other hand, too short a time span can
lead to only subtle surface changes by some processes that remain below
the detection thresholds (Heckmann and Vericat, 2018). The DoD-
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selected landforms are displayed; hillshade in the background. Extent indicator of the section in the bottom right corner.

timespan of not even a year and with just one outstanding event is
already quite unique for this kind of studies (see Calle et al., 2020;
Turley and Hassan, 2023). The attribution of a large part of the trans-
ported sediment to this one event is well justifiable in view of the
otherwise rather low geomorphological activity of the catchment in the
last 20 years (visible in DoDs gained from previous ALS surveys, not
shown).

The DoD model uncertainty was assessed in Section 3.4. In addition,
several other sources of uncertainty in sediment budgeting and flux
calculation need to be mentioned: Changes in bulk density can lead to
errors in budgeting, as the bulk density of mobilised and newly depos-
ited sediment is usually lower than that of older deposits, so export
volumes may be underestimated (Jepsen et al., 1997; Major et al., 2018).
Not all elevation changes visible in the original DoD reflect erosion and
deposition of sediments, they could also be caused by dead ice or snow
melt. For this reason, the process areas of sediment transfer were map-
ped and areas where other processes are dominant excluded, but no
complete accuracy can be assumed here. The applied thresholding is
important for sediment routing, but may lead to an underestimation of
the total sediment transport rate (Dai et al., 2021). Errors may also arise
due to the fact that only one DEM can be used for flow routing
(Heckmann and Vericat, 2018). Morphological changes in between the
survey period that might have impacted the flow routing and connec-
tivity cannot be taken into account.

Quantifying so-called “negative fluxes” is an often used method to
assess the performance of sediment routing approaches (Antoniazza
et al., 2019; Dai et al., 2021; Heckmann and Vericat, 2018). Negative
fluxes are produced when accumulation outweighs erosion in the
catchment area of a unit, i.e. the cumulative volumetric balance be-
comes positive. In the study by Dai et al., 2021 the proportion of
negative fluxes tends to increase with longer observations periods, but
the choice of the DEM used for routing had only a little effect. In
contrast, the choice of the DTM in fact had a noticeable influence on
negative fluxes in this study, which is primarily related to the channel
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relocation described earlier (not shown). The proportion of negative
fluxes to total fluxes between grid cells was 8.4 %. For comparison, the
negative sediment transport rate in the study by Dai et al. (2022) ranged
between 2.53 % and 7.85 %. The slightly higher rate in this study can
most likely be explained by the relocation of the channel as well and
cannot be completely avoided.

Apart from negative fluxes, flow routing can cause fluxes jumping
back and forth between landforms when a landform border intersects
multiple times with a flow path. This is mainly expected to be a problem
within the fluvial corridor or landform configurations where the
elevation difference between adjacent landforms is small (e.g. between a
shallow channel and the floodplain). It was only a minor issue in this
case study because the active channel vs. floodplain differentiation was
dropped for the investigated event. But care should be taken and ad-
justments may be necessary when using previously created geomor-
phological maps where a DEM-derived flow routing was not used as a
decisive criterion for landform delimitation.

In the making of this study, it was thoroughly discussed whether to
use the pre-event or the post-event geomorphological map for the cre-
ation of the graph. This is an important choice, because the structure was
altered in some areas of the catchment during the event. Since it was the
aim to analyse sediment fluxes of one particular event, it was decided to
use the map that better represents the assumed average system state
during this event, which is the post-event geomorphological map of
2022. This points to the general problem that just a snapshot of the
geosystem state is reflected in the geomorphological map and therefore
the graph as well. However, the structure of a geomorphic system can
change even on small time scales, and usually no continuous and
comprehensive observations are at hand to circumvent this problem at
the catchment spatial scale. Substantial changes in the system structure
would have to be implemented by updating geomorphological maps and
using digital elevation models for flow routing that reflect the changed
situation.
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4.4. Overall discussion

