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Abstract. Recent climatic change affects sediment transfer in Alpine catchments beyond historical experience, increasing the

need for robust quantification of sediment cascades to better anticipate the frequency and magnitude of future climate-driven

natural hazards. Despite widespread projections of increased natural hazard activity, many studies lack quantitative volume

estimates over more than a decade. Lake Plansee, located in the Northern Calcareous Alps (Tyrol, Austria), represents a

quasi-closed geomorphological system in which previous studies have identified an increase in debris flow activity since the5

1920s. Here, we revisit historical aerial imagery using recent photogrammetric techniques to quantify sediment transfer on

54 debris fans to the lake between 1952 and 2020, and to establish a first-order quantitative reconciliation between terrestrial

sediment-transfer estimates and sediment accumulation inferred from the lacustrine sink archive within a common source-to-

sink framework. Fans surrounding Plansee are grouped based on their connection to the lake inferred from the co-occurrence

of active channel linkage to the lake and net sediment export (i.e., negative net change). Twenty-one debris flow channels are10

connected to the lake and actively deliver sediment. Sixteen channels indicate progression towards the lake and are expected

to connect in the future. Rainstorm intensity analysis shows that, since 1980, the number of days with precipitation intensities

capable of initiating debris flows (>10 mm h−1) has increased by 36 %, accompanied by a 12 % increase in total erosion

volumes and a 47 % decrease in deposition volume at connected fans, suggesting an overall decrease in internal storage at

the fans and enhanced sediment transport to the lake. The decadal response of sediment dynamics on the fans suggests that15

the increase in precipitation events results in an overall increase in sediment connectivity between catchments, fans, and the

lake, driven by episodic events and diverse individual fan responses. These findings are reflected in land-cover changes: the

increase in erosion is accompanied by an increase in non-vegetated areas on 70 % of the active fans after the 1980s. Event-

layer deposition from the lacustrine record reveals a first-order debris flow volume estimate of 3.69±0.42×105 m3 deposited

between 1952 and 2018. In comparison, a total of 3.42±0.43×105 m3 of sediment was transferred from the fans to the lake in20

the last seven decades. Here, we provide the first direct agreement between terrestrial sediment-volume estimates derived from
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historical aerial imagery and lacustrine sediment-core reconstructions over multi-decadal timescales. While reconciliation of

debris flow activity over time from sediment cores and terrestrial sediment dynamics is complex, both records agree on the

overall increase of debris flow activity over the last decades coinciding with a shift in climatic conditions.

1 Introduction25

Climate change in mountain regions is projected to increase the intensity and frequency of hydro-sedimentary extreme events

like debris-laden flows (Turkington et al., 2016; Adler et al., 2022). Debris-laden flows (including debris flows and hypercon-

centrated flows, hereafter "debris flows") are gravity-driven mixtures of water, soil, rock, vegetation, and debris with >40 %

sediment by volume. They move down a slope or channel at speeds of up to >60 km h−1, and their flow behavior is controlled

by the entrained sediment (Iverson, 2014). Debris flows occur in steep channels within mountain catchments and differ from30

other types of landslides because they occur periodically on established paths, usually gullies and first- or second-order drainage

channels (Hungr et al., 2014). They are commonly triggered by a combination of rainfall intensity and duration (Caine, 1980;

Guzzetti et al., 2008), but have proved sensitive to other climate variables such as snow-cover depth and duration (Bennett

et al., 2013; Zimmerman, 1992). Their occurrence is controlled by the availability of erodible sediment in the basin and chan-

nel system (Bovis and Jakob, 1999), which, in turn, is indirectly influenced by changes in temperature and precipitation, as well35

as catchment parameters such as lithology, contributing surface area, the altitude of the rock wall (Jomelli et al., 2004) and the

connectivity between the sediment source area and the channel network. Catchments where sediment transport is dominated by

debris flows mobilize volumes that are two to three orders of magnitude larger than those mobilized by downstream processes

(Mao et al., 2009). Future climatic conditions with increased extreme precipitation and temperatures might result in massive

sediment delivery from Alpine catchments altering the sediment cascade and their associated risks and management.40

