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ARTICLE INFO ABSTRACT

Keywords: Proglacial areas in the European Alps and other high-elevation mountains are currently undergoing rapid change
Moraiﬂ‘_fs due to global warming. Because of rising temperatures, glaciers and glacier forefields are subjected to increased
Proglacial streams melting and associated sediment export. This observation is increasingly important with respect to high-elevation

Glacial export

Lateral . geomorphological and ecological dynamics, emerging natural hazards and mitigation efforts, and hydropower
ateral erosion

plant management. It is therefore crucial to analyze the factors and feedback mechanisms governing sediment
production, transport, and deposition in these rapidly changing areas.

In this study, we investigated the sediment dynamics of a proglacial area located in the Eastern Italian Alps
over the period 1969-2021 with the aims of: i) identifying the areas of sediment production; ii) quantifying
volumes and rates of bedload sediment transport; and iii) determining the relative contribution of glacial export
and fluvial erosion to the total sediment budget. We found that i) apart from glaciers, moraines and fluvial
channels have been the most important sediment sources, albeit with substantial differences in terms of con-
nectivity and thus supply rates; ii) the volumes and rates of sediment erosion varied by one order of magnitude
(between tens and hundreds of mm per year), and were generally higher along the channel network; and iii) for a
relatively shorter time interval between 2005 and 2021, the relative contribution of glacial bedload input with
respect to the total sediment budget ranged between 34 % and 37 %, whereas 45 % to 59 % was derived from
lateral fluvial erosion. Only a relatively small sediment volume was generated by net channel bed incision. These
results imply that most of the sediment released from the proglacial area of the Sulden glacier is progressively
transferred to the downstream sector of the channel network, with volumes that range between 931 and 1017
tons yr ! km™2. These values are in the typical range of sediment export volumes from glaciated basins and
highlight the high dynamicity of this region of the Alps. In general, our results confirm the complexity — in terms
of spatial and temporal variability — of Alpine proglacial systems and highlight the need to systematically study
these areas on a wide spatial and temporal scale, since the information provided by single locations or individual
sectors of the sediment cascade, may not be adequate for understanding the dynamics acting in the entire
proglacial regions.

Bedload measurements
DoD measurements

1. Introduction et al.,, 2019; Lane et al., 2017). These regions are under increasing
environmental stress with far-reaching consequences (e.g., in relation to

Like other high-mountain regions, proglacial areas of the European water and sediment discharge) for adaptation and resilience policies,
Alps are severely affected by climate warming (Gobiet et al., 2014; Hock and with respect to downstream ecosystems, including populations
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living at low-elevation sectors (Hock et al., 2019; Zhang et al., 2022). In
recent years, the impacts of climatic changes on processes in alpine
proglacial areas have been frequently investigated in the context of
hydrological, geomorphological, and ecological dynamics, water re-
sources availability and management, as well as natural hazard assess-
ments and risk mitigation policies (e.g., Carrivick and Heckmann, 2017;
Huss et al., 2017; Micheletti and Lane, 2016; Savi et al., 2023, and
references therein). For the preservation and the sustainable use of high-
mountain environments in the coming decades (e.g., Bosson et al.,
2023), it is particularly important to understand the conditions and
feedback mechanisms that determine sediment production, transport
and deposition in these environments.

The classical paraglacial evolutionary model (Ballantyne, 2002;
Church and Ryder, 1972) suggests that during a phase of deglaciation,
the sediment yield in glaciated basins initially increases due to the large
volume of meltwater and unconsolidated sediment, and progressively
declines until the sediment sources in the higher portions of the basin are
completely depleted. However, more recent studies have shown that the
complexity of natural landscapes, the nonlinearity and feedback mech-
anisms among hydrological processes, geomorphic conditions, and
sediment transfer rarely have described a simple decline of sediment as
suggested by the paraglacial model, but rather show a more complex
behavior that needs to be better understood (Cossart, 2008; Knight and
Harrison, 2014; Porter et al., 2019). Indeed, different runoff origins (i.e.,
snow and ice melt, rainfall) may activate different sediment sources
depending on the season (e.g., Comiti et al., 2019), on the position of the
water and sediment sources within the catchment (e.g., Carrillo and
Mao, 2020), and on the intensity of the melt/rainfall event (Mao et al.,
2014; Piermattei et al., 2023; Swift et al., 2002). In addition, the pro-
gressive self-adjustment of the channel network during glacier retreat
may lead to the (de)coupling of new and old sediment sources along
hillslopes or within the active floodplains, thereby constantly changing
the connectivity between different landscape sectors (e.g., Cavalli et al.,
2019; Lane et al.,, 2017; Micheletti and Lane, 2016). The self-
reorganization of sediments within stream channels can also strongly
buffer downstream sediment transfer from upstream inputs (Anderson
and Konrad, 2019; Antoniazza et al., 2023; Guillon et al., 2017; Fryirs
et al., 2007; Mancini et al., 2023). Finally, permafrost degradation, frost
cracking, and rainfall-induced mass movements may contribute to
activating new sources of sediment (e.g., Anderson and Shean, 2021;
Kofler et al., 2021; McColl and Draebing, 2019; Savi et al., 2021a) and
generating transient peaks of supply (Knight and Harrison, 2018; Porter
et al., 2019; Slaymaker, 2009). Overall, the intrinsic spatial and tem-
poral variability of the above processes, combined with the challenges of
obtaining reliable sediment transport data in proglacial basins
(Antoniazza et al., 2022; Coviello et al., 2022; Mancini et al., 2023; Mao
et al., 2019; Rickenmann, 2018), limit our current understanding and
make predictions of future sediment yields in glaciated river basins
highly tenuous (Knight and Harrison, 2018; Porter et al., 2019).

Many recent studies have focused on the processes affecting pro-
glacial areas from different perspectives, including the analysis of
sediment sources within the basin, their connectivity within proglacial
streams, and the rates of sediment transfer within the fluvial network (e.
g., Comiti et al., 2019; Delaney et al., 2018; Lane et al., 2017; Mancini
et al., 2023). Although these studies collectively have provided impor-
tant insights into the assessment and reconstruction of sediment dy-
namics in alpine regions, they still leave several unanswered questions,
which are the subject of this study.

In particular, these studies reveal several characteristics that appear
to be common in many deglaciating basins, and that can be summarized
as follows:

1. Moraines are important sources of sediment and, although they
develop toward natural stabilization (e.g., Ballantyne and Benn,
1994; Curry et al., 2006; Draebing and Eichel, 2018; Eichel et al.,
2018), they can remain active as sediment sources after deglaciation
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up to several centuries (Altmann et al., 2023; Betz-Nutz et al., 2023).
The material produced along the upper (and generally steeper) part
of a moraine is often deposited at its foot, thus being decoupled from
the proglacial stream and floodplain (e.g., Gartner-Roer and Bast,
2019; Mancini and Lane, 2020). Coupling may occur over decades,
generally due to the erosional impact of intense rainfall events (Curry
et al., 2006; Guillon et al., 2017; Savi et al., 2023).

2. Glacial transport and erosion are important sources of sediment
supply, both for the material transported in suspension and as bed-
load (e.g., Beylich and Laute, 2015; Comiti et al., 2019; Delaney
et al., 2024; Perolo et al., 2019; Schmidt et al., 2022; Swift et al.,
2002). However, the relative glacial contribution to total sediment
yield, especially to bedload transport, is still largely unknown
(Guillon et al., 2017; Harbor and Warburton, 1993; Piermattei et al.,
2023) and strongly depends on the lithology below the glacier (e.g.,
bedrock vs. sediment).

3. Rates of paraglacial adjustment are generally much higher than rates
of fluvial erosion (e.g., Altmann et al., 2022; Curry et al., 2006), but
these high rates seem to be spatially limited to proglacial areas, with
little to no influence on basin-scale denudation (Antoniazza et al.,
2023; Delaney et al., 2018; Koppes et al., 2010).

