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Sediment connectivity evolution in three deglaciating Alpine catchments since
the Little Ice Age: A graph-based reconstruction

Toni Himmelstoss(®), Lena Bartram, Florian Haas @, Michael Becht?, and Tobias Heckmann

Chair of Physical Geography, Catholic University of Eichstatt-Ingolstadt, Eichstatt, Germany

ABSTRACT

Climate-driven glacier retreat is reorganizing sediment cascades across Alpine catchments. However,
what remains poorly quantified is how their structural connectivity—the spatial configuration of
landforms and pathways along which sediment can be transferred—evolves over deglaciation time-
scales. We reconstruct structural connectivity evolution in three glaciated catchments of the European
Alps (i.e. Grastal, Kaunertal, Martelltal) over ~150 years since the Little Ice Age, using graph-based
analysis of sediment cascade networks in which landforms are nodes and sediment pathways directed
edges. Graphs were derived from multitemporal geomorphological maps combining historical maps,
terrestrial photographs, Structure-from-Motion multi-view stereo (SfM-MVS) photogrammetry, and
Airborne Laser Scanning (ALS)-derived DEMs, extending reconstruction to the 1870s—1890s. Despite
similar deglaciation forcing, the three catchments followed divergent trajectories, with sources, links,
and barriers evolving along site-specific rather than common paths. Changes were non-linear and
episodic: glacier recession produced threshold-like reorganizations at Kaunertal and Grastal near the
turn of the millennium, once retreating glaciers crossed topologically significant boundaries. Barrier
positioning, not abundance, controlled system-scale filtering: a single strategically located lake in
Grastal intercepted more sediment pathways than 13 lakes in Martelltal. Event-based routing showed
connectivity increased in Kaunertal but declined in the other two via different mechanisms, indicating
that network restructuring can outweigh source expansion in setting potential sediment delivery.
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Introduction , , _
infrastructure, water quality, and ecological systems

Climate-driven glacier retreat is transforming alpine
catchments into rapidly adjusting proglacial systems that
affect water and sediment fluxes beyond their headwater
areas (Heckmann, Morche, and Becht 2019; Carrivick and
Tweed 2021; Zhang et al. 2022). Deglaciation exposes
previously ice-covered terrain to subaerial processes, reor-
ganizes sediment storage and transfer pathways, and initi-
ates paraglacial adjustments expected to dominate
sediment supply and landscape change in mid- to high-
latitude mountain regions over the coming centuries
(Ballantyne 2002; Knight and Harrison 2014). Whether
and how rapidly these adjustments propagate down-
stream depends not only on sediment availability at
exposed sources but also on the structural configuration
of the cascade through which sediment must travel.
Altered sediment export affects downstream river mor-
phodynamics, reservoir sedimentation, flood mitigation

(Carrivick and Tweed 2021; Zhang et al. 2022).

The propagation of such geomorphic changes
through mountain catchments is moderated by sedi-
ment connectivity, defined as the degree to which
a system facilitates sediment transfer through itself
(Heckmann et al. 2018). Proglacial margins contain
abundant sediment sources: oversteepened slopes, mor-
aines, debris cones, fluvial deposits, and weathered bed-
rock (Ballantyne 2002; Carrivick and Heckmann 2017;
Betz-Nutz et al. 2023). Storage landforms can themselves
become active sources through gully erosion, fluvial
undercutting, or debris flows (Haas et al. 2012;
Mancini and Lane 2020). Whether mobilized sediments
reach downstream areas, however, depends on the spa-
tial configuration of landforms acting as buffers, bar-
riers, or links within sediment cascades (Fryirs et al.
2007a; Cavalli, Heckmann, and Marchi 2019).
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Sediment connectivity evolves over time: Structural
changes such as drainage reorganization, lake formation
and infilling, and the de- or recoupling of system com-
ponents occur frequently in proglacial environments
(Bennett et al. 2010; Bogen, Xu, and Kennie 2015;
Shugar et al. 2017). Lane et al. (2017) suggest that
while initial glacier recession may enhance sediment
export through increased source-channel coupling, sub-
sequent sediment reworking by fluvial processes can
reduce downstream connectivity and shift sediment
delivery toward greater dependence on extreme trans-
port events. Understanding these dynamics benefits
from distinguishing structural and functional connectiv-
ity (Turnbull, Wainwright, and Brazier 2008;
Wainwright et al. 2011): Structural connectivity
describes the spatial configuration of potential sediment
pathways—the physical arrangement of sources, transfer
zones, and sinks. Functional connectivity refers to actual
sediment transfer under specific forcing conditions
along these pathways. Both are challenging to quantify
over timescales relevant to global warming. Functional
connectivity assessment is hampered by the scarcity of
long-term in situ sediment flux measurements (Orwin
et al. 2010), while approaches based on elevation differ-
encing face substantial uncertainties from unknown
subglacial contributions, infrequent surveys, and con-
founding signals such as dead ice melt (Hilger and
Beylich 2019; Piermattei et al. 2023; Savi et al. 2023;
Bayens et al. 2025). Structural connectivity assessment
with widely used approaches such as the Index of
Connectivity (Cavalli et al. 2013) is likewise constrained
by the need for consistent, high-quality elevation data
over decadal timescales. While digital elevation models
(DEMs) derived from historical aerial imagery have
enabled studies extending to the 1950s, data quality
varies considerably (Micheletti, Lane, and Chandler
2015; Stark et al. 2022; Marty et al. 2025).

Graph theory offers a promising framework for
addressing some of these limitations. Representing the
sediment cascade as a graph in which landforms are
nodes and possible sediment transfer pathways are
directed edges renders system topology explicit and
amenable to standard methods of network analysis
(Heckmann, Schwanghart, and Phillips 2015; Hooke
and Souza 2021), providing a framework for tracking
the propagation of perturbations through sediment sys-
tems (Cossart and Fressard 2017; Fressard and Cossart
2019). Graphs can be constructed from diverse input
data (Heckmann and Schwanghart 2013; Buter et al.
2022), enable analysis of both structural (Fressard and
Cossart 2019) and functional connectivity (Hiatt,
Addink, and Kleinhans 2022; Himmelstoss et al. 2024),
and can be applied across spatiotemporal scales

(Phillips, Schwanghart, and Heckmann 2015; Lehotsky
etal. 2018). Heckmann and Schwanghart (2013) demon-
strated an early application where raster cells served as
nodes and modeled sediment trajectories as edges,
enabling explicit treatment of sources, sinks, and cascad-
ing pathways. More recently, sediment cascades have
been mapped and represented as graphs using geomor-
phological maps (Buter et al. 2020, 2022). However,
geomorphological maps (GMs) of proglacial areas
remain rare, typically cover single sites at single time-
frames, and require substantial resources to produce
(Carrivick and Heckmann 2017), which has limited the
multi-catchment comparisons across geological and cli-
matic settings needed to test conceptual models of pro-
glacial landscape development quantitatively.

Few studies have investigated the evolution of indivi-
dual deglaciating systems over decadal timescales (e.g.,
Bennett et al. 2010; Staines et al. 2015) or compared the
structure of multiple geosystems characterized by recent
deglaciation (e.g., Geilhausen, Otto, and Schrott 2012;
Kirkbride and Deline 2018). While these studies used
planform or geomorphometric analysis to describe land-
scape composition and evolution, they did not employ
metrics that capture system topology and enable com-
parison across sites and time periods. Lane et al. (2017)
called for combining graph theory methods with histor-
ical data on glacier extent to quantify how sediment flux
had changed through time. Carrivick and Heckmann
(2017) noted the potential of historical aerial photo-
graphs and maps for reconstructing proglacial system
development, arguing that such studies could address
questions of path dependence, topographic inheritance,
and changing connectivity. A systematic, cross-site, and
multi-temporal quantification of structural connectivity
evolution since the Little Ice Age is, to our knowledge,
still lacking. Such a reconstruction is complementary to
the substantial body of work on changing source activity
and sediment yield in deglaciating systems (Betz-Nutz
et al. 2023; Piermattei et al. 2023; Rom et al. 2023a;
Altmann et al. 2024): catchment-scale yield reflects
both supply and the transmissivity of the intervening
cascade (Carrivick and Tweed 2021; Zhang et al. 2022),
and isolating the structural component clarifies how
much of the observed variability in proglacial sediment
flux can be attributed to network reorganization rather
than to changing source activity.

In this study, we investigate structural changes in
glaciated geosystems across three catchments in the
European Alps using sediment cascade graphs derived
from multitemporal geomorphological maps spanning
approximately 150 years since the Little Ice Age max-
imum. Building on previous approaches (Messenzehl,
Hoffmann, and Dikau 2014; Buter et al. 2022), we use



landforms as fundamental spatial units (Poeppl and
Parsons 2018). Whereas earlier studies mapped sedi-
ment pathways manually (Buter et al. 2022; Bollati
et al. 2024), we developed a semi-automatic approach
based on the typical functional roles that landforms
assume in high alpine glaciated systems (Cavalli,
Heckmann, and Marchi 2019) to enable scalability and
enhance reproducibility. We focus on coarse sediment
connectivity between landforms acting as sources, links,
and barriers. To capture the changing structure of these
deglaciating systems over time, we select and develop
graph metrics that are robust against differences in data
quality and network size, enabling comparison across
catchments and time periods. Additionally, we imple-
ment an event-based routing approach to model net-
work response to activation of major sediment sources
during a high-magnitude event, following the modeling
of hydro-meteorological scenarios in Buter et al. (2022).
Together, these analyses probe the structural side of
paraglacial adjustment and the variation in its trajectory
between catchments under broadly similar climatic for-
cing. Specifically, we address the following questions:

(1) How does the structural connectivity of high
alpine geosystems evolve during deglaciation?
Do changes follow gradual trajectories or exhibit
inflection points linked to specific landform
changes?