A variety of methods have been used to investigate the temporal development of terrestrial debris flow activity. These include

dating individual debris flow deposits with 14C (Tipping, 2021), analyzing historical debris flow documentation (Tropeano and

Turconi, 2004; Pavlova et al., 2014) and evaluating growth disturbances in century-old trees (van Steijn, 1996; Pelfini and

Santilli, 2008; Stoffel, 2010; Jomelli et al., 2004). Other approaches use photointerpretation of historical aerial photographs to

quantify debris flow frequency (e.g. Jomelli et al., 2004; Rom et al., 2023), planimetric areas (e.g. Rom et al., 2023; Dietrich and45

Krautblatter, 2017) and volumes (e.g. van Steijn, 1996; Stoffel, 2010; Bennett et al., 2012; Dietrich and Krautblatter, 2017).

Most recently, terrestrial laser scanning has been used to investigate dynamic controls on erosion and deposition (Schürch

et al., 2011; Stammberger et al., 2026). However, few studies have accomplished a spatiotemporal reconstruction of erosion

and deposition patterns over more than a decade, which is necessary to establish a link between on- and offshore debris flow

records.50

Climatic analysis has shown a greater amplitude of temperature change in the European Alps than in Northern Hemisphere

records and reconstructions over the last century (e.g. Casty et al., 2005). This trend is marked by intense warming in the

twentieth century from the 1910s to the end of the 1940s and from the late 1960s to today (Büntgen et al., 2006) with peaks

in the 1980s (e.g. Beniston et al., 1994), and exceptionally warm summers in 2003 (Büntgen et al., 2006) and 2022 (Esper
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et al., 2025). Statistical analysis of the frequency of rare and extreme weather events indicates that intense precipitation events55

have become more frequent (e.g. Frei and Schär, 2001; Bongiovanni et al., 2026). Climate change does not primarily affect

the dynamics of debris flows, but rather their triggering mechanisms and starting conditions (disposition) (Zimmerman, 1992;

Pavlova et al., 2014, and references therein). Debris flow behavior has been analyzed in relation to the climatic shift in the

1980s, revealing a generally increasing trend in these events (e.g. Pelfini and Santilli, 2008; Kiefer et al., 2021; Dietrich and

Krautblatter, 2017), that coincides with an increase in the number of extreme precipitation events (e.g. Rebetez et al., 1997)60

and a higher frequencyf rainy days (e.g. Pavlova et al., 2014). A study in the French Alps exemplifies a change point, with

debris flood frequencies doubling since the 1980s (Jomelli et al., 2011). Debris flow frequencies in 40 km distance to Plansee

are dominated by short-term variations with an overall increasing trend, but the highest debris flow volumes occur in the 1990s

(Rom et al., 2023).

An increase in Holocene debris flow activity in the Plansee catchment has been derived from lacustrine sediment cores by65

Kiefer et al. (2021). Debris flow-induced turbidite deposits in sediment cores covering 4000 years show a rapid frequency

increase since the start of the 20th century. This sedimentary record is an aggregated signal from all contributing fans. The

terrestrial record of debris flow rates of eight fans on the north slope of Plansee reveals a more than threefold increase between

1980 and 2014 compared to a reference period from the 1940s to the 1970s (Dietrich and Krautblatter, 2017).

Here we expand the spatial coverage of the terrestrial record to encompass all 54 debris fans surrounding Plansee. We address70

three key questions: (1) how much sediment is exported from the fan areas to the lake over decadal timescales and whether

this export relates to debris flow sedimentation rates, (2) what is the sediment-dynamic response at the debris fans to the 1980s

climatic shift, and (3) whether vegetation responds to changes in debris flow activity.

To address these questions, we quantify elevation and vegetation changes within the active debris channels of each fan

between 1952 and 2020 on a decadal scale and we reanalyze debris flow-induced turbidite deposition rates from sediment75

cores. Sediment connectivity aims to describe the transfer of material between two zones (Bracken et al., 2015). Here, we use

the sediment balance at each debris fan as a proxy for sediment connectivity, given the quasi-closee nature of the system, and

we explore connectivity shifts based on the relative change in the net sediment balance.