4. The sediment budget in the proglacial systems is extremely variable
(Comiti et al., 2019; Micheletti and Lane, 2016; Savi et al., 2023) and
net erosion or deposition may depend on local conditions, i.e.,
morphology of the channels and accommodation space (Beylich and
Laute, 2015; Guillon et al., 2017; Mancini et al., 2023; Piermattei
et al., 2023). As a result, many deglaciating catchments (sensu
Knight and Harrison, 2018) record only relatively low rates of
erosion, suggesting that most of the proglacial streams are either
armored (Antoniazza et al., 2023) or disconnected from the most
important sediment sources (e.g., Lane et al., 2017; Micheletti and
Lane, 2016), or that the timing of sediment reorganization within the
proglacial area does not allow for direct downstream propagation of
the forcing (i.e., climatic) signal (Anderson and Konrad, 2019;
Antoniazza et al., 2023; Mancini et al., 2023; Scorpio et al., 2022).

By building on these important insights, the main aim of our work is
to understand the contribution of glaciers, moraines, and proglacial
streams to the sediment budget of a proglacial plain and the overall
sedimentary dynamics in the Eastern Italian Alps. In a conceptualized
model, the status of a (proglacial) system - i.e., erosional, depositional
or in equilibrium, can be expressed through the following equation:

Glacialgs + Paraglacialg ~ Sediment export

where the glacial and paraglacial terms represent sediment input (the
subscript “SS” stays for sediment supply); the term to the right of the equal
sign represents the sediment reaching the outlet of the system (i.e., the
outlet of the proglacial plain in this study). Paraglacial sediment supply
can be interpreted as the material mobilized within the proglacial
margins, including moraine slopes, proglacial streams, and the flood-
plain (Slaymaker, 2009). Considering the balance scale of Lane (1955),
as long as water discharge can transport material supplied to the system,
the proglacial system will be erosional (i.e., input < export). If water
discharge is insufficient to transport all material, the proglacial system
will be depositional (i.e., input > export). If input and export are
balanced, the system is in equilibrium and the sediment dynamics are
dominated by either transport (i.e., input = export) or immobility (input
= export = 0).

To assess the sediment input of the proglacial area of the Sulden
glacier (South Tyrol, Italy), we used a combination of tools and datasets
(e.g., digital elevation models, aerial images, orthophotos, and 3D
terrain analysis), which allowed us to identify the main sediment sour-
ces and to quantify the volumes and rates of net sediment erosion since
1969. Furthermore, we used the availability of continuous bedload
transport data measured at the glacier terminus (Arnoldi, 2022) to



S. Savi et al.

estimate the relative contribution of glacial bedload supply to the total
sediment budget. With only a few exceptions (e.g., Mancini et al., 2023)
this information is largely missing in similar studies. By combining this
information with the quantification of the sediment mobilized within
the proglacial margins, we were able to identify the status of the Sulden
proglacial area, which is currently dominated by sediment transfer.
Finally, by examining the morphometric characteristics of the proglacial
streams and their temporal evolution, we analyzed how sediment con-
nectivity has changed since 1969 and how it may change in the near
future given the evolving climate change conditions.

2. The study area in the upper Sulden river basin

Our study focused on the proglacial area of the Sulden glacier, a large
debris-covered glacier located in the Ortles/Cevedale group in South
Tirol (Fig. 1), within the Sulden river basin (the basin area is about 130
km?, max and min elevation are about 3900 m and 1100 m a.s.l,
respectively). The lithologic units in the area comprise limestones and
dolomitic rocks of the Ortles nappe to the west, and metamorphic rocks
of the Campo nappe to the east (ISPRA, 2012). The different lithologies
exert a control on the morphology of the upper basin, with the highest
peaks and rock walls located in limestone units, and more gentle slopes
corresponding to metamorphic bedrock (Buter et al., 2020).

The upper Sulden catchment covers an area of circa 15 km?; in 2021
glaciers occupied a surface area of circa 5 km?, covering 33 % of the
basin (Fig. 1). Meteorological data are available from a weather station
located at 2825 m (Madritsch station). Long-term (1981-2010) aver-
aged climatic conditions define a mean annual air temperature of
—2.4 °C and a mean annual precipitation of 980 mm (3PClim database).
High-resolution climatic trends from the Madritsch station reveal that
temperature has been increasing since the 1980s, with a deviation
during the last decade (2011—-2020) that on average reached +2.6 °C
compared to the standard reference period (e.g., 196-1991) (Crespi
et al., 2020, 2021; Savi et al., 2021a). In contrast, precipitation mea-
surements do not show any particular trend, although a general increase
in spring and summer amounts is notable (Savi et al., 2021a).
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Fig. 1. Present-day extent of the Sulden glacier in the Southern Alps; white
dashed line represents the upper Sulden basin; the black dashed line marks the
proglacial area studied in this study. Blue lines denote former ice extents in
1969 and 2021. The gray rectangle shows the area highlighted in Fig. 2. The
study site is marked by a red circle in the regional location map. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Considering that the number of rainfall events has not changed over
time, these higher values may be associated with increasing rainfall
intensity (Savi et al., 2023). Summer snow- and ice-melt events largely
contribute to the runoff of the entire Sulden catchment, which is nivo-
glacially dominated (Engel et al., 2018), as well as to the associated
peak in bedload export (Coviello et al., 2022).

The Sulden glacier has a complex history of fluctuations, docu-
mented by numerous historical sources (e.g., Finsterwalder and Legally,
1913; von Sonklar, 1857). Savi et al. (2021b) provided a detailed
reconstruction of the most important changes in glacier behavior after
the Last Glacial Maximum during the Little Ice Age (LIA). With the
exception of the two surge-like events that took place in the first half of
the 19th century, most of the glacial fluctuations occurred in the area
within the well-exposed LIA moraines, above a bedrock step known as
Lagerwand (Fig. 1), which is also the area investigated in this study.
Here, we will use the term proglacial area referring to this area of the
basin (which in 2021 covered ca. 1.85 km?), which ends immediately
above the terminal moraine marking the 1927 glacier advance (Fig. 1).
This contrasts with the use of the term proglacial area, as defined by
Carrivick and Heckmann (2017) as the area limited by the LIA terminal
moraine. We made this choice to avoid an area where human activity (i.
e., road construction and water intake infrastructures) has modified the
morphology of the glacial landscape, and because the LIA terminal
moraine is no longer visible in the landscape (Savi et al., 2021b).

In 1945, the glacier comprised a single ice body with a prominent
tongue that flowed north, occupying the main valley (Savi et al., 2021b;
Fig. 2). Today, glacier retreat has exposed large amounts of unconsoli-
dated sediment. Interestingly, a large portion of the Sulden glacier ap-
pears to flow on a 40 to 60-cm-thick consolidated layer of conglomeratic
sediment that remains largely unaffected by the glacier passage and
forms a plateau (Fig. S1 of the supplementary material). Over this
consolidated layer, moraines from past phases of glacial advance as well
as drumlin-like features are preserved in the topography and help doc-
umenting the dynamics of the glacier over time. A similar layer also
exists at the base of the central front of the Sulden glacier (Fig. S2),
where the proglacial stream has partially cut into it, eroding the less
consolidated sediment below.

In 2021 (Fig. 1 and Fig. 2), the Sulden glacier featured two main
outflow channels, one exiting on the western side of the glacier and one
on its central part (referred to as Western Sulden and Central Sulden,
respectively, in Savi et al., 2021b). The western channel flows on a bed
of coarse sediment within a fairly narrow area (20 m wide on average)
that skims the LIA lateral moraine and the middle moraine. In its upper
section, the channel bed has an average slope of ca. 13°, which decreases
to 8.5°after merging with the stream coming from the central sector. The
stream originates from the main Sulden glacier terminus and flows on a
small braid plain. After ca. 100 m, the stream receives runoff from the
Sulden I glacier (Fig. 1) before flowing through a narrow bedrock gorge
and reaching the confluence with the western outflow channel. Below
this confluence, a wide braid plain, confined by the lateral LIA moraines,
extends downstream until the terminal moraine of the 1927 glacier
advance (Savi et al., 2021b; Fig. 2).