(2) What role do barrier landforms—Iakes, alluvial
fans, and braidplains—play in controlling con-
nectivity, and how does their topological impor-
tance change as proglacial areas expand?

(3) How do structural changes translate to potential
sediment delivery under high-magnitude forcing?

(4) Do the three catchments exhibit convergent evo-
lutionary patterns, or do site-specific factors drive
divergent trajectories?

Study sites and methods
Study sites

We investigate and compare the structural development
of three glaciated catchments in the Central European
Alps: The Grastal valley (GT), a side valley of the
Horlachtal valley, the Gepatschferner proglacial system
in the upper Kaunertal (KT), and the Langen-, Zufall-,
and Fiirkeleferner proglacial system in the upper
Martelltal (MT). The Kaunertal and Grastal valleys are
situated in Tyrol, Austria, north of the main Alpine
ridge, while the Martelltal lies in South Tyrol, Italy
(Figure 1). Geologically, the Horlachtal and Kaunertal
belong to the polymetamorphic Otztal-Stubai Complex,

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH e 3

dominated by paragneisses and orthogneisses (Becht
1995; Vehling 2016), whereas the Martelltal is part of
the Ortler-Campo Crystalline Complex, characterized
by quartz phyllites (Martin et al., 2009).

The study sites were selected because all three
remain glaciated at present, are relatively undisturbed
by direct anthropogenic modification, and maintained
coarse sediment connectivity to their respective catch-
ment outlets throughout the investigation period.
Important study site characteristics are presented in
Table 1. The main rivers in the upper Kaunertal
(Fagge) and upper Martelltal (Plima) drain into reser-
voirs, while the Grastalbach drains into the Otztaler
Ache, a tributary of the Inn. The KT and MT study
sites are delimited by the maximum Little Ice Age
(LIA) glacier extent and thus comprise both glaciers
and proglacial areas (Figure 1). The GT study site
extends beyond the proglacial area because glacier
retreat triggered major drainage network reorganiza-
tion through landforms outside the LIA boundary—a
configuration absent in KT and MT. Additionally,
debris flow activity originating from hillslopes beyond
the proglacial area plays a substantial role in the val-
ley’s sediment budget (Rom et al. 2023a; Himmelstoss
et al. 2024) and responds to glacier dynamics (Rom
et al. 2023b).

While the Martelltal has a leveled topography with
extensive ground moraine areas (3.76 km” or 41 percent
of the proglacial area in 2019), the Gepatschferner pro-
glacial area in Kaunertal is dominated by large lateral
moraines (1.68 km? in 2017) and roche moutonnées
(0.46 km?) in the valley bottom of the Gepatschferner
tongue (GZ). Larger ground moraine areas can be found
in the western part of the KT study site though (the so-
called Nordergries, NG) covering 1.18 km?. In the lower
part of the Grastal valley, talus slopes (1.75 km?) below
rockwalls shape the landscape, often reaching close to
the Grastalbach stream. The proglacial area consists
largely of glacially eroded bedrock and rock face
(0.31 km® or 74 percent in 2017), two lateral moraines
and a breached terminal moraine. Dominant sediment
sources reflect these morphological differences: in the
upper Kaunertal, the Gepatschferner glacier and fluvial
erosion are the primary contributors (Hilger et al.,
2019), and in Grastal debris flows and fluvial erosion
play a prominent role (Himmelstoss et al. 2024). No
comparable sediment budget study exists for
Martelltal; however, glaciers, moraines, and fluvial chan-
nels were identified as principal sources in the adjacent
Suldental (Savi et al. 2024).

Hydrological regimes differ among sites in ways rele-
vant to their paraglacial stage. Kaunertal shows increas-
ing annual discharge with no indication that peak water
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Figure 1. Location and overview of the three study sites. Recent geomorphological maps as overlay, hillshade in the background.

Glaciers and other important features are marked or abbreviated. FG = “Fernergries,” ZG = “Zwischengries,” MA = “Miinchner Abfahrt,”
NG = “Nordergries.”
Table 1. Morphometry, glaciation and climate characteristics of the three study sites.
Grastal Kaunertal Martelltal

Location 11.00°E 47.11°N 10.75°E 46.85°N 10.64°E 46.46°N

Study site area 7.2 km? 23.5 km? 15.2 km?

Elevation range 1,933-3,339 m.a.e. 1,960-3,547 m.a.e. 2,372-3,809 m.a.e.

Mean slope 0.84 m/m 0.40 m/m 0.50 m/m

with/without glacier 0.88 m/m 0.70 m/m 0.57 m/m
Glaciation (max. LIA) 0.97 km? 22.2 km? 14.1 km?

0.49 km? (2022)
0.48 km2/49%

Glaciation (recent)
Glacier loss (area)

Mean Temp. 3.1°C
(1990-2019, Horlachalm, 1,910 m)
Mean annual precipitation 817 mm

(1990-2019, Horlachalm)

14.9 km? (2021)
7.3 km?/33%

8.8 km? (2021)
5.3 km%/38%

2.7°C 2.9°C
(2010-2020, Gepatschalm, 1,900 m) (1981-2010, Zufrittsee 1,851 m)
1,089 mm 750 mm

(2010-2023, Gepatschalm) (1980-2010, Zufrittsee)

has been reached, based on discharge records from
Tiroler Wasserkraft AG (TIWAG; Gepatschalm gauge,
1971-2024). In the Horlachtal, declining summer dis-
charge and reduced diurnal variability suggest
a diminishing glacial component (discharge records at
TIWAG Fassung Horlach, 1985-2022), matching the
late-stage entropy signature Lane and Nienow (2019)
describe for glaciated basins in which ice cover has
dropped below the threshold for a dominant ice-melt
subsidy. Evidence for Martelltal remains inconclusive

with model data showing decreasing rainfall and snow-
melt contributions but increasing glacier melt (Fan et al.
2025), though neighboring catchments may have passed
peak water (Savi, Dinale, and Comiti 2021, 2024). These
hydrological differences have implications for sediment
transport regimes: in glacier-dominated catchments
such as Kaunertal and Martelltal, bedload transport is
controlled primarily by glacier melt dynamics rather
than precipitation, with bedload concentrations during
glacier melt exceeding those during snowmelt by orders



of magnitude, as demonstrated for a neighboring catch-
ment (Comiti et al. 2019).

Geomorphological mapping and backdating

Geomorphological mapping draws on four data-source
classes, spanning approximately 150 years: Airborne
Laser Scanning (ALS)-derived orthophotos and DEMs
for the most recent time steps, Structure-from-Motion
multi-view stereo (SfM-MVS) products from historical
aerial imagery (1945-1997), historical topographic maps
(1870s-1930s), and historical terrestrial photographs.
A complete inventory is given in Figure 2 and
Appendix B and each source class is described below.
Existing geomorphological maps from the three study
sites were harmonized into 20 classes representing grav-
itational, fluvial, glacial, periglacial, and anthropogenic
landforms (see Appendix A for full catalog). The maps
have a target scale of 1:5,000 and consist of polygons
seamlessly covering the entire study sites. Mapping was
supported by hillshades, slope maps, orthomosaics, and
DEMs of Differences (DoDs).

For each study site, the most recent geomorphologi-
cal map serves as the base map: it is derived from the
highest-quality data (ALS-DEMs and orthophotos) and
constitutes the starting point from which all earlier maps
were produced by backdating. The Kaunertal base map
was created during a previous project (Hilger 2017;
Hilger and Beylich 2019) and updated to 2017 using
ALS data and orthophotos. The base maps of the
Grastal Valley (2017) and Martelltal Valley (2019) were
created by the authors. For maps depicting conditions
after 2000, orthophotos and DEM derivatives from ALS
surveys were used. Sources were the State of Tyrol (data.
tirol.gv.at) and the Autonomous Province of Bozen
(natur-raum.provinz.bz.it), except for the KT 2017 and

Grastal

Kaunertal

Martelltal

A $ S oo
K3 5 S8

Data Source @ ALS-DEM Historical Maps
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MT 2019 ALS data, which were acquired by the authors.
Starting from the base map, landform boundaries were
then progressively adjusted to represent earlier stages, in
chronological steps, based on historical data sources.

The mapped channel network was longitudinally sub-
divided into reaches, delimited by significant changes in
slope gradient or confinement, as well as upstream of
confluences. This delimitation was chosen because such
reaches can be readily classified according to their func-
tion within the sediment cascade—as sources, links, or
sinks—although this function may shift over time
(Piermattei et al. 2023). Their spatial extent also makes
them suitable as fundamental units for graph analysis
(Himmelstoss et al. 2024). Laterally, the reaches com-
prise the entire active channel including gravel bars and
small islands.

Aerial imagery and SfM-products (1945-1997)

Historical aerial images were processed using SEM-MVS
-photogrammetry to derive orthomosaics and DEMs for
time steps between 1945 and 1997. The processing work-
flow is described in detail by Stark et al. (2022), with
dataset quality assessed for Kaunertal by Piermattei et al.
(2023). The Horlachtal SfM datasets were processed by
project members using the same SfM-MVS workflow
and are of comparable quality. The orthoimages were
previously used for debris flow mapping (Rom et al.
2023a). For both sites, the original images were sourced
from the Province of Tyrol or the Austrian “Bundesamt
firr Eich- und Vermessungswesen” (BEV).