2 Regional setting

Plansee is located in the Northern Calcareous Alps in the federal state Tyrol (western Austria) (Fig. 1). This inner-alpine lake80

has a surface area of 2.83 km2, aa maximum depth of 78 m and a volume of 123.7 Mm3. At 976± 5 m a.s.l, the lake is the

base level for more than 90 ephemeral streams that reach the lake through debris fans. It has two permanent inflows to the east

and one outflow to the northwest. The highest peak in the 115.5 m2 catchment area is Lichtbrenntjoch in the catchment of

Fan 44 at 1960 m a.s.l. The annual mean precipitation in the region is 1700 mm with a pronounced summer-rainstorm peak

(Bundesministerium für Land- und Forstwirtschaft, Regionen und Wasserwirtschaft, 2026).85

The lithology around Plansee is intensely jointed (centimeter to decimeter scale) Upper Triassic lagoonal dolomite (Main

Dolomite or Hauptdolomit), which produces a vast amount of loose sediment with short debris recharge times. Episodic grav-
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Figure 1. Location of Plansee and the 54 surrounding debris fans. Fans Nr. 1 to 16 are located on the northern slope; Nr. 18 to 23 are on

the eastern slope, Nr; 35 to 49 are on the southern slope, Nr; 66 to 70 are on the western slope. Nr. 24 and 44 show ephemeral fluvial

influence. Yellow dots represent the location of the sediment cores from Kiefer et al. (2021). The photographs below show characteristic

fan morphologies with avulsion/lateral channel migration, debris-covered and uprooted trees, levee formation and incised channels. The

lake base level elevation in 2010 was at 975 m a.s.l. Bathymetry: modified from P. Oswald an S. C. Fabbri in Kiefer et al. (2021), Onshore

Orthophoto © Land Tirol (2010), reconstructed by JJ.

itational mass movements fed by the upper catchment areas propagate into fans and the lake. The debris material forms 54

conical fans of different evolutionary stages bordering the lake (Fig. 1). Their dynamic morphology reflects short-term extreme

events with progressing depositional channels or incision into old deposits as well as the preserved long-term sedimentary90

strata and climatic changes over the Holocene. Underlying local glacial till deposits cover the glacially carved trough valley

floor, which was eroded by over 400 m by ice flow from west to east (Hibler, 1921). The Heiterwangersee basin is seperated

from Plansee by the Pitzenbach fan. A 300 m long canal built in 1908 connects the two lake basins.
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3 Data and methods

3.1 Delimitation of individual fans and source catchment95

Fan area and source catchments are delimited based on a LiDAR (light detection and ranging) survey from 2019 acquired by

Land Tirol. Fan areas are manually mapped based on a multi-direction hillshade while source catchments are automatically

delimited by the hydrological toolbox in ArcGIS (Esri, 2026).

3.2 Reconstruction of fan sediment dynamics and routing from historical and digital aerial imagery

We photogrammetrically reconstructed five historical aerial imagery surveys (1952, 1971, 1979, 1987, and 2000) and two100

digital aerial imagery datasets (2010 and 2020), spanning 70 years at a decadal to bi-decadal frequency.

The historical aerial imagery was processed as a single multi-epoch photogrammetric block following Feurer and Vinatier

(2018) using the software Metashape (Version 1.2.6) (Agisoft LLC, 2016). Prior knowledge of the camera calibration is re-

trieved from the scanned files provided by Land Tirol for each survey and is summarized in Table A1. We undistorted the

scanned images using the automatic identification of fiducial marks in Metashape (Agisoft LLC, 2016), however, in some105

cases, manual identification was required. The undistorted images are later loaded into a multi-epoch block adjustment using

the adjusted camera focal length and image position from the undistorted project. After successfully aligning all aerial photos,

20 invariant ground control points (GCPs) are used to georeference the multi-epoch block. The x, y, and z coordinates from the

GCPs are obtained from the 2020 photogrammetric survey, which has a resolution of 0.2 m. An additional 20 control points

were used to improve the matching between tiles and reduce distortions in the digital surface model (DSM). After optimization110

of the camera parameters, the camera models are saved individually to export the orthophoto, point cloud, and DSM for each

survey. In contrast, the availability of precise aero-triangulation for digital aerial imagery allows the individual reconstruction

of each survey using the software SURE (©2020 ESRI) following Barbosa et al. (2024).