Over the past 30 years, the growing amount of debris covering the
glacier surface at higher altitudes (Savi et al., 2021b) reflects the
increased instability of the surrounding slopes (Savi et al., 2021a) and
contributes to the volume of material that can be incorporated into the
ice and lateral moraines (Rabanser, 2019). Previous studies demon-
strated that these sediments, in combination with debris from the
receding glacier, are an important source of sediment for the proglacial
plain and exert a decisive control on both the reorganization of the
drainage network and sediment connectivity (Buter et al., 2022; Savi
et al., 2023). Bedload and suspended sediment are also an important
source of clastic input to the total sediment flux, albeit with large daily
and seasonal differences that are likely controlled by subglacial melt-
water dynamics and temperature variations (Arnoldi, 2022; Coviello
et al., 2022; Engel et al., 2020, 2024).
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Fig. 2. Upper panel: a photograph of the Sulden glacier in 2020 with the indication of the central and western outflows. Lower panels: The proglacial area of the
Sulden glacier with the locations of the eight areas analyzed in the study and the differences visible between a) 1969 and b) 2021. White dashed line in panel b)
represents the area analyzed along the channel network.



S. Savi et al.

3. Materials and methods
3.1. Aerial images, orthophotos, and digital surface models

To reconstruct the evolution of the proglacial area of the Sulden
glacier we used different tools and resources available for the study
region (see also the supplementary material). In particular, we used
different sets of aerial photographs and orthophotos starting from 1945
(Table 1). The 1969 aerial image, which has by far the highest resolution
of all aerial photos (collected at a scale of 1:21.000), was used to eval-
uate changes along the moraines, and calculate volumes and rates of
sediment mobilization. This image was compared to the orthophotos
acquired in 2005 and 2021, in combination with ALS (Aerial Laser
Scanning). These LiDAR-based surveys were used to extract high-
resolution (e.g., 1 m) digital surface models (DSMs), and to create a
DEM of Difference (DoD) used to quantify topographic changes over the
moraines and within the proglacial area.

Additional aerial/ortho photos (e.g., taken in 2013, 2016, 2017,
2018, 2019, and 2020) and LiDAR-derived DSMs, with corresponding
DoDs (e.g., generated for the periods 2013-2021, 2018-2021, and
2019-2021), were used in a few locations to better understand the
reorganization of the drainage network that followed glacier retreat.
This data provided important information on the dynamics and timing
related to the activation of different sediment sources.

All DSMs were created from LiDAR-derived point clouds using the
Cloud Compare software (https://www.cloudcompare.org/). To mini-
mize systematic errors, the different point clouds were first aligned with
the ICP (i.e., Iterative Closest Point) method (Besl and McKay, 1992) with
respect to the 2018 point cloud, i.e., the data set with the highest quality.
Subsequently, differences between two surveys (i.e., changes) were
identified with the cloud-to-cloud comparison tool (Lague et al., 2013;
Nourbakhshbeidokhti et al., 2019). The resulting DoD point clouds were
extracted as raster (1 m resolution) for further analysis using the ArcGIS
software. Considering that the different point clouds had different point
densities, the precision with which the alignment could be done, differed
for the different datasets. As such, the different DoDs had also different
errors. For the longest time period (2005-2021), the mean error derived
from DEMs alignments was 0.1 m. For the shorter time periods
(2018-2021, and 2019-2021) mean errors were approximately 0.05 m.

For the DoD analysis, which were carried out in accordance with
previous studies based on ALS-derived elevation models, we adopted a
threshold value (or minimum Level of Detection — LOD) to exclude
small elevation changes that are not statistically significant to be
considered as real with respect to the individual DoD precision
(Wheaton et al., 2010; Cavalli et al., 2013; Savi et al., 2023). The
threshold was selected with caution to be +0.2 m, based on the propa-
gated vertical and horizontal uncertainties reported by the company
contracted for the ALS flight, which were verified by several point
checks on stable surfaces within the surveyed area (refuge roof, ski

Table 1

Available data for the study area (from Italian Military Geography Institute!;
Province of Bozen/Bolzano?; Free University of Bozen/Bolzano®; University of
Potsdam™).
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slope, parking lot). Therefore, in the net volumes calculated from the
DoD analysis, the error was calculated by multiplying the threshold
value by the area of the observed topographic change, whereas for total
budgets we used standard theory of error propagation (i.e., Taylor,
1997; Wheaton et al., 2010).

3.2. Delineation of the different morphologies

The glacier extent in different time periods was obtained in different
ways. For the 1945 and 1969 time periods, the glacial extent was
manually delineated based on the details visible on the aerial images.
These limits are the least accurate, because in some areas, especially
along the debris-covered area of the glacier, the real ice extent was not
easily distinguishable from other debris. For the years 2005 and 2017,
we used the official, open-access glacier distribution published by the
Bozen/Bolzano Province on their Geocatalog website. These glacial ex-
tents were obtained with different tools, including DoD analyses, and
mark the extent of both glacier and ground ice incorporated into the
lateral moraines. For 2018, 2019, and 2021, the glacier extent was ob-
tained through DoD analyses and visual inspection using orthophotos.
These limits refer to the glacier extent only, and do not include ground
ice. Ground ice delineation is possible only through DoD analysis, since
it does not leave morphological evidence at surface, but it is generally
associated with a small reduction in topography that can be detected by
DoD analysis. Conversely, glacier melt is associated with a profound
modification of the surface, as the glacier morphology vanishes during
glacier retreat. As such, the difference between the two types of ice melt
is well distinguishable, whereas it is more difficult to separate ground ice
melting from erosion occurring on the moraines due to the small vol-
umes that both processes generate.

The delineation of the proglacial plain was based on the inspection of
orthophotos and on the slope maps derived from the DEMs. We distin-
guished between active channels, limited to the narrowest and most
incised areas where the proglacial streams are flowing and are able to
laterally move, from the proglacial channel network, defined as the entire
channel network, thus also including riverbanks (Fig. S1 of the supple-
mentary material).

3.3. Sediment export: volumes, rates, connectivity and channel profiles

In total, we analyzed the topographic changes at six locations
(hereafter called P1 to P6) within the study area (Fig. 2), with the
addition of the changes along the channel network (P7) and of those
caused by a large landslide that occurred on the eastern LIA moraine in
2014 (P8) (Savi et al., 2023; Steger et al., 2022). Among the six areas
analyzed at the margin of the glacier, three are located on the LIA mo-
raines (P1, P2 and P3 in Fig. 2) and three are along the modern and
paleo-drainage network in the proglacial plain (P4, P5 and P6 in Fig. 2).
Three locations (P1, P2, and P5) allowed detecting changes that have
occurred since 1969 (Table 2), because these areas were already ice-free

Table 2
Summary of the studied areas with associated time periods and method used for
the quantification of the eroded volumes.

Period Type of data Scale/Resolution

19452, 1954%, 1959, 19697, 1989>  Aerial Scale from 1:63.000

Photographs (1945) to 1:21.000
(1969)

1982-852, 1992-962, 19992, 20002,  Orthophotos From 1.0 m (old ones)
20032, 20062, 20082, 20112, to 0.20 m (new ones)
20162, 2018, 2019°, 20202,

202134
2013, 2017, 2021 ENSRI/Google unknown

Maps photos
20052, 2013, 20162, 20183, 2019%,  Point Clouds/
202134 DEMs

From to 2.7 pt./m?
(2013) to 8.2 pt./m2
(2018)

Location Analyzed time Method
periods

P1 (East moraine) 1969-2021; Topographic
2005-2021 reconstruction; DoD

P2 (West moraine) 1969-2021; Topographic
2005-2021 reconstruction; DoD

P3 (West moraine) 2019-2021 DoD

P4 (Modern drainage network) 2013-2021 DoD

P5 (Paleo drainage network - 1969-2021 Topographic

Middle moraine) reconstruction

P6 (Modern drainage network) 2013-2021 DoD

P7 (Channel network) 2005-2021 DoD

P8 (Landlside) 2013-2021 DoD
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at that time. In contrast, locations P3, P4 and P6 were ice-covered until
recently (i.e., 2005 or later), and were analyzed over shorter timescales
depending on the timing of deglaciation (Table 2). In particular, point
P3 shows the changes that occurred at the margin of the glacier only
between 2019 and 2021 and was added to the study to highlight some
geomorphic similarities (i.e., break-in-slope morphology and delays in
gully development) that we can observe also in the older, more modified
landscape as recorded on the aerial images from 1969. The changes
along the channel network (P7) were analyzed over the 2005-2021 time
period, as this is the longest timespan we can cover with our DoD. As
such, the analyzed area does not consider the most recent deglaciated
area of the proglacial plain, which was below glacial ice until 2005
(Fig. 2).