For Martelltal, the historical aerial images 1945 and
1969 were sourced from the Italian Military Geographic
Institute (IGMI) and processed using the same work-
flow. However, the lower quality of the original images
results in higher positional uncertainty for smaller

[ ] [
® @ ®
[ ] [ J
® L ®
[ o
® ® ®
) % ) A © A
\Qv \Q(o © \Qca q}@ %Q\
Year
Orthophotos Historical terrestrial Photos @ SfM Products

Figure 2. Timeline with the central data sources used for geomorphological mapping and backdating. SfM Products include both the

DEM and orthomosaic.
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landforms. Orthoimages from 1997 onwards were
derived from the Autonomous Province of Bozen/
Bolzano. Quality metrics (ground sampling distance,
GSD; and tie-point root-mean-square error, RMSE) for
all self-processed SfM datasets are listed in Appendix C.

Historical maps (1872-1933)

Since overlapping aerial photographs of our study sites
date back only to the 1940s, historical maps were used to
extend the geomorphological record further back in
time. Especially the maps by S. Finsterwalder (KT
1887, KT 1922, MT 1889) show considerable detail in
their depiction of glacier extent and channel networks.
Appendix D lists the historical maps used for each study
site. Where several historical maps were combined for
a single geomorphological map, the assigned year corre-
sponds to the source with the highest level of detail.
Where the date of the underlying field survey differs
from the publication date, the survey date was used

Multitemporal
Geomorphological Maps

(e.g., GT 1933, based on the “Map of the Stubai Alps”
published in 1939).

Historical terrestrial photographs

Historical terrestrial photographs were used primarily to
verify information from historical maps and to obtain
additional detail on channel morphology—for instance,
to supplement spatially limited maps with views of gla-
cier tongues or channel reaches outside the mapped
extent (Figure 3). Image orientation and monoplotting
were performed using the open-source tool MoniQue
(Mikolka-Flory, Ressl, and Pfeifer 2025; github.com/
smfloery/moniQue).

Sediment source mapping

The primary data source for sediment source mapping
were catchment-wide DoDs from the subsequent period
of the GM, e.g., the Grastal DoD 1973-1953 for GT
1953. As input we used both SfM-derived and ALS-

Toposequence Graph

S
> I f
\/

il A Al i

Terrestrial Photographs

-

\ 4

Flow Routing

Sediment cascade graph

Figure 3. Workflow for constructing sediment cascade graphs. Input data (left): historical aerial imagery (KT, 1953), terrestrial
photographs (MT, ca. 1890), historical maps (MT, 1911), DEM Derivatives (MT 2019) used for geomorphological mapping and
backdating. Combined with a hydrologically corrected DEM, the “Flow between fields” SAGA tool produces a toposequence graph
in which landforms are nodes and edges record flow routing between adjacent polygons (top right). Rule-based filtering then retains
sediment sources coupled to the linking landforms, river reaches, and barrier landforms (lakes, braidplains, alluvial fans), removing
uncoupled landforms and redundant edges to yield the sediment cascade graph (bottom right). Graph construction shown for GT

1933.



derived DEMs as listed in Figure 2. For the most recent
GMs, we used ALS DEMs from 2023 based on our own
aerial surveys, e.g., MT 2023-2019 for the MT 2019 map.
All pairs of DEMs were coregistered with demcoreg
using the Nuth and Kéib algorithm (Nuth and Kiib
2011; Shean et al. 2016). For all study sites, we began
the source mapping with the ALS-born DoDs, as those
are most reliable regarding data quality.

Based on this, multi-stage sediment source mapping
was carried out:

(1) Glacier portals draining into a river channel were
classified as sediment sources by rule given their
large contribution in sediment budget studies
(Hilger and Beylich 2019).

(2) Potential hillslope sediment sources in proximity
to the channel network were analyzed with DoDs.
This primarily targeted continuously active pro-
glacial lateral moraines, which can achieve mean
annual sediment output of several hundred cubic
meters per year (Altmann et al. 2024). We pre-
selected landforms with a net erosion exceeding
1,000 m> over the respective DoD period as
a practical threshold to focus on geomorphologi-
cally significant sources and then determined
based on the spatial patterns in the DoD, the
landform characteristics, the location and sur-
roundings whether it was actually a sediment-
supplying unit or whether the DoD was
indicating another signal (e.g., dead ice melt,
snow melt).

(3) The channel network was analyzed reach-by-
reach whether substantial lateral erosion or inci-
sion (>1,000 m’) occurred during the time per-
iod. As geomorphological maps are a snapshot
from the beginning of the DoD-time span and the
channels shift or expand over time, we could not
rely solely on the net balance of the individual
reaches but had to include the adjacent eroding
landforms (often ground moraine or lateral mor-
aines) as well.

(4) We examined the DoDs for landforms indica-
tive of low-frequency, high-magnitude activity
(e.g., rockfall and landslide deposits, debris-flow
channels). As each DoD integrates all surface
change between two survey epochs, a single
mapped deposit may aggregate the products of
several individual events. We distinguished
between deposits of processes likely to occur
only once during the entire period (e.g., large
rockfalls or landslides) and landforms shaped
by recurring processes such as debris flows.
The former were only mapped as sediment
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sources for the corresponding time step, while
debris flow channels with repeat sediment
delivery to the channel network were marked
as sources for all time steps.

With variable data availability, the mapping of sediment
sources had to be adjusted for older GMs.

Step 1 could be performed for all data sources, as
glaciers and channels were also included in the historical
maps. Step 2 relies on DoDs and could not be repeated
in the same manner for the two oldest GMs. Betz-Nutz
et al. (2023) investigated lateral moraine activity in ten
proglacial areas since the 1950s, finding slight decreases
in erosion rates over time in most cases. Altmann et al.
(2024) similarly found decreasing erosion rate trends in
10 of 12 lateral moraine sections. Consequently, we
assume that moraines continuously mapped as sediment
sources were also active during the two prior time per-
iods, if a) they were not covered by glacier and b) the
nearby channels were in a similar location. Step 3 also
could not be repeated with DoDs for the two earliest
GMs. In the Kaunertal and Martelltal valleys, glaciers
covered most of the area, and the mapping of the
remaining channels indicated a braiding morphology,
so no reach was classified as sediment source. The river
reach with the highest erosion in Grastal became active
much later (1997 onwards), and the channel was not at
the same location according to the oldest historical
maps, so we did not map channel sources for the first
two time steps either.

Regarding step 4, Rom et al. (2023a, 2023b) found no
long-term trend in the frequency of extreme debris flow
events in the Horlachtal valley despite high short-term
variability. These findings support the assumption these
sediment sources identified in recent time periods can be
extended to earlier periods lacking DoD coverage, pro-
vided their coupling to the active channel remained
unchanged. There is little to no data available on other
low-frequency high-magnitude events for the two ear-
liest time periods. Given that landforms that were later
subject to such events (like landslides and large rock-
falls) were glacier-covered at this time (or glacial debut-
tressing was at a very early stage), the occurrence of such
events is considered unlikely.

Link, barrier and sink mapping

Landforms that are neither classified as sediment
sources nor part of the active fluvial system are treated
as disconnected from the sediment cascade by default.
This approach is supported by findings that effective
sediment-contributing areas in Alpine catchments are
often small, with large parts (or most landforms)
remaining disconnected from the channel network
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(Fryirs et al. 2007b; Heckmann and Schwanghart 2013;
Altmann et al. 2021; Buter et al. 2022; Turley and Hassan
2023), including the Kaunertal (Hilger and Beylich
2019) and Grastal (Himmelstoss et al. 2024) valleys.
Within the fluvial system, river reaches are treated as
links that transport sediment downstream. Three land-
form classes act as barriers to coarse sediment transfer.
Lakes are treated as complete bedload sinks given the
size and inflow characteristics of the proglacial lakes in
the study catchments (Geilhausen et al. 2013; Bogen, Xu,
and Kennie 2015). Braidplains transmit suspended load
but filter and delay bedload (Mancini et al. 2023). Multi-
decadal DoD analyses across the three study sites show
that proximal braidplains function as net sinks while
distal braidplains approach transport equilibrium
(Rom et al. in review). Alluvial fans reduce downstream
sediment flux through diffusive deposition (Mancini
and Lane 2020). All three barrier classes are assigned
filter coefficients for sediment routing. The coefficient
values and their empirical basis are given in
Section “Event-based sediment routing”, their limita-
tions are further discussed in Section “Methodological
considerations”.

Graph creation

The sediment cascade is represented as a directed graph
in which nodes correspond to individual geomorpholo-
gical landforms and edges represent potential sediment
transfer pathways between them. This graph encodes
which landforms can deliver material to which down-
stream landforms, based on topographic flow routing,
without quantifying actual sediment fluxes (Figure 3).
To derive this graph, we employed the “Flow between
fields” tool in SAGA GIS (version 6.3.0), which imple-
ments a multiple flow direction (MFD) algorithm. This
tool routes flow from DEMs through rasterized land-
form polygons of the geomorphological map, producing
an edge list that records flow accumulation values
between adjacent landform units.

The required inputs comprise derivatives of the geo-
morphological maps in which each landform polygon is
assigned a unique identifier and hydrologically corrected
DEMs. Where no elevation model from the same year as
a geomorphological map was available, the temporally
nearest DEM was used. Using the R package igraph (ver-
sion 2.1.4; Csardi and Nepusz 2006), graphs were created
from the resulting edge lists, and basic vertex attributes—
centroid coordinates, landform class, and functional role
(e.g., braidplain, sediment source)—were assigned.

The first result is a directed toposequence graph in
which every landform is represented by a node and edges
are drawn where flow routing connects two adjacent

landforms. While flow accumulation values could theo-
retically serve as edge weights, we found this variable to
be of limited utility for glaciated systems. Surface runoff
is only partially determined by the contributing catch-
ment area of each raster cell, and the capacity to transfer
sediment from one node to another depends on numer-
ous factors that cannot be readily quantified at this level
of abstraction. Consequently, flow accumulation is used
only for the removal of mutual edges (see below).