Field observations in the Northern Calcareous Alps suggest that a few years after debris flow sedimentation, the color

of the sediment darkens (Dietrich and Krautblatter, 2017). Therefore, we defined color thresholds to automatically map the115

active debris flow channels by segmenting the lighter areas in the orthophotos. We compared the automatic mapping with

the manual mapping of selected areas and found the results to be consistent (Fig. 2), however, some surveys (e.g., the year

2000) are particularly affected by strong shadows that hamper automatic mapping. For these cases, we adjusted the active areas

manually.
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Figure 2. Reconstruction of fan sediment dynamics and routing from historical and digital aerial imagery. A). Cumulative elevation change

in the last 70 years (1952-2020). The black rectangle indicates the location of Fan 40 to 44. Basemap hillshade ©Land Tirol (2019) B)

Comparison of active channel manual delimitation and automatic delimitation. The base image is the most recent reconstructed orthophoto

for each time interval C) Elevation change at the latest period active channel for each time interval.
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The time series of elevation changes consists of the geomorphic changes represented by the DEM of Difference (DoD) within120

the active debris flow channel of the later survey at 1 m spatial resolution. The elevation error between surveys is assumed

to be uniformly distributed, and a signal-to-noise ratio is defined based on the ground surface distance (GSD) for each pair

of surveys, individual image quality, and elevation differences across stable areas measured along topographic profiles (Fig.

A2). Defining stable areas across the entire temporal series is challenging due to dense vegetation cover and anthropogenic

changes in flat areas. We report mean erosion and deposition volumes and propagate the relative mean errors using standard125

error propagation. Despite its simplicity, the error of the mean is a conservative approach for quantifying decadal volumes

over the last 7 decades. While quantification of topographic change at the catchment scale is highly inaccurate given the steep

slopes, the smoother surface area of the debris flow fans allows for more reliable detection of topographic changes above the

vertical error threshold of the aerial imagery. Therefore, erosion and deposition volumes at the active channel are reported for

debris fans.130

3.2.1 Fan-lake sediment routing and sediment budget as proxy for sediment export to the lake

The catchment-fan-lake geomorphic system of Plansee represents a simplified sediment routing cascade, with sediment pro-

duction in the catchments, redistribution and temporary storage on debris fans, and eventual deposition in the lake at the

subaqueous fan slope (coarse fraction) and the lake bottom (fine fraction). This study focuses on the sediment dynamics at the

debris fans.135

We acknowledge that the sediment budget of the fans is open on both ends; however, assuming limited sediment export

beyond the lake over the study period, the system is treated as quasi-closed. This allows the use of net elevation changes on the

debris flow fans as a proxy for the magnitude of sediment transfer to the lake. Net change is defined as the difference between

gross erosion and deposition over a given time interval at the active channel of each fan.

Decadal sediment connectivity between the fan and the lake is inferred from the co-occurrence of active channel linkage to140

the lake and net sediment export (i.e., negative net change). We interpret net changes as proxies for the dominant process at the

fans, which does not necessarily imply a lack of sediment transport to the lake during aggradation (i.e., a net positive sediment

balance); rather, we refer to periods of positive net change as phases of reduced sediment transport, informing about sediment

transport efficiency.

Following this framework, we classified the debris flow fans into three categories to describe sediment routing between the145

fans and the lake: 1) connected fans, where the active channel reaches the lake and sediment transfer (expressed as decadal

net negative sediment balance) is measured during at least one time interval, 2) disconnected fans, which exhibits topographic

change but lacks an active channel reaching the lake, and 3) inactive fans where no significant topographic change has been

detectable over the past 70 years using photogrammetry, despite the existence of a channel.

For the disconnected fans, the DoDs were further analyzed to identify channel progression towards the lake. The time series150

begins in 1971, using 1952 as the reference year.
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Figure 3. Debris flow frequencies and event magnitudes derived from dated sediment core transect (Kiefer et al., 2021). A) Dated master

core section of the investigated time period, B) Event correlation across 4 cores from distal (18-10) to proximal (19-04) basin area, C) zoom

of D) on the period since 1850, D) Debris flow turbidite thickness, event deposition rate, event frequency, and cumulative turbidite thickness

over 4000 years. Background sedimentation is excluded. Core locations see Fig.1.