By far the most important sediment sources during the event were
pre-existing debris flow channels incised in the talus slopes and tem-
porary deposits in the fluvial corridor. A large proportion (ca. 67 %) of
the sediment mobilised by debris flows was deposited at the lower parts
of the slopes and did not enter the fluvial corridor. As a comparison,
Haas et al. (2012) report a proportion of 71 % for a 2011 debris flow
event in the Kaunertal valley, Tyrol. Other important disconnecting
features are the lake Grastalsee and the adjacent alluvial fan, which store
a large part of the sediment yield from the lake's catchment area. The
propagation of climate change-induced geomorphic changes within the
expanding proglacial area beyond the lake is therefore very limited due
to this spatial configuration. This circumstance can be attributed to
global warming related glacier melt itself, because at least until the early
1970s, the glacier runoff partially bypassed the lake (visible in aerial
photographs, not shown). The overall low catchment connectivity of
max. 12 % can mainly be attributed to the spatial arrangement of the
lake Grastalsee and the limited slope-channel coupling of the debris
flows.

Graph networks lend themselves intuitively for the analysis of
cascading systems; they allow one to analyse local (i.e. related to single
nodes or edges) processes or properties while at the same time keeping
in mind processes and properties of larger parts or the whole network.
This is evident in our study, where we use high-resolution flow routing
and surface change data to compute both sediment fluxes between a pair
of landforms and cumulative measures (such as SDR) referring to up-
stream/upslope contributing areas of various sizes.

With the proposed method, both the longitudinal (reach-to-reach)
and lateral (hillslope-channel or floodplain-channel) functional con-
nectivity can be quantified and attributed to specific landform config-
urations or characteristics. This is especially important in settings like
this, where a large part of the sediment is mobilised through slope-type
debris flows. Due to the coverage and resolution of both the DoD and the
geomorphological map, the graph can be used to identify important
sources of (dis-)connectivity throughout the whole catchment based on
spatially variable SDRs. In this respect, our study goes beyond previous
works (e.g. Buter et al., 2022; Fryirs, 2013; Turley and Hassan, 2023).

Conclusively it should be noted that more studies applying a similar
approach to other areas or multitemporal analysis within one catchment
are needed to generate context and gain further insights (Brierley et al.,
2022). Our approach is thereby not limited to the use of measured DoDs,
modelled DoDs, i.e. from landscape evolution models, could be used as
well. This could be particularly useful for investigating the effect of
structural connectivity on functional connectivity, and the potential
propagation of local, sediment-related changes induced by climate
change.

5. Conclusion

In this study, a novel approach to quantify functional sediment
connectivity on catchment scale was introduced. It is based on a com-
bination of graph theory and the morphological method to calculate the
SDRs of meaningful fundamental units. The method was illustrated by a
case study of a 2022 hydrometeorological event in the Grastal valley,
where numerous debris flows were triggered. Landforms were chosen as
fundamental units and were extracted from a recent geomorphological
map created for this purpose. Using a multiple flow direction algorithm
and a DoD spanning an 11-month period, fluxes between landforms
could be inferred and a graph be established, where the nodes represent
landforms and edges the sediment pathways between them. It could be
shown, that (i) short-term, catchment-wide DoDs are a valuable basis to
assess functional connectivity on event scale, (ii) using landforms as
fundamental units enables the identification and in-depth analysis of
important sediment sinks and sources, (iii) graph analysis enables the
catchment-wide calculation of sediment delivery ratios between
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meaningful fundamental units and the detection of important sediment
cascades. During the study period, max. 12 % of the eroded sediment left
the catchment. At least 13.4 % were deposited in the lake Grastalsee and
16.2 % on the alluvial fan of the main inflow from the proglacial area
into the lake. Other important disconnecting features were the slopes on
which debris flow material was deposited. Analysing the SDRs of all
landforms, a bimodal distribution and high SDR variance on talus slopes,
is evident. The highest average SDRs are found for debris flow channels,
rock face and between river reaches. Finally, it should be said that more
insight can be gained from comparing several catchments or time spans
that differ in forcing or dominant processes. This applies in particular to
studies on how sediment connectivity mitigates the propagation of
global warming-induced geomorphological changes and how sediment
connectivity in alpine catchments is affected by climate change.
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