To derive the sediment cascade graph from the topose-
quence graph, we applied several filtering steps with refer-
ence to the previous source, sink and link classification:
The sediment cascade graphs retains only landforms that
are either a) mapped as sediment sources and coupled to
the fluvial system, b) standard river reaches as main trans-
port pathways, or c) barrier landforms classified as lakes,
alluvial fans or braidplains. Graph edges from and into all
other landforms are by default removed, as these either
represent primary sediment buffer zones that decouple
lateral connectivity or their dominant sediment transfer
mechanism is negligible in the overall sediment budget
(e.g. small rockfall, avalanches, creep). Where bidirectional
edges exist between nodes, only the edge with greater flow
accumulation is retained, to prevent incorrectly directed
edges due to mapping inaccuracies. Redundant edges
from non-glacier sediment sources are eliminated, such
that each mapped source couples only to the landform
with which it has the strongest connection (e.g. a lateral
moraine to a river section directly adjacent). This prevents
hillslope sources being counted multiple times in the sub-
sequent routing analysis. If a source landform was identi-
fied as supplying sediment to several other landforms, the
corresponding source landform polygon was divided.
Glaciers are allowed to connect to multiple downstream
nodes if they are part of the fluvial system, as they can
have several tongues and portals individually contributing
sediments of significant magnitude.

Critical to the analysis is the creation of two graph
versions that serve distinct analytical purposes. The routing
graph has all outgoing edges from lake nodes removed,
reflecting their function as complete sediment sinks for
coarse material regardless of sediment origin and enabling
sediment routing calculations. The cascade topology graph
preserves lake connectivity, allowing network topology
metrics to account for the structural position of lakes
within the cascade network. Unless otherwise noted, path-
way metrics were calculated on the cascade topology graph,
while sediment routing employed the routing graph.

Graph analysis

Graph analysis was also conducted with igraph in R. We
organized the analysis into three thematic blocks



addressing distinct research questions: (1) characteriz-
ing structural network evolution, (2) quantifying the
positioning and importance of barrier landforms, and
(3) an event-based routing model to assess the filtering
of sediment delivery by network structure during high-
magnitude events.

Structural network evolution

To characterize how sediment cascade structure changes
through deglaciation, we selected metrics that are either
inherently size-independent or can be normalized to
enable comparison across networks of varying extent.

Network size itself is tracked through node count (#)
and edge count (m). While these absolute values reflect
the expanding proglacial area, their ratio (m/n) provides
a size-independent indicator of network branching
complexity.

Sediment source composition was disaggregated by
type: glacier portals, hillslope sources (debris flows, lat-
eral moraines, landslides etc.), and channel sources
(reaches with incision or lateral erosion). Sources were
identified based on the vertex attribute assigned during
graph creation from geomorphological mapping and
classified according to the landform process domain.

Pathway analysis quantifies the number of distinct
routes connecting sediment sources to the catchment
outlet. Using igraph’s all_simple_paths() function, we
enumerated all acyclic paths from each sediment source
to the designated outlet vertex. For each pathway, we
recorded: (i) the number of edges traversed (pathway
length), which indicates the number of landform transi-
tions — and thus potential filtering or buffering steps -
between source and outlet, and (ii) whether the path
actually traverses a lake or braidplain node. Note that
the pathway length does not represent the Euclidean
distance in physical space, but the number of edges
(landform transitions) in the graph.

Barrier landform emergence and positioning
In order to track the formation of proglacial lakes and
braidplains during the study period, they were counted
at each time step. Only those lakes were counted that
could potentially interrupt the sediment cascade, i.e.,
they must be connected to a link or a source landform.
The lake-mediated pathway ratio (LPR) expresses
the proportion of source-to-outlet pathways that tra-
verse at least one lake:

P
LPR = %k

P total
where Py, is the number of pathways containing a lake
node and Py, is the total number of pathways. An
analogous ratio was calculated for braidplains,
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abbreviated BPR for braidplain-pathway ratio. These
ratios provide size-independent measures of barrier
positioning within the network, distinguishing between
systems where barriers occupy peripheral versus central
positions.

Event-based sediment routing

To evaluate how network structure controls potential
sediment delivery, we implemented a simplified routing
model simulating coarse sediment transport during
a hypothetical extreme precipitation event that activates
all mapped sources susceptible to hydrometeorological
forcing simultaneously. This approach follows the
matrix formulation of Schwanghart and Kuhn (2010),
adapted for sediment cascade networks with filtering
landforms.

Each sediment source emits one unit along each out-
going edge. For glacier nodes, units are distributed
across all outlet edges; for other sources, routing follows
the single edge with highest flow accumulation weight.
Sediment units propagate along the directed graph until
reaching either the outlet or a sediment sink.

For each routing event, we calculate a routed sediment
unit vector s with n elements (one per network node):

s=(I- MT)_IWO

where I is the identity matrix, M is the weighted adja-
cency matrix incorporating filtering coeflicients, and w,
is the source vector (1 for source nodes, 0 otherwise).
This formulation propagates source inputs through the
network, applying filter coefficients at each node and
summing all contributions to yield the total number of
sediment units passing through each node.

Lakes are treated as complete sinks (filter coefficient
= 0), retaining all incoming bedload sediment.
Braidplains and alluvial fans act as partial filters with
coeflicients set to 0.50 and 0.45, respectively, based on
the sediment delivery ratios observed during a 2022
event in the Grastal valley (Himmelstoss et al. 2024)
and consistent with bedload retention values simulated
by Mancini et al. (2025; reference Scenario 1) for Alpine
proglacial braidplains. Given limited empirical data on
bedload retention across landform types, these coeffi-
cients are treated as estimates, and we cannot quantify
their temporal and spatial variability.

The matrix-based routing inherently produces cas-
cading filtering effects: sediment passing through suc-
cessive braidplains is filtered at each step, so that distal
braidplains receive and retain less sediment in absolute
terms than proximal ones—consistent with the spatial
patterns observed in DoD-based studies of proglacial
streams (see section “Barrier landform control”).



10 (&) T.HIMMELSTOSS ET AL.

The primary output metric is the Event Delivery
Ratio (EDR):

Soutlet

EDR =

Ssent

where s, is the total sediment delivery to the catch-
ment outlet and sq., is the total units dispatched from all
sources. By assigning equal contributions to all sources,
EDR isolates the filtering effect of network structure and
barrier positioning from spatial and temporal variability
in sediment availability. Additionally, we can calculate
retention rates for each barrier class as the proportion of
total units intercepted by lakes, alluvial fans, and braid-
plains, respectively: The sediment trapped in sinks is Zs;
for all sink nodes j.

Results
Structural network evolution

Number of nodes and edges

Glacier retreat and the exposure of underlying areas can
drive expansion of the cascade topology graphs, but the
three systems respond differently (node count n in
Figure 4). All three start with relatively low counts—9
for MT, 18 for KT, and 22 for GT—and then diverge:
The node count in Grastal remains nearly constant over
time, which can be explained with the much smaller size
of the Grastalferner glacier and the exposed proglacial
areas in relation to the whole study area. Hence, if we
should detect changes in pathway-related metrics, these
can be attributed less to the expansion of the proglacial
area visible in the lower panel of Figure 4 and more to
a restructuring of the sediment cascade.

The size of the KT cascade graph does not increase
substantially over the first three time steps 1887 to 1953,
as two opposing processes balance out: the melting
Gepatschferner tongue exposes a confined area where
the channel system lengthens without branching, while
the drainage network in the Nordergries area (NG)
simultaneously becomes less branched. The largest
increase in network size in KT happened between 1997
and 2006, where the Gepatschferner tongue retreated
behind the valley confluence and had three portals.

The MT cascade exhibited a steady increase in the
first four time steps and stagnation between 1969 and
1997. We observe an inflection point with the node
count increasing from 29 to 64 between the 5th and
6th time step (1997 to 2008), even though the time
span is relatively short and the additional deglaciated
fraction is modest compared to the magnitude of net-
work change. The largest contribution to this was a size
increase of the channel network (from 28 to 51 reaches)
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Figure 4. Upper panel: number of nodes in the sediment cascade
graph at each time step for Grastal (GT), Kaunertal (KT), and
Martelltal (MT). Lower panel: percentage of the maximum Little
Ice Age (LIA) glacier extent that is ice-free at each time step
(proglacial area).

and the formation of a large number of additional pro-
glacial lakes (see section “Lake emergence and pathway
interception”). A slight drop of node count can be
observed in the last time step across all three study sites.

The number of edges m generally develops very simi-
larly to the number of nodes: The edge/node ratio (m/n)
ranges between 1 and 1.13 for GT, between 0.98 and 1.19
for KT; both without clear temporal trends. Only MT
shows an increasing trend, starting with 0.78 in 1889 and
ending with 1.10 in 2019. Values below 1 indicate pre-
dominantly tree-like network structures; MT’s approach
to and exceedance of 1.0 reflects increasing network
complexity through lateral branching in addition to
longitudinal extension.

Number and composition of sediment sources

The sediment source composition plot (Figure 5) shows
both different compositions and different evolution
paths for the three study sites. In Grastal valley, hillslope
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Figure 5. Temporal evolution of the sediment source composition for each study site.

sediment sources (debris flows) are dominant in num-
ber, and the overall sum increases only slightly from 5 in
1872 to 7 in 2017. Interpretation of the 1872 and 1933
data is limited by source material constraints: the histor-
ical maps do not depict channel sources directly, though
the lateral/end moraine above Grastalsee appears to be
intact in 1872 and, therefore, most likely did not repre-
sent a source. The moraine is subject to substantial
erosion from 1997 onwards (>30,000 m” between 1997
and 2006), but this is mostly attributable to fluvial ero-
sion and represented as a channel source in Figure 5.