To calculate the changes that occurred over the longest time period
(i.e., 1969-2021), we reconstructed the paleo-topography of the most
pronounced erosional features by using the 2021 DSM and the top-
o2raster function implemented in the ArcGIS software (ESRI). To achieve
this, we first generated 2 m isolines from the 2021 DSM, then carved the
outline of the areas of interest by cutting the isolines at the boundary of
the eroded feature that we wanted to analyze. We finally reconstructed
the paleo-topography with the topo2raster function that, starting from
the existing isolines, interpolates elevation data in the areas without
information, thereby reconstructing the most probable paleo-surface of
the eroded feature (Szyputa, 2019; more details in Fig. S3 of the sup-
plementary file). Volumetric changes were calculated by subtracting the
reconstructed paleo-surface from the 2021 DSM. Associated errors were
determined by averaging elevation changes in stable areas (e.g., outside
of the eroded feature where surfaces have not changed) and by multi-
plying this value for the area of interest (Lane et al., 2003).

In addition to the volume calculations, rates of topographic varia-
tions were retrieved by dividing the total volume by the analyzed area
and by the number of years covered by the analyses. For example, an
eroded volume of 500 m® over an area of 20,000 m? between 2005 and
2021 (i.e., 16 years), would result in an erosion rate of 1.56 mm yr‘l.
This was done to have a metrics that can be more easily compared to the
data obtained in other studies, where detailed information on the extent
of the analyzed areas is not always reported.

By looking at the variations between the 2005 and 2021 DSMs, we
additionally analyzed changes in sediment connectivity within the
proglacial plain by applying the method proposed by Cavalli et al.
(2013) after resampling the available DEMs to a 2.5 m resolution; this
method uses a DEM to calculate slope and contributing areas for every
pixel on the surface. By computing a weighted product between these
two variables, the method defines a connectivity index that highlights
areas most connected to the drainage network, relative to either the
entire fluvial system or the outlet of the catchment (Borselli et al., 2008;
Cavalli et al., 2013). Variations in the channel network were further
investigated in terms of changes along longitudinal profiles and cross
sections. In particular, we analyzed channel width variations by map-
ping the topographic changes along the active channel bed. To do this,
we manually delineated the active channels on the 2005 and 2018
orthophotos as explained above, and quantified the relative contribution
of fluvial lateral erosion to the total amount of sediment calculated
through our DoD analyses.

3.4. Bedload export from the glacier terminus

Continuous estimations of bedload fluxes and total volumes are
available for the summers of 2019 and 2020 for the area located at the
main Sulden glacier terminus (Arnoldi, 2022). Three seismic sensors
(vertical geophones with a natural frequency of 4.5 Hz) connected to a
portable acquisition station (“Datacube” manufactured by the “Digos”
company) were installed in the proximity of the glacier snout (Fig. 2), on
the proglacial braid-plain, from the beginning of July to the end of
August. The acquired seismic signal (i.e., amplitude) was calibrated
through 35 direct bedload measurements made by using the same
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approach adopted in Dell'Agnese et al. (2014); Carrillo and Mao (2020),
and Coviello et al. (2022), producing continuous bedload data (kg/min)
over the surveyed seasons. More details on the technique and data
calibration are outlined in Coviello et al. (2022), whereas measurements
and related uncertainties are described in Arnoldi (2022). Because
bedload yield estimations at the glacier terminus were computed in mass
units (kg) and volumes obtained from our DoD analyses were computed
in m®, we converted bedload mass to bulk volume by using a mean
density of 1700 kg/m® including porosity (as in Delaney et al., 2018, and
Hinderer et al., 2013). Due to the vicinity of the three seismic sensors to
the main glacier snout at an average distance of <80 m, it is important to
highlight that under normal climatic conditions (without thunderstorms
the bedload measurements can be considered to represent transport
derived from subglacial conduits, with only a minor fraction indicative
of fluvial transport. As such, in this study we used the bedload mea-
surements at the glacier snout to attempt a first-order estimate of the
glacial contribution to the total sediment budget contributed by glacial
and fluvial transport, and calculated for the entire proglacial plain by
DoD analysis. Total bedload transport at the glacier terminus was esti-
mated to be about 1.7 107 kg (ca. 10,100 m%)and 1.1 10° kg (ca. 650 m?)
for the 2019 and 2020 summers, respectively (Arnoldi, 2022). However,
almost 80 % of the bedload measured in 2019 was transported during a
single flood event that scoured a large portion of the proglacial flood-
plain immediately at the front of the glacier terminus. By removing this
storm-driven bedload volume, the total bedload transport at the glacier
terminus in 2019 — mostly associated with melt flows — resulted to be
about 2100 m®. Considering that the ALS flights of 2018 and 2021 were
conducted in September, and that bedload transport in the Sulden pro-
glacial area mostly occurs in summer (from June to September, based on
repeated observations by the authors), the 2018-2021 DoD of the pro-
glacial area represents the net topographic change due to the cumulative
sediment fluxes that occurred during the summers of 2019, 2020, and
2021. Therefore, in order to integrate field-based bedload estimations
with DoD results, we had to assume a total bedload transport value for
the summer of 2021. In absence of better alternatives and data, and
because no pronounced rainstorms occurred in the upper basin during
the summer of 2021, we estimated the 2021 bedload yield — at least in
terms of order of magnitude — as the arithmetic average of bedload
yields of 2019 and 2020 (equal to 1375 m?), calculated excluding the
bedload transport volumes associated to intense rainstorm events.
Limitation of this approach will be discussed later in Section 5.5.

4. Results
4.1. Proglacial plain development (1945-2021)

From 1945 to 2021, the Sulden glacier lost an area of approximately
2.71 km?. Of this, 0.86 km?, or 32 % of the total area, was lost in only 16
years, starting from 2005. At the same time, the proglacial area of the
Sulden glacier increased by about 1.15 km?, of which 0.74 km? or
approximately 65 % has been gained since 2005. The difference between
these two areas is due to the portion of the glacier that disappeared at
high elevations (i.e., along ridges or in proximity to bedrock cliffs) and
not at the glacier front.

By 2005, the glacier terminus had retreated by approximately 1 km
compared to 1945, and the newly developed drainage pattern in the
proglacial area (including the new stream network draining the recently
deglaciated terrain) had gained around 4.7 km of channels (i.e., an
average of ca. 78 m per year). By 2021, the glacier had further retreated
by ca. 330 m, and 1.2 km of channels had been added to the drainage
network of the proglacial plain, with an increase of 26 % at a rate of
about 75 m per year.
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4.2. Topographic changes, budgets, and rates

4.2.1. Eastern LIA moraine — P1

Fig. 3 illustrates the topographic changes that occurred in the lower
proglacial area between 1969 and 2021 (P1). Besides the large portion
of dead ice visible in the 1969 photo, other changes on the eastern LIA
moraine are evident (Fig. 3). The aerial images show the development of
a gully system where three distinct areas can be distinguished: i) large
and deep gullies formed on the upper part of the moraine, generally
above the limit of the glacier in 1969; ii) a more homogeneous slope
dominating the middle part of the moraine; and iii) sediment deposits
accumulated at the toe of the moraine. The presence of stable vegetation
at the base of the moraine, especially in the northern section, indicates
the decoupling between the moraine and the fluvial processes acting on
the proglacial plain. In addition, a comparison of the position of the
moraine crest relative to two large, stable boulders on the eastern side of
the moraine (arrows in Fig. 3) points to a significant (10 m on average)
upward migration of the gully heads (i.e., headward erosion). Further-
more, aerial images from 1969 show a break-in-slope on the eastern
moraine slope, corresponding to the former upper limit of the glacier in
1954. This line represents the accumulation of material at the top of the
glacier and is similar to the deposits visible on top of the dead ice block.
Erosion of this latter feature was not rapid, as it was still visible in the
1985 orthophoto. Finally, another interesting observation regards the
area where the moraine is today most dissected by the gully system, as it
corresponds to its steeper portion above the 1945 glacier limit.

For the P1 area, the eroded volume of the gully system (i.e., the
upper part of the moraine) calculated with the topographic recon-
struction for the period between 1969 and 2021 yielded a value of
29,800 + 11,020 m3, corresponding to an erosion rate of 18.8 + 6.9 mm
yr_l. Over the same area, the eroded volume between 2005 and 2021,
and calculated by DoD analysis, amounts to 9340 =+ 2920 m?, which
equals an erosion rate of 19.1 + 6.0 mm yr .