3.3 Historical record of debris flow events

Local newspaper and fire brigade archives provide a historical record of documented debris flows and flood events (Zunter -

Das Außerfern-Archiv, 2026; Freiwillige Feuerwehr Höfen, 2026; Freiwillige Feuerwehr Reutte, 2026; Freiwillige Feuerwehr

Breitenwang, 2026). From these sources, a inventory was compiled, detailing event date, event type, location, daily precipitation155

at Höfen (47° 26’ N, 10° 44’ E) and Berwang (47° 24’ N, 10° 45’ E), and recorded damages (Table B2).

3.4 Debris flow turbidite deposition rates from sediment cores

When sediment-laden flows from steep catchments or fan deltas enter the lake, they may plunge and/or transform into turbidity

currents. Coarser sediment is preferentially deposited on proximal subaqueous slopes, delta fronts, or channel floors, whereas

finer suspended sediment can be transported farther basinward within dilute, turbulent underflows. Under stratified conditions,160

part of this fine load may detach from the basal flow and intrude into the water column as an interflow before settling. In

the deepest, flat basins, these processes can produce sharp-based, normally graded event beds overlain by a fine mud or clay
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Table 1. Frequency of debris flow events from sediment cores for mean, minimum, and maximum age models across time periods between

orthophotos, derived from Kiefer et al. (2021). Within the first period, the mean, min and max age models show 1, 3, and 1 event until 1960

and the rest after 1960.

Time interval Mean Age Min Age Max Age

1952–1970 7 10 6

1971–1978 2 4 2

1979–1986 1 0 2

1987–1999 4 4 3

2000–2009 2 2 3

2010–2018 3 4 2

Mean age uncertainties are ±6 years (1960-2018) and ±19 years

(1920-1959)

cap (Sabatier et al., 2022; Felix and Peakall, 2006; Irmler et al., 2006; Sumner et al., 2009; Sletten et al., 2003; Blanckaert

et al., 2024). In a previous study, event deposits in four sediment cores along a depocentre-to-subaqueous slope transect in the

western main basin of Plansee (Fig. 1) were event-correlated, distinguished by geochemical and sedimentological means, and165

tied into a Bayesian age-depth model of combined radiocarbon and short-lived radionuclide (210Pb and 137Cs) ages (Kiefer

et al., 2021). A total of 138 debris flow-induced turbidites were identified in the sedimentary succession over the last 4000

years (Fig. 3). Four phases with similar debris flow occurrence patterns were distinguished by change point analysis of the

interevent times of debris flow-induced turbidites and correlated with four lithostratigraphic units in the core.

There is a significant shift in debris flow activity, with a sevenfoldfold increase in frequency and a ninefold increase in170

event deposition rates between Phase 3 (1500-1920) and Phase 4 (1920-2018), see Fig. 3 and Kiefer et al. (2021). The decadal

frequency since 1952 for the mean, minimum and maximum age models is displayed in Table 1.

A total of 89 % of the event layers in the sediment cores can be correlated across the investigated deep-basin core transect.

In this study, we use the existing core transect from Kiefer et al. (2021) to derive a first-order lacustrine volume estimate,

assuming that the cumulative fine-grained event-layer thickness measured in the investigated depocentre is representative of175

the effective depositional area considered in Eq.1. This assumption is likely most robust for source-to-sink pathways directly

connected to the investigated deep basin, whereas greater uncertainty exists for catchments separated from the depocentre

by bathymetric highs that may influence sediment-routing pathways. Suspended sediment from debris flows originating from

eastern catchments is, nonetheless, expected to contribute to event layer deposition in the western part of the lake, as the

suspension is transported farther toward the outflow (NW, Archbach).180

The depocentre representative for the effective depositional area is mapped using contrasting backscatter signals, which

distinguish fine- and coarse- grained deposits. Unterwater photographs provide evidence of a sharp transition between the