Glacier portals are the most prominent sediment
sources in KT, but steep lateral moraines become
exposed and active as sources as well from time step
1953 on. The most recent additions here are incisive or
laterally eroding reaches, particularly in the area of the
so-called “Miinchner Abfahrt” (MA). The sharp decline
in the last time step is due to the reduction of the
number of glacier portals of the Gepatschferner tongue
and the complete melting of a glacier snout in the
western part of the study site.

In contrast, hillslope processes play a very minor role
in the sediment cascade of the Martelltal valley. While
some lateral moraines and talus cones show geomorphic
activity, they are decoupled from the channel network
by extensive ground moraine areas. The exposure of
these ground moraines, however, provides material
erodible by river streams.

Pathway length
Mean pathway lengths increase across all three study
sites over the observation period, though trajectories

and rates differ substantially (Figure 6). Pathway length
counts the landform transitions (edges) along a source-
to-outlet path, not a metric distance. GT exhibits the
highest absolute values throughout (11.4 to 16 edges),
reflecting its larger spatial extent beyond the proglacial
area. Correspondingly, the relative increase in GT
(~40 percent) is considerably lower than in KT
(~375 percent, from 2 to 9.5 edges) and MT (~267 per-
cent, from 3 to 11 edges), suggesting that GT’s sediment
cascade network was already more extensively devel-
oped at the first time step.

KT and MT show broadly similar magnitudes by the
end of the observation period (9.5 and 11 edges, respec-
tively) and both sites display their steepest increases
around the turn of the millennium: KT between 1997
and 2006 (6.5 > 10.7), and MT between 1997 and 2008
(8 > 11.3). In KT, the 1997-2006 period shows simulta-
neous strong increases in both node count and mean
pathway length, consistent with longitudinal network
expansion as the glacier tongue retreated behind the
valley confluence. In MT, node count more than doubles
between 1997 and 2008 (29 »> 65 nodes), while mean
pathway length increases more modestly. This decou-
pling supports the earlier finding of an increasing edge/
node ratio indicating that network growth in MT during
this period was not only driven by longitudinal exten-
sion of existing pathways, but also by lateral branching
of the channel network and lake formation.

Number of pathways
Figure 7 shows the count of pathways between sediment
sources and the catchment outlet; solid lines include
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Figure 6. Evolution of mean pathway lengths in the cascade topology graph (number of edges traversed).

lakes as transmitting nodes, dashed lines treat lakes as ~ and show a declining tendency (8 > 3), with the
intercepting barriers. divergence between filtered and unfiltered counts

The GT curve (blue) fluctuates without a clear  widening over time. By 2017, more than half of all
directional trend in unfiltered pathway count (range  potential pathways (6 unfiltered, 3 filtered) are inter-
5-9). However, filtered values are consistently lower  cepted by lakes.

Total Pathways

1900 1950 2000
Year
Pathway Type — Through Network (with lakes) = = Filtered (stops at lakes)

Catchment & GT KT - MT

Figure 7. Sediment pathways between all sediment sources and the outlets. Solid lines represent the cascade topology graph including
lakes, dashed lines the cascade interrupted by lakes (routing graph).



In KT (orange), filtered and unfiltered values are
nearly identical throughout most of the record, indicat-
ing that proglacial lakes do not occupy positions that
intercept sediment pathways. Pathway counts remain
low (1-4) across the first five points in time, reflecting
a cascade with minimal branching and consequently
high susceptibility to disruption by any single barrier.
The sharp increase in 2006 (to 16 pathways) reflects
a specific geomorphic configuration: the GZ no longer
dammed the valley confluence, coupling several sources
from the MA to the main channel network.
Additionally, the glacier tongue itself had three portals
at this time. This configuration was transient: one snout
adjacent to a proglacial lake diminished shortly after
(visible in 2009 orthophotos), and another draining
into a gorge fell dry following a large flood event in
2012 (Baewert and Morche 2014). By 2017, pathway
count had declined to 8, still elevated compared to pre-
2006 values.

MT (red) shows the clearest sustained increase in
pathway count (2 - 17 unfiltered), consistent with net-
work expansion and increasing sediment source num-
bers. The divergence between filtered and unfiltered
values grows progressively: identical until 1945, differing
by 2 in 1969, and reaching a difference of 5 by 2019 (17
unfiltered, 12 filtered). This quantifies the cumulative
barrier effect of lake formation, which partially offsets
the connectivity gains from network expansion.

Barrier landform positioning

Figure 7 already indicates that the expansion of the
sediment cascade due to proglacial area growth can be
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mitigated by the positioning or emergence of barrier
landforms. We also observed that pathway interception
by lakes plays a major role in Grastal and Martelltal, but
not in Kaunertal. In this section, we first investigate the
role of lakes in further detail, then analyze the position-
ing of braidplains as barriers. Alluvial fans are not con-
sidered separately, as the only major alluvial fan (in GT)
is positioned adjacent to the Grastalsee and thus does
not independently intercept pathways beyond those
already blocked by the lake.

Lake emergence and pathway interception

Looking at the number of lakes per study site (Figure 8),
it is striking that lake count has increased sharply in the
Martell Valley over the last two periods (from 2 to 13),
while increasing only modestly in Grastal (from 1 to 3)
and fluctuating without clear trend in Kaunertal (range
0-3). For this metric, we did not consider every mapped
water-filled depression, but only those with a connection
to the channel network.

The high number of proglacial lakes in the Martell
Valley is related to the exposure of large ground moraine
areas, especially in the Fiirkeleferner and Zufallferner
forefields (see Figure 9). The lakes in the 2019 map are
arranged both parallel and in series, so that only one
flow path (the southernmost from Fiirkeleferner glacier)
passes unintercepted from the glacier to the outlet.

Despite having far fewer lakes than Martelltal (3
versus 13 by 2017), Grastal exhibits the strongest relative
barrier effect. Until 2006, this was attributable to a single
lake, Grastalsee. At the first time step (1872), neither the
original third military survey map nor the 1878 special
map of Austria-Hungary depicts a continuous channel
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Figure 8. Left panel: Number of lakes per study site and time step. Right panel: Ratio between the number of potential sediment
pathways intercepted by lakes and all sediment pathways from sources to the outlet.
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Figure 9. Exemplary sections of the MT geomorphological maps showing the emergence of several proglacial lakes between 1997 and
2019 (with 1997 and 2020 orthophoto in the background, respectively).

from the glacier to Grastalsee, resulting in zero pathway
interception, although this interpretation rests on lim-
ited source material, with no early photographs available
for verification. From 1933 the glacier partially drained
into the lake, with the interception ratio rising from 0.11
to 0.57 by 1997. From 1997 onwards, the entire channel
network of the proglacial area drains into Grastalsee.
The subsequent decrease to 0.44 (2006) reflects transient
channel branching in the lower Grastal, at a section
where flow paths shifted repeatedly throughout the
study period, increasing the total number of pathways
outside the proglacial area. A second lake emerged at the
glacier margin in 2006, beginning to intercept an addi-
tional path by 2017 as the glacier retreated further.

In contrast, we observe a strong increase in lake count
in Martell Valley, but its importance expressed as the
lake-mediated pathway ratio does not increase propor-
tionally: The pathway ratio reaches 0.25 already in 1969
with only 2 lakes, while 13 lakes in 2019 yield a ratio of
only 0.29. This is because many of the newly emerging
lakes are arranged in series to already existing ones,
affecting pathways that were already intercepted (see
Figure 9 for example).

Except for the time step 2006 (ratio of 0.06), the lake-
mediated pathway ratio is 0 in Kaunertal, which means
that lakes do not intercept sediment pathways, despite
2-3 lakes being present during most of the observation
period. This reflects their positioning outside the main
sediment cascade.

Braidplain emergence and pathway interception

The number of braidplains increases across all three
study sites over the investigation period (Figure 10, left
panel). The increase is marginal in Grastal (1 to 2),
moderate in Kaunertal (2 to 4), and pronounced in

Martelltal (2 to 9). As the lake analysis showed, count
alone is insufficient—the position of braidplains within
the sediment cascade determines their effect on connec-
tivity. We calculated a braidplain-mediated pathway
ratio analogous to the lake analysis (Figure 10, right
panel).

In both KT and MT, this ratio equals 1.0 throughout
the entire observation period, indicating that all sedi-
ment pathways pass through at least one braidplain
regardless of network expansion or restructuring. This
reflects the position of braidplains at central locations
near the catchment outlets. The channel planform is not
usually shown explicitly in the historical maps that we
used for backdating to the two earliest points in time. In
some of the maps, it is indicated by the density of the
river branches in a specific area (e.g., the Finsterwalder
maps for Kaunertal). We were able to verify the presence
of braided reaches in the glacier forefields in the
Kaunertal and Martelltal valleys for the earliest dates
using photographs (example in Figure 3).

In GT, the braidplain mediation ratio ranges between
0.5 and 0.78, which means that 22-50 percent of path-
ways bypass braidplains entirely. This can be attributed
to debris flow activity on slopes outside the proglacial
area that connect directly to the channel network with-
out braidplains along the further pathway.

Event-scale connectivity

The Event Delivery Ratio (EDR) quantifies the propor-
tion of source-derived sediment packages reaching the
outlet under a hypothetical hydrometeorological event
that simultaneously activates all mapped sources, with
each source contributing equally regardless of actual but
unknown production rates (section “Event-based
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Figure 10. Left panel: Number of braidplains per study site and time step. Right panel: Ratio between the number of potential
sediment pathways intercepted by braidplains and all sediment pathways from sources to the outlet.

sediment routing”). Figure 11 shows EDR trajectories
for all three catchments (upper panel). The lower panel
contextualizes these trajectories by counting source and
barrier nodes at each time step, allowing distinction
between EDR changes driven by source addition and
those driven by barrier expansion.