Glacier extent:
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4.2.2. Western LIA moraine — P2

Moving now to the western LIA moraine (P2 area in Fig. 2), Fig. 4
shows the changes between 1969 and 2021. In 1969, the upper part of
the moraine already had a fairly well-developed gully system, and by
2021 the gullies had further widened and erosion had propagated both
upward (headward erosion, violet lines in Fig. 4) and downslope on the
moraine through incision (between the pink lines in Fig. 4). At the
moraine base, small fans had developed over time, and their presence
points to a decoupling between the moraine dynamics and the fluvial
channel flowing in the proximity of its toe, similar to what was observed
on the eastern LIA moraine.

Because it was not possible to quantify sediment erosion on the upper
moraine before 1969 — due to the unavailability of earlier aerial photos
of sufficiently high resolution — we focused on the sediment export from
the middle section of the moraine (delimited by the pink lines in Fig. 4),
where erosional forms were not visible in the 1969 aerial photo. For this
area, a minimum eroded volume of 10,190 + 3990 m> was calculated
from 1969 to 2021, corresponding to a minimum erosion rate of 6.8 +
2.7 mm yr~!. For the same area, the 2005-2021 DoD analysis indicated
an eroded volume of 920 + 365 m> and a deposited volume of 1290 =+
710 m®. Over the entire slope (excluding the area that showed evidence
of ground ice in 2005), the eroded volume on the 2005-2021 DoD was
3060 + 1130 m°, whereas the deposited volume was 4750 + 2190 m?,
corresponding to a mean erosion rate of 11.5 = 4.2 mm yr~. Our DoD
analysis also indicates that ground-ice melting occurred over the entire
moraine slope that was exposed by glacier retreat after 1985 (Fig. 5).

4.2.3. Western LIA moraine — P3

Fig. 5 shows the 2019-2021 topographic changes on the western LIA
moraine in the section closest to the glacier terminus (P3). On the 2019
DSM, it is possible to see how the middle portion of the moraine presents
a relatively smooth topography, with a developed gully system visible
only in the upper moraine section (i.e., above the limit of the 2005
glacier extent, Fig. 5). In 2019, the break-in-slope marking the former

n BoOULDER ON

MORAINE CREST ™S

¥S BREAK-IN-

FROZEN GROUND?

.

1969

BOULDER ON
MORAINE CREST ™S

ErRosioN
SLOPE
/T BREAK-IN-
= SLOPE

DePosITION

Fig. 3. Location of P1 (purple rectangle) on the eastern LIA moraine in a) 1969 and b) 2021; c) sketch of the moraine evolution between 1969 and 2021. Note that
the white arrows inside the rectangle point to two large boulders that help estimating the degree of erosion along the moraine crest. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Location of P2 (purple rectangle) on the western LIA moraine in a) 1969 and b) 2021. Dashed violet line indicates the retrogressive erosion along the moraine
crest. Pink continuous lines indicate the area where gullies developed more between 1969 and 2021. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Location of P3 (purple rectangle) on the western LIA moraine in a) 2019 and b) 2021. In the lower panel, the elevation difference between 2019 and 2021 in
three locations highlighted in the fig. (P3, Erosionl and Erosion2, see text). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

position of the glacier is also visible (Fig. 5a, P3). Instead, for the year
2021, the moraine slope displays deeply incised channels that developed
downslope from gully heads (Fig. 5b, P3), erasing the former topo-
graphic signature. The 2019-2021 DoD indicates an eroded volume of
6530 + 2095 m® and a deposited volume of 2060 + 610 m®, suggesting
that >4000 m® of material was entrained into the proglacial stream.
Fig. 5 also illustrates the influence of other erosional processes,
particularly gully erosion with the formation of a fan (Fig. 5, Erosion1)
and the removal of material by mass movements (Fig. 5, Erosion2)

observed at the top margin of the glacier.

4.2.4. Western proglacial stream — P4 and P5

Closer to the glacier terminus, but on the right side of the proglacial
stream, we analyzed the changes caused by the self-reorganization of the
channel network following progressive glacier retreat (P4). This region
showed the effects of highly dynamic changes with the successive for-
mation and deactivation of different channels, each active for only 1 to
4 years (Fig. 6). The timing of channel activity (analyzed here from 2013
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Fig. 6. Progressive development of new channels (in yellow) following glacier
retreat at the terminus of the western sector of the Sulden glacier (glacier ter-
minus highlighted for each time step in cyan; P4 in the purple rectangle).
Yellow lines and numbers mark the position of the active channel in the cor-
responding orthophoto. Red lines and numbers indicate the isolated/abandoned
channels. From 2016 to 2018, the proglacial outflow was particularly dynamic,
with water (i.e., channel 2) running south of channel 1 in 2016, and water
(channel 4) flowing west of channel 3 in 2018. Channel 4 widened in 2019 and
2020 but it remained in the same position until 2021, when a new channel
developed farther west, isolating channel 4 and starting to form a new pathway
(channel 5). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

to 2021) reflects the speed and mechanisms of glacier retreat. This
involved channels that were active for a longer time and that were
associated with a stationary position of the glacier terminus; in contrast,
stages with faster changes in glacier position resulted in rapid
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development of new channels and subsequent isolation of previous ones.
The DoD analysis for this region allowed quantifying the changes that
had occurred after 2013, resulting in an eroded volume of 9100 + 1180
m® and a deposited volume of 650 + 390 m®. This indicates that 8450 +
1245 m® of material was entrained into the fluvial system, with a supply
rate of 62.5 &+ 9.2 mm yr .

Approximately 500 m downstream, on the right-hand side of the
proglacial stream, we noticed another prominent erosional feature that
began to develop from the margin of the middle moraine in 1985 (Fig. 7,
P5). Here, our topographic reconstruction revealed an erosional volume
of 47,560 + 2345 m® and a depositional volume of 7600 + 845 m®, with
39,970 + 3200 m® of material transferred to the proglacial stream.
Analysis of the orthophotos indicated that the glacier extent in 1985 was
very close to a small gully head (Fig. 7a), suggesting that during the
subsequent retreat, enhanced ice melt drained into this pre-existing
feature and contributed to sediment erosion. By 1996, this process
was complete, as indicated by the dissection of the fan at the bottom of
the proglacial channel on the corresponding orthophoto (not shown
here). This extremely fast erosion occurred within a maximum time span
of 10 years, providing an exceptional supply rate of 462.7 + 37 mm

yr

4.2.5. Eastern proglacial stream — P6

The evolution in area P6 is closely linked with the changes caused by
the proglacial stream originating from the eastern part of the Sulden
glacier (i.e., the Sulden I, Fig. 1). In 2005, this proglacial stream flowed
against the eastern flank of the Sulden glacier, contributing to ice
erosion, and likely continued to flow beneath the ice until it emerged
again at the glacier terminus (Fig. 8).

In 2013, the Sulden glacier retreated behind the junction with the
proglacial stream coming from the Sulden I and the proglacial stream
exiting the main Sulden glacier. The Sulden I proglacial stream started to
mobilize the material previously deposited on a small lateral moraine
left by the 1985 glacier advance, redistributing sediment along the slope
and onto the braid plain. As the new material is sourced from meta-
morphic bedrock underlying the eastern sectors of the Sulden basin, the
difference between the 1985 moraine deposit, mainly composed of
limestones, and the newly transported sediment is easily discernible
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Fig. 7. Location of P5 (purple rectangle) along the border of the middle moraine in a) 1969 and b) 2021; c) depicts the process of gullying. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. a) Location of P6 (purple rectangle) and b) frontal view of the fan formed after 2013; the different colors of the material help distinguish the 1985 glacial till
(in gray) from the newly mobilized material (in brown). White arrows at the glacier margin in a) indicate the locations where channels have developed in the past (to
the north) and may develop in future (to the south). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

based on the colors (Fig. 8, gray versus brown). The DoD calculations for
the interval between 2013 and 2021 provides an eroded volume of 2080
+ 270 m® and a deposited volume of 630 + 160 m?, resulting in 1450 +
315 m? of sediments supplied to the proglacial braid-plain (i.e., about
21.1 + 4.6 mm yr~1). This pattern of new channel development at the
glacier snout and consequent sediment redistribution had occurred
repeatedly in the past (Fig. 2 and Fig. 8) and will likely occur again in the
future (Fig. 8).