coarse grain-size fraction deposited on the slope and the fine-grained sediment in the basin.
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We also assume that a constant fine-to-coarse ratio can be used to convert fine-grained event-layer volumes into total debris

flow volumes. The fine-grained fraction of debris flows is estimated to be 15-40 % (Pleskot, 2015; Yong et al., 2013; Hu185

et al., 2011). A local sieving analysis of Hauptdolomit fan sediments from Oberau (15 km east of our study site) shows that

the Plansee debris flow material is likely at the lower limit of these estimates (P. Gewalt, oral communication). We therefore

use a 20 % fine fraction value as a conservative first-order assumption to convert event-layer volumes into total debris flow

volumes. This conversion assumes that the adopted fine-to-coarse ratio is representative of the effective depositional area

considered in Eq. 1, despite potential spatial variability in sediment-routing pathways and depositional processes. Based on190

these premises, lake-wide debris flow volumes since 1952 are calculated from cumulative event-layer thicknesses extrapolated

over the effective depositional area using Eq. 1 and 2.

Vfine =A

n∑

i=1

di (1)

where Vfine is the volume (m3) of fine-grained (clay to fine sand) debris flow material deposited in the sediment cores from

the suspension cloud between 1952 and 2018 based on min, mean and max age-depth model from Kiefer et al. (2021), A is the195

flat depositional area of the lake (m2), and di is the thickness (m) of the ith debris flow turbidite layer.

Vtot = Vfine +Vcoarse (2)

where Vtot is the total debris flow volume (m3) deposited between 1952 and 2018, Vfine is the Volume of coarse particles

(larger than silt/fine sand) deposited on the subaquatic slope.

3.5 Controls on sediment dynamics and routing to Plansee200

Sediment production, mobilization, and deposition are governed by both internal and external controls. Summer precipitation

since 1942 is used as a proxy for external forcing on sediment dynamics, assuming a spatially uniform climatic influence.

Internal controls are characterized by the geomorphometric properties of catchments and fans, along with vegetation dynamics

and forest disturbance.

3.5.1 Rainstorm frequency205

The meteorological station at Reutte, located c. 10 km west of Plansee, has been recording hourly precipitation since 1942,

with gaps in the winter months between 1942 and 1979. In the Northeastern Alpine region, the annual cycle of precipitation

peaks in summer due to convective events (Rajczak et al., 2013). Therefore, the rainstorm frequency analysis is carried out in

the main period of debris flow activity from May to October (Pavlova et al., 2014).

Debris flows and hyperconcentrated flows are triggered by high-intensity, short-duration rainstorms (Stoffel et al., 2014).210

Identifying rainstorms that trigger sediment mobilization events remains challenging due to the individual properties of each
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Table 2. Morphometric parameters used in this study, including their calculation and geomorphic interpretation.

Morphometric parameter Calculation Interpretation

Catchment and fan area (m2) Planimetric surface calculated from vector

data

Large catchments collect more runoff

Fan–catchment relationship Af = cAn
d Larger basins supply greater amounts of sediment and

thus create larger fans (Giles, 2010)

Catchment and fan slope (◦) Mean slope over planimetric surface Steepness of terrain / sediment production potential

Terrain curvature Second derivative from elevation values

(DSM)

Degree of concavity/convexity perpendicular to di-

rection of maximum slope

Stream power index (SPI) SPI = ln(A · tan(slope)) Proxy for transport and erosion power of stream –

ability to move sediment

Melton ratio (Melton, 1965) Difference between maximum elevation of

catchment and elevation of fan apex at catch-

ment outlet, divided by square root of catch-

ment area

Predictor of debris flow catchments (de Haas et al.,

2024)

Index of connectivity (IC) (Borselli

et al., 2008)