In the earliest time steps (1887 to 1922), glaciers
constituted the only major sediment sources in
Kaunertal, yet the EDR remained low (0.10 to 0.17,
Figure 11) due to spatial decoupling: several glacier
portals at the NG snout drained into the main GZ
more than 2 km upvalley from its terminus, causing
sediments to be intercepted before reaching the system
outlet. The modest EDR increase from 0.10 (1887) to
0.17 (1922) reflects a reduction in the number of these
internally decoupled sources as the ice margin geometry
simplified. Between 1922 and 1953, several laterally
coupled sediment sources became accessible in the fore-
field of the Gepatschferner tongue. These sources
experienced only weak filtering through the
“Fernergrie” (FG) braidplain, driving EDR to 0.20.
The subsequent decline through 1971 (0.11) and 1997
(0.09) resulted from two processes: stabilization of some
slope sediment sources in the coupled GZ area, while
additional sources activated in the decoupled western
subcatchment. The sharp EDR increase in 2006 (to 0.20)
corresponds to glacier tongue retreating behind the val-
ley confluence, longitudinally coupling meltwater
streams and sediment sources from Nordergries and
Miinchner Abfahrt directly to the outlet. By 2017, EDR
reached 0.23, more than double the 1997 value.

The Grastal EDR decreased sharply from 0.90 to 0.60
between 1872 and 1933 and then remained relatively

stable (0.60 in 1953) before declining further to 0.40 by
1997. This abrupt early decline corresponds to a shift of
the drainage paths upstream of Grastalsee. A glacier melt
stream is redirected into the lake passing the LIA terminal
moraine and later activated the moraine itself as a source
whose sediments are immediately intercepted by the same
lake. After 1997, the EDR fluctuated between 0.40 and
0.50 (2006: 0.50; 2017: 0.42). The remaining sediment
contributors maintaining these values are deeply incised
debris flow channels in the lower valley that bypass the
lake and have episodically delivered material to the main
channel throughout the study period.

Martelltal exhibited the most substantial increase in
accessible sediment sources over the study period
(Figure 11 lower panel). However, this signal did not
propagate to the outlet under the event scenario: EDR
declined from 0.50 (1889) to 0.25 (1911), briefly recovered
to 0.29 (1945), and then progressively decreased to 0.10-
0.15 through the remainder of the observation period.
This attenuation coincides with the comparatively great-
est expansion of barrier landforms visible in the lower
panel and their strategic positioning at critical network
locations (section “Barrier landform positioning”).

Discussion

The three study sites experienced substantial glacier retreat
and proglacial area expansion over the approximately 150-
year observation period, yet their sediment cascade net-
works evolved along markedly different trajectories. This
divergence—despite similar deglaciation forcing and geo-
logical setting—raises questions about what controls con-
nectivity evolution in deglaciating systems and whether
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Figure 11. Upper panel: Event Delivery Ratio (EDR) per catchment and time step. Lower panel: composition of contributing (sediment
sources by type) and intercepting nodes (lakes and braidplains) in the sediment cascade network at each time step.

generalizable patterns exist. We first interpret the observed
structural changes in terms of inherited topography,
threshold behavior, and site-specific controls, asking why
the catchments diverge rather than converge toward simi-
lar configurations. We then examine the effect of the emer-
gence and positioning of barrier landforms—Iakes,
braidplains, and alluvial fans—on the sediment cascades
(Section “Barrier landform control”). Section “Functional
connectivity and paraglacial sediment dynamics” combines
structural and functional connectivity by evaluating how
the observed network changes translate to potential sedi-
ment delivery at event timescales, and situates these find-
ings within broader debates on paraglacial sediment
dynamics. Given the heterogeneous data sources spanning
150 years, Section “Methodological considerations” expli-
citly addresses methodological limitations, key assump-
tions, and their implications for interpreting our results.
We conclude with broader implications and directions for
future research (Section “Implications and outlook™).

Structural evolution and site comparison

The divergent trajectories despite broadly comparable
deglaciation forcing indicate that inherited valley topo-
graphy and glacier geometry, rather than the magnitude
of glacier retreat alone, control the mode of network
evolution. This spatial heterogeneity is consistent with
Kirkbride and Deline (2018), who documented diver-
gent paraglacial trajectories across four Western Alpine
cirques and attributed them to local controls—particu-
larly stream-bed material and slope-channel coupling—
rather than uniform climate forcing. Our results extend
this finding from the cirque to the catchment scale,
showing that inherited valley topography controls not
only local slope-channel coupling but also the system-
scale network architecture through which sediment
must travel.

Paraglacial conceptual models describe the evolution
of sediment supply from glacially conditioned sources
during deglaciation, typically as an exponential decline



driven by progressive source exhaustion or stabilization
(Ballantyne 2002). More recent frameworks recognize
that sediment delivery is also modulated by evolving
connectivity, with proglacial lakes, moraines and alluvial
fans interrupting sediment transfer and the reorganiza-
tion of source-to-sink pathways altering delivery effi-
ciency (Zhang et al. 2022). Our results empirically
quantify this structural dimension: the network of land-
forms through which mobilized sediment must travel
reorganizes non-monotonically during deglaciation, and
whether sediment released from sources reaches the
catchment outlet depends on where barriers and path-
ways emerge relative to inherited topography. Sediment
supply and source activity at our study sites have been
investigated at the scale of individual landforms and
processes (Betz-Nutz et al. 2023; Piermattei et al. 2023;
Rom et al. 2023a; Altmann et al. 2024). Holding source
activity constant in the graph framework isolates the
filtering effect of network structure from the effects of
variable supply, allowing the structural dimension of
paraglacial adjustment to be compared directly across
catchments and time steps. Sensitivity—the capacity of
landforms and systems to adjust morphologically under
forcing—and connectivity are fundamentally linked
controls that together govern a system’s response to
disturbance (Fryirs 2017; Lisenby, Croke, and Fryirs
2018). Reconstructing the connectivity axis at catchment
scale, therefore, complements the landform- and pro-
cess-scale work on source activity at our sites.

In Kaunertal, the dominant control was the position
of the Gepatschferner tongue relative to the valley con-
fluence. While the glacier blocked this junction, the
Miinchner Abfahrt and Nordergries subcatchments
remained structurally decoupled from the trunk chan-
nel. The retreat of the tongue behind the confluence
between 1997 and 2006 triggered a threshold-like reor-
ganization that integrated previously isolated subcatch-
ments into a single connected cascade. This stepwise
transition demonstrates that glacier retreat can produce
topological transitions where small additional retreat
causes disproportionate structural change. The laterally
confined valley walls constrain network development to
longitudinal extension, so that subsequent retreat pro-
duces a lengthening but topologically simple cascade.
Rising mean pathway lengths are functionally relevant
because each additional landform transition constitutes
a potential buffering or filtering step between source and
outlet, so that longitudinal network growth alone
increases the structural filtering potential of the cascade.

Martelltal followed a different trajectory despite simi-
lar deglaciation forcing: sustained lateral network
expansion driven by the exposure of extensive ground
moraine areas where multiple proglacial lakes and
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branching channel networks formed. This non-
monotonic development mirrors the regional glacier
activity record, with readvances in the 1920s, stronger
retreat between 1930 and 1964, and another readvance
between 1965 and 1985 (Kuhn, Schlosser, and Span
1997). The increasing edge/node ratio, exceeding 1.0
by the most recent time step, indicates a shift from
a simple cascade toward a more complex network char-
acterized by multiple alternative pathways. However,
this expansion simultaneously introduced new barriers,
so that connectivity-enhancing and connectivity-
reducing processes operated concurrently.

Grastal presents a case where Grastalsee, positioned
directly downstream of the LIA terminal moraine, pro-
gressively intercepted an increasing share of sediment
pathways as glacier meltwater drainage shifted into the
lake. This proximity means that changes in proglacial
drainage configuration at the glacier margin directly
control whether sediment reaches or bypasses the lake.
This contrasts with Kaunertal and Martelltal, where
downstream reaches outside the LIA boundary function
as transport pathways without further topologically sig-
nificant barriers before their respective reservoirs. Only
in Grastal does the interaction between barrier position-
ing outside the LIA boundary and drainage changes
within it exert first-order control on system connectiv-
ity, a configuration that justifies extending the analysis
beyond the proglacial area. These three contrasting
modes reflect the concept of topographic inheritance
(Carrivick and Heckmann 2017): inherited valley con-
finement, substrate, and glacier-bed morphology prede-
termine the mode and direction of network evolution.

The steepest increases in pathway metrics cluster
around the turn of the millennium in both Kaunertal
(1997-2006) and Martelltal (1997-2008), coinciding
with accelerated glacier retreat during this period
(Zemp et al. 2015; Figure 4). However, the temporal
coincidence should not be read as a simple area-
response relationship. In Kaunertal, the inflection
reflects a specific topographic threshold rather than
a proportional response to retreat rate. In Martelltal,
the rapid network expansion reflects terrain predisposed
to lake formation and channel branching by glacier bed
morphology. The slight node-count decline in the final
time step at all three sites reflects glaciers retreating
behind drainage divides, so that previously existing drai-
nage paths disappear.

Barrier landform control

Section “Structural evolution and site comparison”
established that barrier emergence and positioning
drive divergent connectivity trajectories. Here we
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examine the mechanisms by which different barrier
types (following the terminology of Fryirs et al. 2007a)
control sediment transfer and how their effectiveness
relates to network position rather than abundance.
Lakes function as complete barriers to coarse sediment
(Bogen, Xu, and Kennie 2015), but their system-scale
impact depends critically on topological position.