4.2.6. Eastern LIA moraine — landslide (P8)

Finally, for comparison, we report the volume of sediment mobilized
by a large landslide on the eastern LIA moraine that had occurred in
2014 following intense rainfalls (Savi et al., 2023; Steger et al., 2022)
(Fig. 2; Table 3). During the landsliding event, a large amount of sedi-
ment (ca. 8750 m®) was mobilized from the upper slope of the moraine,
although most of it (ca. 5500 m®) was deposited downslope on the
moraine itself (Savi et al., 2023). In subsequent years, the landslide
deposit continued to provide sediment; in 2021 the eroded sediment
reached a total volume of 11,730 + 1270 m® of eroded material and a

10

deposited volume of 7100 + 1570 m>. Consequently, a volume of only
4630 + 2020 m® of sediment was supplied to the proglacial stream be-
tween 2013 and 2021, at an average rate of 22.8 + 9.9 mm yr ..

4.3. Morphological variations along the proglacial channels and sediment
transfer (P7)

Based on the 2005-2021 and 2018-2021 DoDs, we additionally
quantified the changes that had occurred in the proglacial channel
network (Fig. 9).

In the period 2018-2021, the mean annual volume of sediment
mobilized through the active channel network equaled 3250 + 950 m®
yr’l. Of this, 2050 + 750 m® yr’1 (i.e., 63 %) was eroded from the
channel bed, while 1200 + 500 m3 yr’1 (37 %) was deposited, for a net
sediment loss of 950 + 950 m® yr~!. Even if associated with a large
error, mainly due to the propagating error method, this amount repre-
sents 21 % of the total volume of sediment transported to the outlet of
the proglacial braid-plain, whereas 34 % (i.e., about 1375 m® yr™!) and
45 % (i.e., about 1800 m® yr 1) came from glacial supply (i.e.,
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Table 3
Summary of the volumes and rates calculated for all analyzed areas.
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Location Method and period Eroded sediment Deposited sediment Sediment supplied to proglacial ~ Erosion rate (mm Supply rate (mm
covered (m3) + error (m3) + error stream (ms) + error yr’l) + error yr’l) + error
P1 (eastern LIA moraine) Topographic 29,800 + 11,020 - - 18.8 + 6.9 -
active reconstruction
1969-2021
DoD 9340 + 2920 1470 + 825 - 19.1 +£ 6.0 -
2005-2021
P2 (western LIA Topographic 10,190 + 3990 - - 6.8 +£2.7 -
moraine) reconstruction
active 1969-2021
DoD 920 + 365 1290 + 710 - 10.7 + 4.2 -
2005-2021 Incised channels
3060 + 1130 4750 + 2190 11.5 + 4.2
Entire slope
P3 (western LIA DoD 6530 + 2100 2060 + 610 4470 + 2180 - -
moraine) 2019-2021
active
P4 (new channels at the DoD 9100 + 1180 650 + 390 8450 + 1245 62.5+9.2
glacier margin) 2013-2021
active
P5 topographic 47,560 + 2345 7600 + 845 39,970 + 3200 - 462.7 + 37
inactive reconstruction
1985-1996
P6 (Sulden I outflow) DoD 2080 + 270 630 + 160 1450 + 315 - 21.1 + 4.6
active 2013-2021
P8 (2014 landslide) DoD 11,730 + 1270 7100 + 1570 4630 + 2020 - 22.8+9.9
active 2013-2021

Elevation difference (m) 0 150 300m
T
<-3.0 -3.0to-1 -1.0to-0.2
1 @ Geophones
>1.0 0.2to1.0 -02t00.2
Glacier ext. 2005 2021 —  Streams in 2021 —

Fig. 9. Elevation difference in the analyzed proglacial channel network for the
2005-2021 period. The thin black line represents the limits of the channel
system in 2021 (including lateral erosion). Cross sections (i.e., A-E) are shown
in Fig. 11.
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determined by the seismic survey) and from lateral fluvial erosion (i.e.,
through DoD analyses on the lateral portions of the proglacial streams),
respectively. On average, the erosion rate equaled 16.0 mm yr~* within
the active channel bed, and reached 29.3 mm yr~! including lateral
fluvial erosion.

In the longer period of 2005-2021, the sediment mobilized within
the active channel network amounted to 1500 + 350 m® yr™!, of which
850 + 200 m® yr’l (i.e., 55 %) were eroded and 700 + 250 m3 yr’l (45
%) were deposited from the active channel bed. The net balance thus
indicated a volumetric loss of 150 + 300 m> yr’1 (only 4 %), but with a
very large error that questioned its significance. The contribution of
glacial and lateral fluvial erosion to the total volume of sediment
transported to the outlet of the proglacial plain corresponded to 37 % (i.
e., 1375 m® yr~! from the seismic survey) and 59 % (i.e., 2200 m> yr!
from DoD analysis on the lateral portion of the proglacial streams),
respectively. On average, the erosion rate was 3.0 mm yr~! within the
active channel bed and reached 25.0 mm yr~! when lateral fluvial
erosion was considered.

4.4. Connectivity and geomorphological evolution

The analysis of the connectivity index (IC, Cavalli et al., 2013)
indicated that long-term changes in the reorganization of the drainage
system can effectively modify the connectivity between the contiguous
landforms and their deposits of the proglacial plain (i.e., structural
connectivity; Buter et al. (2022), and references therein). For example,
in 2005, the presence of a western lateral stream draining the glacier
margin of the main Sulden glacier allowed a large area of the glacier
forefield to be connected (IC values > —1.4) to the downstream flood-
plain (Fig. 10). The same area was disconnected in 2021 (IC values <
—4.0), when the reorganization of the drainage pattern after glacier
retreat resulted in the isolation of the previously active lateral outflow
(Fig. 10).

Although useful for detecting changes in structural connectivity (i.e.,
between contiguous landforms), the IC map derived from the 2.5 m
resolution DTM failed to distinguish between areas that were connected
and supplied sediment (i.e., active sediment sources) from those regions
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Fig. 10. IC maps for a) 2005 and b) 2021 based on 2.5 m DTM resolution. In the black rectangle, the changes in IC related to the isolation of a previously

active channel.
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Fig. 11. a) River long profile and b) cross sections of the outflow channels; c) slope-area plot shows the tendency of the channels to be dominated by debris-flow
processes (Stock and Dietrich, 2003, 2006). Profiles are shown for 2005 and 2021 to help visualize the changes that occurred during this time span.
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that were connected but did not release sediment (i.e., areas that have
the potential to release sediment, but do not exhibit signs of instability).
This is a limitation of the technique, as the IC is solely calculated on a
topographic basis and there is no previous knowledge on the location of
real active sediment sources (Steger et al., 2022). Despite this, we were
able to obtain a more realistic IC map by using the higher-resolution
DSM (e.g., 1 m, not shown here), as even small topographic barriers
prevented sediment supplied from the moraines to be connected to the
proglacial stream, but the intrinsic limitation of the method remained.

Using the 2005 and 2021 DSMs, we analyzed the changes in the
channel profiles of the two main outflows exiting the Sulden glacier
(Fig. 11). Following the flow direction, the upper reaches show a rather
straight profile, whereas the profile below an elevation of ca. 2450 m a.s.
1. has a concave shape. This geometry indicates that the upper reaches
are not yet in equilibrium with their runoff and sediment supply (Lane,
1955; Mackin, 1948) and are thus more easily dominated by debris-flow
processes (e.g., Stock and Dietrich, 2003, 2006). The difference between
the central and western outflow profiles likely reflects the type of sub-
strate, as the central stream crosses some bedrock gorges with little
sediment storage, whereas the western stream has a coarse-grained
sediment bed. The cross sections in Figs. 9 and 11 confirm rather sub-
stantial lateral erosion, especially along the upper reaches of the western
proglacial stream.