IC = log10

(
Dup

Ddn

)
How efficiently sediment can travel from hillslopes to

fan

Channel profiles on fans Calculated on 2019 DEM with Hydrology

toolset in ArcGIS Pro

Slope and concavity

A is the upstream drainage area (i.e., flow accumulation at grid cell i multiplied by grid cell area). Dup is the upslope component, defined as Dup = W̄ S̄
√
A, where W̄ is the

average weighting factor, S̄ is the average slope gradient of the upslope contributing area, and A is the upslope contributing area (m2). Ddn is the downslope component considering

the potential flow path length that sediment travels to reach the nearest target or sink, expressed as Ddn =
∑n

i=1(di/(WiSi)), where di is the length of the flow path along the ith

cell and WiSi are weighting factors. Slope statistics were calculated from 1 m segments along the profile. Channel profile curvature was classified into four groups using normalized

quadratic curvature yn = ax2
n + bxn + c: convex (a < −0.05), linear (−0.05 ≤ a ≤ 0.05), lightly concave (0.05 < a ≤ 0.25), and strongly concave (a > 0.25) (see

Supplement).

catchment, including sediment availability and surface temperatures. For the rainstorm frequency analysis, we counted the

number of days on which 10 mm h−1 was exceeded (Hürlimann et al., 2019; Hirschberg et al., 2021) within the range of the

acquisition dates of the aerial imagery.

3.5.2 Catchment and fan geomorphometry215

The characteristics of debris flow catchments control the sediment dynamics of their associated depositional fans (e.g. Bull,

1964; de Haas et al., 2024). The morphometry of catchments and fans dominated by debris flows differs from those dominated

by colluvial processes and floods, although considerable overlap exists (de Haas et al., 2024). We explored the characteristics

of the catchments and fans around Plansee to hypothesize about the individual controlling factors that influence the sediment

dynamics response of the fans to the post 1980s increase in precipitation. The morphometric parameters are calculated using220

a 20 m moving window to capture catchment-scale characteristics using Python (Python Software Foundation, 2026) and the
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Whitebox Toolbox (Lindsay, 2026). The morphometric parameters used to discriminate fan groups within this study are listed

in Table 2.

3.5.3 Vegetation response and disturbances

The time series of non-vegetated area on each of the connected fans was derived from the reconstructed orthophotos in ArcGIS225

Pro 3.1.3 ©2023 Esri. Object-based classification (maximum likelihood) was employed, including segmentation, accounting

for color and shape characteristics when grouping pixels, and >20 training samples per class (non vegetated/vegetated). Shad-

owed areas were delineated and classified manually. They were most pronounced on the southern shore in the orthophotos

from 1979, 2000, and 2010. For comparison, changes within the investigated periods were normalized by time and fan area.

The European Forest Disturbance Atlas (Viana-Soto and Senf, 2025) was used to quantify vegetation changes in the catch-230

ment areas at 30 m resolution since 1985. A manual classification of non-vegetated areas in the catchments was not possible

on the orthophotos due to shadows and debris flow channel coverage by the canopy.

4 Results

4.1 Fan-lake sediment transfer from sediment budgets

The block reconstruction of the historical aerial imagery resulted in a total error of 0.7 m in x, 1.3 m in y, and 0.7 m in z235

evaluated on 20 independent control points. In comparison, the reconstruction of the digital aerial survey resulted in errors of

less than 0.2 m for all three components. The consecutive elevation profiles used to quantify the uncertainty in the elevation

changes between surveys resulted in less than 2 m difference on unchanged areas within the active areas for the oldest aerial

imagery (Fig. A2 and Table A2). The visual inspection of the resulting topographic changes allows for the identification of

both erosion and deposition at all time periods (Fig. 2).240

Despite the high activity exhibited by most fans around Plansee, less than half have delivered sediment to the lake over the

last 70 years (Fig. 4). Fans on the northern slopes predominately deliver sediment to the lake, whereas those on the southern

slope mostly accumulate it. The decadal sediment balance indicates episodic transfer from the fans to the lake, with alternating

decadal phases of net erosion and deposition.

Cumulative sediment transfer to the lake amounts to (3.42±0.43)×105 m3, with the majority of sediment export occurring245

during the 1950s, 1960s, 1980s, 1990s, and 2010s, and reduced sediment transfer during the 1970s and 2000s (Table 3). The

decadal erosion and deposition volumes represent temporally aggregated sediment budgets from net elevation changes rather

than gross sediment flux. As a consequence, these estimates should be interpreted as a lower bound of the total sediment

transferred.
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Figure 4. Classes of fan-lake sediment routing based on whether their active channel reached the lake and recorded a negative net change,

interpreted as sediment delivery, for at least one time interval over the last 70 years. Base map hillshade ©Land Tirol (2019).