In Martelltal, lake count increased sharply after 1997
(Figure 8), yet the lake-pathway ratio increased only
modestly. Many new lakes formed in series along path-
ways already interrupted by existing lakes, yielding
diminishing marginal effects on structural connectivity.
This mirrors the more general pattern that, where
retreating glaciers expose overdeepenings arranged as
a cascade, the most proximal basins intercept most of
the incoming sediment while those farther downstream
add progressively less (Veh et al. 2026). The Martelltal
trajectory illustrates that topological importance does
not necessarily scale with barrier count: as the proglacial
area expanded and lakes proliferated, additional lakes
contributed marginally to system-scale interception. In
Kaunertal, the 2-3 lakes present during most of the
observation period remained peripheral to the main
sediment cascade, contributing negligibly to pathway
interception. The three sites together demonstrate that
lake inventories alone cannot predict connectivity effects
without accounting for network topology.

Lake lifespans also differ systematically among sites.
The Martelltal proglacial lakes are small, show signs of
rapid sedimentation, suggesting they will act as effective
sediment traps on the order of years to decades.
Grastalsee, by contrast, is positioned to function as
a sediment trap over much longer timescales: bathy-
metric comparison between 1981 and 2024 indicates
ca. 50,000 m” of sediment accumulation over 43 years,
with ~490,000 m’ of remaining capacity, suggesting
centuries of continued effectiveness (Baumgartner
2025).

Once effective barrier configurations become estab-
lished—as in Grastal after the drainage shift or Martelltal
with the emergence of proglacial lakes—subsequent
changes in source availability have limited effect on
system-scale connectivity. Turley and Hassan (2023)
documented similar structural persistence at Mount
Rainier, where inherited glacial macroforms controlled
spatial patterns of sediment transfer over millennial
timescales. Their finding that disconnectivity represents
the dominant state of natural sediment cascades reso-
nates with our observation that barrier configurations
can constrain connectivity evolution regardless of con-
tinued deglaciation and source expansion.

Unlike lakes, braidplains attenuate rather than termi-
nate coarse sediment flux, alternating between net

erosion and aggradation phases over decadal timescales
(Mancini et al. 2023; Piermattei et al. 2023). Their posi-
tion determines how much they attenuate the coarse
sediment reaching the outlet: in Kaunertal and
Martelltal, braidplains occupy central, near-outlet posi-
tions that every source-to-outlet pathway must traverse,
so all coarse sediment delivered to the outlet has passed
through at least one attenuating reach; in Grastal, deb-
ris-flow channels couple hillslopes directly to the main
channel and bypass the proglacial braidplain, so part of
the coarse sediment load reaches the outlet without this
attenuation.

The only alluvial fan mapped as a distinct barrier
landform lies between the LIA moraine and Grastalsee
in Grastal; due to its position immediately upstream of
the lake, it does not independently intercept pathways
beyond those already blocked by Grastalsee. It none-
theless illustrates that serial barrier arrangements can
extend the effective lifespan of downstream barriers by
reducing their sediment load (Himmelstoss et al. 2024).

Functional connectivity and paraglacial sediment
dynamics

The preceding sections examined structural connectivity
—the configuration of pathways and barriers—which
evolves over decades to centuries. A central challenge
in connectivity research is linking these structural con-
figurations to functional connectivity: actual sediment
transfer under specific forcing conditions (Wainwright
et al. 2011; Wohl et al. 2019). The EDR modeling pro-
vides a bridge by simulating the filtering of sediment
unit delivery by network structure during hypothetical
high-magnitude events that activate all mapped sources
susceptible to hydro-meteorological forcing. The filter-
ing coefficients were derived from rare observation data
on landform sediment delivery ratios at event scale
(Himmelstoss et al. 2024).

Because every sediment pathway in our analysis
begins at a mapped source, the composition of those
sources and the forcing that activates them set what
the network subsequently filters. Dominant sediment
source types differ markedly among sites (Figure 5),
with consequences for which forcings dominate sys-
tem response. Glacier portals and actively eroding
lateral moraines dominate in Kaunertal, consistent
with Hilger et al.’s (2019) sediment budget identifying
the Gepatschferner and fluvial erosion as principal
contributors. In Grastal, hillslope debris flows consti-
tute the primary coupled sources besides the breached
LIA moraine as the most active proglacial source. In
Martelltal, channel sources predominate while hill-
slope-channel coupling is limited by the extensive



low-gradient moraine surfaces that buffer lateral
inputs. These compositional differences mean that
debris flow-dominated systems like Grastal respond
primarily to precipitation extremes (Himmelstoss
et al. 2024, 2025), whereas glacier-dominated systems
like Kaunertal respond more directly to thermal for-
cing and meltwater dynamics (Comiti et al. 2019;
Morche et al. 2019). The EDR’s high-magnitude-
event framing applies most directly to systems where
the dominant sources can plausibly be activated
within a single event; site-specific differences in
source composition, therefore, set bounds on how
literally EDR trajectories should be read across
catchments.

Grastal and Martelltal both show sustained EDR
decline over the observation period, but via different
mechanisms: In Grastal, the decline is driven by
progressive redirection of proglacial drainage into
Grastalsee; in Martelltal, it is driven by the emer-
gence of new barriers (lakes and braidplains) that
reduce the proportion of sediment units reaching
the outlet (Sections “Barrier landform positioning”
and “Event-scale connectivity”). Kaunertal takes
a different trajectory. The 1997-2006 topology shift
coupled previously isolated Miinchner Abfahrt and
Nordergries sources directly to the outlet. The values
remain modest, and the rise is driven by a single
topological transition rather than a sustained trend,
but the direction contrasts with the other two sites.

Our approach builds on established frameworks for
catchment-scale connectivity analysis. The buffer/bar-
rier/blanket framework (Fryirs et al. 2007a) and the
effective catchment area concept (Fryirs et al. 2007b;
Turley and Hassan 2023) formalize how landforms
reduce the area actively contributing sediment to
a catchment outlet. Our approach is conceptually
aligned with these frameworks: source mapping, path-
way counts, and pathway ratios identify which sources
become or remain connected and if these connections
are interrupted. The graph-based approach extends this
logic in three ways. First, the EDR allows partial filtering
rather than binary connected/disconnected classifica-
tion, necessary because braidplains and alluvial fans
attenuate rather than terminate coarse sediment flux
(Mancini et al. 2023; Piermattei et al. 2023). Second, it
makes the positional dependence of barriers explicit and
quantifiable, enabling comparison across systems where
landform inventories alone would suggest misleading
equivalences. Third, the approach enables structural
connectivity reconstruction over the full post-LIA per-
iod, a temporal reach beyond what DEM-based
approaches like ECA can provide. Because graph metrics
are computed consistently across all 21 maps,
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connectivity states at different time steps are directly
comparable without requiring subjective expert judg-
ment for each map individually (Heckmann,
Schwanghart, and Phillips 2015).

Lane et al. (2017) proposed that proglacial systems
may shift toward increasing event-dependence as
structural barriers accumulate, reducing background
sediment transfer and concentrating delivery into
high-magnitude episodes. Buter et al. (2022) reached
a similar conclusion for the neighboring Sulden and
Trafoi subcatchments in the Ortler Alps, attributing
differences in functional connectivity to contrasting
glacier-channel coupling: well-connected Sulden was
predicted to transfer sediment relatively continuously,
while Trafoi was predicted to become increasingly
event-dependent. Our results for Grastal and
Martelltal are consistent with the second trajectory:
pronounced source expansion was accompanied by
barrier emergence that offset the connectivity gains.
Mancini and Lane (2020) documented a similar pat-
tern at hillslope-forefield scale, where gully erosion
enhanced lateral coupling, but the eroded sediment
accumulated on alluvial fans that buffered further
transfer. Deglaciation thus simultaneously expands
the area potentially supplying sediment—as glaciers
expose new ground moraine and proglacial slopes—
and the inventory of landforms that intercept it. The
effective sediment-contributing area reflects the bal-
ance between these opposing processes.

Kaunertal presents a partial counterpoint. Piermattei
et al. (2023) suggested the trend toward negative sedi-
ment balance in the Fagge River may reflect not only
increasing transport capacity but also declining sedi-
ment supply from exhaustion of readily erodible glaci-
genic stores. Similar dynamics—either through supply
exhaustion or through progressive armoring of exposed
sediment that reduces its transportability—have been
documented in other Alpine catchments (Lane et al.
2017; Delaney et al. 2018). Our analysis indicates, how-
ever, that structural connectivity rose from 1997
onward. Suspended sediment monitoring since 2008 at
the Gepatschalm gauging station shows that the largest
transport events are associated with incision and lateral
erosion in the previously decoupled Miinchner Abfahrt
and Nordergries reaches, suggesting the structural
change has functional consequences. These observations
are not necessarily contradictory. A system can simulta-
neously experience declining total sediment availability
(as sources become less active or stores become
exhausted) and increasing connectivity (as barriers dis-
appear or drainage reorganizes). The net effect on sedi-
ment export depends on which process dominates—a
question that cannot be resolved from structural analysis
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alone but requires coupling with multi-temporal sedi-
ment budget or continuous yield data.

The Kaunertal case also illustrates that the current
trend may be transient. Ice-thickness models predict
several glacier bed overdeepenings (>10,000 m?) at mid-
to-upper elevations on the Gepatschferner (Otto et al.
2022). If these become lakes upon further glacier retreat,
Kaunertal’s connectivity trajectory could reverse, shift-
ing from the current increase toward the declining pat-
tern observed in Martelltal and Grastal. Structural
connectivity analysis thus provides not only retrospec-
tive understanding but also a framework for anticipating
future system states given projected deglaciation.