5. Discussion

5.1. Sediment erosion and supply from moraines and newly-formed
channels

Our results confirm the extremely high dynamics of proglacial areas
(Antoniazza and Lane, 2021; Carrivick and Heckmann, 2017), with very
high rates of sediment erosion and remobilization through the channel
network (Table 3). We observed some important differences between the
processes affecting the moraines — and their evolution — and those
occurring within the drainage network. In particular, most of the sedi-
ment eroded from the moraines (e.g., P1 — P3) was deposited at their
toes and was thus disconnected from the proglacial streams. As observed
elsewhere (e.g., Gartner-Roer and Bast, 2019; Lane et al., 2017;
Micheletti and Lane, 2016; Piermattei et al., 2023), also in the Sulden
region sediment supply from moraines to channels was limited to a few
locations and, based on field observations and previous work, took place
mainly during rainfall events (e.g., Buter et al., 2022), or was supplied
owing to lateral fluvial erosion. The most pronounced gullies were
generally located in the upper and over-steepened portions of the
moraine, which was less stable than previously thought (Rabanser,
2019). The presence of dead ice on the valley floor or ground ice on the
moraine slopes prevented or slowed the development of the gully sys-
tem, also suggested by Gartner-Roer and Bast (2019); in such a scenario
erosion propagates downslope and upstream following ice melt over a
period that may have spanned from a few years (as in the case of P3) to
decades (as in the case of P1). The recent increased melting of ground ice
between 2019 and 2021, together with superposed intense rainfall
events occurred in the analyzed years, may have been responsible for the
sudden sediment release and the very rapid gully incision in P3.

In contrast, the changes observed in the Sulden proglacial channels
(e.g., P4 — P6) were primarily influenced by the glacier dynamics,
especially at the ice margins (e.g., Fig. 6), and had an immediate effect
on the sediment entrained and transported downstream. In particular,
the speed and mechanisms of glacier retreat controlled the activation or
deactivation of different sediment sources (e.g., newly formed channels,
as in P4) and the period of activity (varying from 1 to 10 years, following
the analyses in P4 and P5). The volume of released sediment was
additionally controlled by topography, and especially by the relief be-
tween the middle moraine and the channel bed. In 2021, the lower
altitude of the proglacial channel compared to the middle moraine
elevation may have been responsible for the reduced erosion rate
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observed at P4 (e.g., ca. 60 mm yr 1) compared to the rate calculated for
P5 (e.g., ca. 460 mm yr_l), which had higher relief and thus a higher
potential for erosion. These observations suggest that the proglacial
channel network may provide sediments to the downstream channel
sectors at very high rates, although the rapid readjustment of the
channel pattern may quickly change sediment sources (e.g., deactivation
of former active channels) and rates of supply.

5.2. Contributions by different geomorphic compartments

The results of our analyses indicate that a very large proportion
(34-37 %) of the sediments transported through the Sulden proglacial
area on a multiyear scale were derived directly from the glacier and
routed through its drainage system, which is capable of transporting
coarse sediments as bedload at very high rates (Arnoldi, 2022; Engel
et al., 2024). Estimates were calculated based on bedload monitoring
alone (see Section 3.3.) and neglect the fraction of eroded sediments
moving in suspension or as very fine bedload not captured by the
“Bunte” trap (grains <4 mm). However, suspended sediment typically
prevails over bedload yields in glacier-fed rivers (e.g., Comiti et al.,
2019; Morche et al., 2019; Mao et al., 2019; Perolo et al., 2019), and
preliminary data and analyses indicate that this is true for the Sulden
river as well (Bonfrisco et al., 2023).The importance of such fine sedi-
ments with regard to bulk volumes derived from DoD analysis is not
known. While it may be negligible when a DoD is computed on alluvial
landforms (i.e., proglacial channels and their floodplains), this may not
be the case when colluvium (i.e., landslide deposits, debris flow fans)
and moraines are considered in the context of volumetric differences,
since substrates in these cases may be matrix-supported. Therefore, we
believe that a mixed use of bedload transport data and DoD analysis for
quantifying the proglacial sediment budget, as proposed in Section 4.3,
is justified in terms of orders of magnitude (analogous to the analysis
presented in Comiti et al., 2019). At the same time, we consider that the
34-37 % interval described in Section 4.3 for the glacial contribution to
the total sediment budget should be regarded as a conservative estimate,
as our analysis captured only the coarsest sediment fraction of the
central snout of the glacier. This is supported by Guillon et al. (2017), for
example, who showed that suspended sediment exiting the Bosson
glacier (France) dominated the sediment budget of the entire proglacial
area, supplying 71 % of the total volume. Similar values have been re-
ported by Delaney et al. (2018) for the Gries glacier in Switzerland. A
more accurate determination of the sediment budget would thus require
detailed knowledge of the suspended sediment yield released by the
glacier, as well as the spatially variable grain-size distribution of the
substrates in the different landforms. This would enable a better eval-
uation of the sediment transport velocities and travel distances, espe-
cially for the bedload fraction (e.g., Mancini et al., 2023).

In any case, the small budget of the active channel bed, where
erosion was in equilibrium with deposition, indicates that almost all of
the off-channel sediment input (from the glacier and from lateral
erosion) was transferred to the outlet of the proglacial area, thus indi-
cating that the Sulden proglacial region was dominated by sediment
transport within the time period analyzed (Fig. 12). This also implies
that the DoD analysis computed on the active flood plain alone, does not
capture the total volume of sediment mobilized and transported through
the system, but rather shows only a small fraction (i.e., <5 % for the
2005-2021 time period). Within the longest period considered here (i.e.,
2005-2021), the DoD analysis indicates that the proglacial reaches seem
to have attained a dynamic equilibrium in which sedimentation and
erosion are relatively balanced, as has been observed in other areas (e.g.,
Comiti et al., 2019). However, this does not imply that the proglacial
plain functions only as a sedimentary conveyor belt, because transient
local erosion and deposition due to fluvial processes did occur (Savi
et al., 2023). Instead, these considerations indicate that sediment is
moved through the proglacial plain depending on both morphology,
grain sizes, and hydrology of the proglacial streams. Mancini et al.
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Fig. 12. a) Rates of erosion along the moraines and sediment supplied from the
channel network. b) Relative contribution of glacier, lateral fluvial erosion, and
in-channel erosion to the total amount of sediment exported from the progla-
cial plain.

(2023), for example, indicated that bedload transport through a flood-
plain can take up to 11 days to travel a distance of over 850 m.

5.3. Sediment budget and rates

Based on the volumetric estimates presented above and assuming a
conversion factor for mass units as discussed in Section 3 as well as
considering the glacial and proglacial areas as source areas, which cover
a total area of 6.85 km?, the mean annual sediment yield at the Sulden
proglacial outlet is on the order of 931-1017 t yr! km 2. Such values
are comparable to those reported for other glaciated catchments in the
Alps (Hinderer et al., 2013; Morche et al., 2019), but we caution that our
data may be largely underestimated due to the missing knowledge of the
glacial input from the western snout, as well as of the volumes moving in
suspension.

The erosion and supply rates measured for the moraines and the
proglacial plain are also consistent with those measured in other
catchments with similar glaciation. For example, studies in Norway
revealed that erosion rates on moraines ranged between 50 and 100 mm
yr~ ! (Ballantyne and Benn, 1994), and between 5.5 and 169 mm yr*
(Curry, 1999); in Switzerland rates were calculated between 49 and 151
mm yr_l (Curry et al., 2006), whereas in Austria and Italy values be-
tween 1 and 429 mm yr’1 (Betz-Nutz et al., 2023) and 8 and 465 mm
yr~! (Altmann et al., 2022) were detected. Long-term averaged erosion
on the floodplain has been estimated to be approximately 4490 m® yr—!
(equal to ca. 60 mm yr * over a 28-year time period) in Switzerland
(Delaney et al., 2018), and about 230 m® yr’1 for the Gepatsch Glacier in
Austria (over a 66-year time period; Piermattei et al., 2023), although
with important spatial and temporal variations. In our study, erosion
rates between 20 and 60 mm yr~! calculated for the 2005-2021 period
on the moraines and along the entire channel network (i.e., including
lateral fluvial erosion) are generally one order of magnitude higher than
those registered in the active channel bed only (ca. 3 mm yr1). This
points to reduced structural and/or functional connectivity between the
basin slopes (e.g., moraines) and the channel network, as well as to the
role of the proglacial plain in attenuating the downstream propagation
of coarse sediments (see also e.g., Delaney et al., 2018, Antoniazza and
Lane, 2021, and Mancini et al., 2023). Consequently, changes occurring
in the active proglacial plain do not fully reflect the rate at which par-
aglacial adjustments operate in this region. Interestingly, when lateral
fluvial erosion is considered, the proglacial area shows a strong
erosional signal, with rates between 25 and 30 mm yr !, values that are
similar to the denudation rates calculated at the end of the Younger

14

Geomorphology 462 (2024) 109343

Dryas in nearby deglaciated basins (Brardinoni et al., 2018; Savi et al.,
2014).