Methodological considerations

Integrating different data sources spanning 150 years
raises the question whether apparent network changes
reflect real system evolution or improvements in data
quality over time. Two aspects of the approach mitigate
this concern: First, the graph operates on landform units
rather than raster cells: pixel-level flow is routed and
summed into connections between mapped landforms,
so pathway counts depend on landform boundaries and
their connectivity, not on pixel-level DEM or imagery
resolution (section “Graph creation”). This makes the
approach less sensitive to resolution differences than
pixel-based methods and supports comparison across
historical maps, SfM-derived products, and ALS
DEMs. Second, the most pronounced network changes
correspond to large, unambiguous features (lakes, gla-
ciers) identifiable across all data generations.
Contemporary photographs support the presence of
important fluvial features like braided reaches at the
earliest dates. Resolution differences may still blur fine-
scale detail in the earliest maps but cannot plausibly
generate this magnitude of restructuring.

For the two earliest time steps, DoD-based sediment
source identification was not possible. We assumed that
hillslope sources mapped as active in subsequent periods
were also active earlier, provided they were not glacier-
covered and adjacent channels occupied similar positions.
This assumption is supported by studies showing stable or
declining lateral moraine erosion rates (Betz-Nutz et al.
2023; Altmann et al. 2024) and the absence of a clear
temporal trend in debris flow activity (Rom et al. 2023a,
2023b) at our study sites, but it cannot be directly verified.

The EDR model’s filter coeflicients derive from
a single event in Grastal (Himmelstoss et al. 2024).
Braidplain bedload throughput depends on the supply-
to-capacity ratio and on valley form (width, slope),
switching between deposition- and transfer-dominated
regimes (Mancini et al. 2025). Realistic coefficients likely

vary with event magnitude, antecedent morphology, and
glacier melt intensity, as well as systematically between
and within catchments—variability the current model
does not capture and the available data cannot constrain
across our sites and time steps. We therefore hold the
coefficients fixed and interpret EDR values as indices for
comparing network configurations under a controlled
set of assumptions, not as predicted delivery ratios for
any specific event.

We excluded processes contributing marginally to
sediment budgets of our study sites (periglacial creep,
low-magnitude rockfall, avalanches; Vehling et al. 2017;
Hilger and Beylich 2019) and did not incorporate vertical
connectivity factors (vegetation, armoring) that could be
added as node attributes where data exist. Our algorithm
conservatively removes fluvial edges routing sediment
into glaciers, potentially underestimating connectivity
where subglacial transport is efficient.

The graph-based approach occupies a methodological
niche relative to alternatives (Shi et al. 2025). The Index of
Connectivity (Cavalli et al. 2013) offers continuous spatial
coverage and predictive power for specific processes
(Steger et al. 2022; Himmelstoss et al. 2025; Tsyplenkov
et al. 2025), but does not represent landform topology or
distinguish barrier types, and its robustness to data quality
differences across historical SfM-derived and modern
ALS-DEMs remains untested. Numerical models like
CASCADE (Schmitt, Bizzi, and Castelletti 2016; Tangi
et al. 2022) or CAESAR-Lisflood (Coulthard and Van
De Wiel 2017) simulate transport dynamics but require
input data rarely available for century-scale analysis.
Graph-based analysis explicitly represents network topol-
ogy and functional roles, accommodates heterogeneous
data through landform aggregation, and scales across
catchments and time period, with the trade-off of
abstracting within-landform processes.

Implications and outlook

This study shows that graph theory supports structural
connectivity analysis over the post-LIA period, integrat-
ing historical maps, SfM products, and ALS DEMs
within a single framework. Across our three catchments,
connectivity evolution depends not only on the magni-
tude of glacier retreat but on where new sources and
barriers emerge relative to inherited topography. Graph
analysis makes this site-specific topological control
explicit, quantifiable, and comparable between catch-
ments, complementing process-based conceptual mod-
els with a network-structural assessment.

The demonstration that barrier positioning out-
weighs barrier abundance has practical implications for
connectivity assessment. Proglacial lake inventories are



insufficient proxies for catchment connectivity without
topological context. Graph-based screening could iden-
tify catchments where few barriers occupy critical net-
work positions versus those where numerous barriers
have limited system-scale effect. Beyond the applications
presented here, the graph framework opens several ave-
nues for extension:

Attribute enrichment

The current representation treats landforms as functionally
homogeneous. Node attributes such as vegetation cover,
permafrost distribution, or sediment thickness could refine
connectivity estimates by indicating stabilization potential
or susceptibility to future activation. Vegetation succession,
for instance, progressively stabilizes slopes and channels
and reduces sediment availability during paraglacial adjust-
ment (Klaar et al. 2015; Eichel 2019). Edge attributes, like
stream gradient as a proxy for transport competence, or
DoD-derived flux estimates where available, could differ-
entiate high-efficiency transport links from storage-prone
reaches. Such enrichment would bridge the current gap
between structural topology and process intensity.

Multi-fraction routing

The EDR model as formulated here targets bedload:
lakes are treated as complete sinks, braidplains and
alluvial fans as partial bedload filters. Suspended-load
cascades would require different storage relationships
and filter coefficients, reflecting the contrasting reten-
tion dynamics of fine sediment across landform types
(Mao et al. 2019; Mancini et al. 2023). Parallel routing of
multiple grain-size fractions would extend the frame-
work to the full sediment continuum.

Scaling

The networks analyzed here comprise tens to hundreds of
nodes, a scale amenable to direct interpretation. Regional
comparisons or analysis of larger systems may benefit from
hierarchical approaches where catchment-scale graphs
serve as nodes in regional networks. Conversely, landforms
identified as topologically critical could be expanded into
higher-resolution subgraphs for process-based analysis, as
demonstrated for braided river reaches by Connor-Streich
et al. (2018). Systematic application across more catch-
ments with varying confinement, aspect, glacier type, and
lithology would test whether the divergent patterns
observed here generalize or reflect site-specific conditions.

Cascading hazard assessment

The landform-based graph structure enables detection of
topological configurations associated with process chains.
Lakes dammed by moraines, steep rock slopes above lakes
or glaciers, and debris-covered ice in contact with growing
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lakes represent recognizable cascade architectures.
A historical ice-dammed lake at Zufallferner in Martelltal,
which produced multiple glacial lake outburst floods
(GLOFs) in the late 19th century (Finsterwalder 1890),
exemplifies such configurations. Graph-based screening
for such recurring topological configurations (Ekkirala
and Ramesh 2026) could support systematic identification
of emerging cascade architectures as proglacial lakes pro-
liferate under continued warming (Zheng et al. 2021;
Zhang, Wang, and An 2024).

Coupling with sediment budgets

Linking the structural trajectories documented here with
measured sediment export remains essential for deter-
mining the functional consequences of structural
changes for sediment delivery. Both Kaunertal and
Martelltal drain into reservoirs with similar catchment
areas (~61-62 km?): for Kaunertal, a pre-impoundment
DEM combined with a 2015 drainage survey yields
a cumulative sediment budget since dam construction
(Schober and Hofer 2018), and ongoing repeat surveys
will enable tracking of recent trends. Comparing deca-
dal-scale yields against the contrasting structural trajec-
tories documented here would test whether the
structural framework predicts functional divergence, or
whether factors not captured by topology—e.g., sedi-
ment availability, transport capacity, event sequencing
—dominate export variability.

Conclusion

This study demonstrates that graph theory provides
a framework for quantifying the structural evolution of
sediment connectivity in deglaciating Alpine catchments
across decadal to centennial timescales. Using geomorpho-
logical landforms as fundamental graph units rather than
grid cells accommodates heterogeneous historical data
sources—maps, terrestrial photographs, SfM-derived pro-
ducts, and ALS-derived DEMs—within a single analytical
framework, enabling quantitative comparison across study
sites and time periods.

The three catchments (Grastal, Kaunertal, and
Martelltal) experienced substantial deglaciation and sedi-
ment source expansion yet evolved along markedly differ-
ent structural trajectories, driven by site-specific
interactions between deglaciation and inherited topogra-
phy. In Kaunertal, connectivity increased when the glacier
retreated behind a valley confluence, coupling previously
isolated subcatchments to the outlet. In Martelltal, pro-
nounced source expansion was offset by the proliferation
of proglacial lakes and braidplains. In Grastal, progressive
redirection of glacier meltwater into Grastalsee constrained
connectivity regardless of changes further upstream. Event-
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based routing mirrored this divergence: simulated sediment
delivery increased in Kaunertal while declining in both
Grastal and Martelltal, indicating that network restructur-
ing can outweigh source expansion in setting potential
sediment delivery. The topological position of barrier land-
forms within the network, rather than their abundance,
determined system-scale filtering effectiveness.

Structural changes were non-linear and often episodic.
Threshold-like transitions occurred at Kaunertal and
Grastal near the turn of the millennium, when retreating
glaciers crossed topologically significant boundaries.
Martelltal’s decline was instead progressive, driven by
incremental barrier accumulation. These contrasting tem-
poral patterns indicate that connectivity responses depend
on the spatial arrangement of emerging landforms relative
to the inherited cascade, not on cumulative glacier loss
alone.

Linking structural to functional connectivity—actual
sediment transfer under specific forcing—remains
a central challenge, and comparison with independently
measured sediment export (for example, from reservoir
bathymetry) is needed to test whether the divergent trajec-
tories documented here translate into measurable differ-
ences in catchment yield. As proglacial systems continue to
expand under ongoing climate warming, understanding
how their structural connectivity evolves will be essential
for predicting downstream sediment delivery, managing
reservoir sedimentation, and anticipating cascading
hazards. The divergent trajectories documented here cau-
tion against assuming uniform connectivity responses to
glacier retreat across Alpine catchments.
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