5.4. Future scenarios and implications for sediment transport

The high lateral mobility of the Sulden outflow channels that was
documented for the recent past (Figs. 9 and 11) suggests that connec-
tivity between moraines and proglacial channels is likely to increase in
the near future, thereby enhancing sediment supply to the proglacial
streams through lateral erosion of the moraine toes. Nonetheless, the
sediment supplied by the moraines could limit the further expansion of
channel width (e.g., Malatesta et al., 2017; Tofelde et al., 2022). The
effective volume of sediment supplied by the moraines is therefore
difficult to predict, as moraine and channel dynamics are tightly coupled
and, depending on future sediment and water discharge, may attain an
autogenic equilibrium (Malatesta et al., 2017; Tofelde et al., 2022).

Although the “peak water” (i.e., the annual maximum discharge of
the melting glacier; Huss and Hock, 2018) from the Sulden glacier may
have already passed (Savi et al., 2021b), the prediction of the possible
runoff generated by the melting glacier is subject to large uncertainties,
especially in terms of timing. In fact, the Sulden glacier exhibits a
complex and nonlinear behavior, with some areas melting faster than
others (Savi et al., 2021b). The presence of debris on most of the glacier
surface has a strong impact on melt rates (Fyffe et al., 2019) and may
decouple the timing of glacier retreat from climatic forcing (Nicholson
et al., 2021). Additionally, the feedbacks between melting glaciers and
bedload transport are complex (e.g., Comiti et al., 2019; Coviello et al.,
2022; Mao et al., 2019), and the development of a more hydraulically
efficient subglacial drainage system, which might be associated with
rising temperatures, for example, may enhance glacial export and
transport of basal coarse-grained sediment (Fyffe et al., 2019; Perolo
etal., 2019; Swift et al., 2002). However, models that have attempted to
estimate future sediment supply from glaciers have provided contra-
dictory results (Delaney and Adhikari, 2020; Raymond Pralong et al.,
2015; Schmidt et al., 2024). A general, uniform temporal trajectory for
glacial sediment export is likely unrealistic, because each glacier differs
widely in terms of hydrology, topography, debris, and substrate (Bogen,
1996; Engel et al., 2024; Nicholson et al., 2021; Zekollari et al., 2020);
for these reasons, an accurate prediction of glacier runoff and associated
sediment transport would require a more profound knowledge of envi-
ronmental variables that characterize subglacial conditions, but these
are complex and not easy to analyze.

In the Sulden catchment, it is reasonable to assume that sediment
export from the glacier may increase in the near future (e.g., until 2050),
if large volumes of sediments are available at its base (e.g., Delaney
et al., 2019). Unfortunately, we have no quantitative data on this.
However, at the higher elevations, where the substrate below the glacier
may largely constitute bedrock, we infer that ice melt may increase
water discharge but not necessarily sediment input (e.g., Herman et al.,
2015); if true, the transport capacity and erosional power of the sub-
glacial streams draining the lower section of the glacier would increase.
Thus, the observed proglacial dynamics can also be expected to remain
relatively constant in the coming years, with high lateral mobility and
limited vertical changes along the channels, as long as melt runoff,
which is most effective in transporting bedload (Coviello et al., 2022),
does not decline substantially in parallel with annual bedload transport
capacity (Raymond Pralong et al., 2015). In the future, peaks in sedi-
ment supply associated with intense rainstorm events, “flushing” of the
glacial drainage systems, lateral erosion of moraines, and proglacial
channel avulsions are likely to become increasingly unbalanced by the
reduced transport capacity of the proglacial streams, which are expected
to undergo aggradation, and which may be further enhanced by a pro-
gressively developing vegetation cover facilitated by sandy sediments
deposited on the higher fluvial surfaces (Bosson et al., 2023; Eichel et al.,
2023).



S. Savi et al.
5.5. Limitations and strengths of the study

At a few locations, the DoD analysis did not reliably quantify net
sediment budgets due to uncertainties related to the technique used, as a
threshold of 0.2 m had to be adopted for the errors inherent in the ALS
surveys. This is particularly the case for volumes calculated along the
moraines (e.g., at P2 and P3), where erosion in the steep and deep gullies
or deposition of fine material at the foot of the moraines could easily be
undetected by the analysis. In fact, these volumes were often associated
with large errors or inferred sediment dynamics that contradicted the
field evidence. For the P3, for example, the calculated volume of sedi-
ment entrained in the fluvial system was likely too high, since field
evidence and orthophoto analysis indicated that the deposited material
was decoupled from the channel network. The reason for such errors
could be related to the overall lowering of the terrain due to ground-ice
melting (thus an overestimation of erosion) and/or an underestimation
of the deposited volume linked to the use of the threshold. In addition,
the formulas applied for error propagation resulted in large errors in the
net budget calculated for the entire channel network, leading to ambi-
guity with respect to the significance of the volumes obtained.

In the long term (i.e., in the period 2005-2021), the DoD analysis has
not captured short-term erosional processes that may have occurred
above the glacier margin, as shown at P3. This eroded material is
temporarily disconnected from the dynamics of the proglacial plain
because it is trapped on top of the ice. With further ice retreat, the
sediment will eventually enter the fluvial system, but with a timing that
does not correspond to its release from the moraine.

With regard to glacial sediment supply, the short monitoring period
between 2019 and 2020 and the large uncertainty in the seismogenically
derived bedload rates are clearly important limitations for an accurate
estimate of the glacial contribution to the total amount of coarse-grained
sediment of the Sulden proglacial area. While we are aware of the
simplifications made in this calculation, we nevertheless believe that
providing a first-order quantification of the relative contribution of
glacial export to the total sediment budget of a proglacial basin repre-
sents a step forward in understanding the sediment dynamics of these
regions, since this type of information has been lacking in similar studies
(e.g., Knight and Harrison, 2018; Koppes et al., 2010; Piermattei et al.,
2023). As this information is essential for understanding the sediment
dynamics of deglaciating basins, we stress the need to collect more data
to better discern the role of different landscape sectors in relation to the
total amount of sediment supplied to the system.

6. Conclusions

Our study of glacial and associated sedimentary processes in the
Sulden proglacial area shows that glacial sediment export and the lateral
reworking of sediment by proglacial streams are the dominant sources of
sediment supply to the downstream river network. Between 2005 and
2021 glacial export and fluvial erosion contributed with a minimum of
34 % and in the range of 45-59 %, respectively, to the total amount of
sediment mobilized within the upper Sulden basin. Most of the sediment
supplied to the channel network is transported to the proglacial outlet.
Although moraines at Sulden have provided sediment for >50 years,
they do not seem to contribute significantly to the material entrained in
the fluvial system, because they remain largely decoupled from the
proglacial stream/plain. This condition may change in future if lateral
fluvial erosion continues to dominate the mechanisms of channel
evolution.

We suggest that the “peak sediment” supply may still have to occur in
the upper Sulden basin. Indeed, the proglacial area is widening at a fast
rate, leaving a large amount of unconsolidated sediment available for
transport. In the near future, glacier melt and rainfall events may in-
crease the relative contribution of glacial and fluvial sediment supply,
thereby maintaining high, or increasing the volume of sediment trans-
ported through the proglacial plain. Eventually, when the proglacial
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streams will decrease their discharge and transport capacity, the accu-
mulation of sediment at the front of the melting glacier is expected to
become the dominant source of sediment during high-intensity rain-
storm events. Our studies furthermore emphasize that the challenges in
predicting future hydrological forcing and complex relationships be-
tween sediment transport dynamics and processes of sediment genera-
tion in glacial and periglacial settings call for more integrated,
comparative studies, because due to regional differences every glaciated
basin will most likely respond differently to climatic change.
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