Table 3. Decadal sediment balance at connected fans to Plansee.

Decade Time Interval Erosion (m3) Deposition (m3) Net (m3)

50/60 1952–1971 349304± 11992 259148± 11100 −90156± 23092

70 1971–1979 81949± 5049 223682± 6443 141733± 11493

80 1979–1987* 151492± 4984 50150± 2573 −101343± 7558

90 1987*–2000 233436± 4795 183890± 5755 −49545± 10551

2000 2000–2010 133896± 3918 186730± 6060 52833± 9978

2010 2010–2020 136402± 741 35386± 1030 −101016± 1772

The net change (m3), calculated as the difference between erosion and deposition volumes in the active channel for

the time intervals 1952–1971, 1979–1987, 1987–2000, and 2010–2020, was added to quantify the total amount of

sediment transferred to the lake over the last 70 years. *The orthophoto from 1987 contains strong shadows on the

southern slope of Plansee, which decreases the accuracy of the volume calculation.

4.2 Sediment-core observations and volumetric reconstruction250

The cumulative thickness of debris flow-induced turbidites in the sediment cores between 1952 and 2018 derived from Kiefer

et al. (2021) is 0,111 m/ 0,126 m/ 0,010 m (mean/min/max age model). Assuming a fine-to-coarse ratio of 20:80, the total

debris flow volume is (3.69± 0.42)× 105 m3 (Table 4).
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Table 4. Subaquatic debris flow volume between 1952 and 2018 assuming 20 % fine-grain fraction, derived from turbidite deposition in

sediment cores from Kiefer et al. (2021).

Age model Cumulative turbidite thickness (m) Debris flow volume (m3)

Mean 0.111 362245

Min 0.126 411202

Max 0.100 326351

Total basin area (flat, low backscatter signal): 652702 m2. Cumulative turbidite thickness 1952-2018

derived from Kiefer et al. (2021).

4.3 Decadal variability of terrestrial sediment dynamics at the fan scale

Despite the assumed spatial uniformity of climatic forcing across all catchments, individual fans exhibit pronounced decadal255

variability in sediment patterns and net export rates to the lake (Fig. 5), highlighting the episodic and spatially heterogeneous

nature of sediment dynamics at the fan scale. Notably, 18 of the 21 connected fans exhibit a negative net sediment balance

during the most recent decade (2010-2020), indicating predominant sediment delivery to the lake, and 10 fans have shown sus-

tained negative net sediment balance since the 2000s (i.e, two consecutive decades). Only three fans show persistent sediment

transfer to the lake (i.e, a negative net balance) over the last three decades, and two extend this pattern back to the 1980s.260

Thirteen connected fans show new channel formation or reactivation of dormant channel sections over the investigated

period. This process starts in 1971 (Fans 10, 11, 42, 44), 1979 (Fans 8, 67), 1987 (Fans 7, 13, 14, 40, 69, 70) and 2010 (Fan 48)

and lasts until 2020 for most fans. Fans 11 and 42 show progression over all periods. Fan 11 shows by far the largest stretch of

newly formed or reactivated channel sections, with a total length of 1200 m, followed by Fan 7.

Sediment dynamics at disconnected fans – where active channels do not reach the lake – are critical for constraining future265

sediment transfer rates to the lake. Among the 16 disconnected fans, approximately half exhibit little to no activity between the

1970s and the 2000s, followed by a reactivation after 2010. This reactivation, characterized by mostly positive net changes (Fig.

5), reflects the recent deposition of debris on downslope forested areas. In total, 15 fans have active channels that progressed

towards the lake between 1971 and 2020, with progression rates ranging between 0.6 myr−1 and 32 myr−1 (Table 5). Each

decade exhibits a high degree of variability among fans, with high progression rates in some channels and very low rates in270

others. Five channels showed progression prior to 1980 (Fig. 6, Fig. E1). Notably, these correspond to neighboring channels

34 to 39 (excl. inactive channel 37). Of the 10 channels that initiated progression after 1980, two are located on the northern

shore (Fan 12,16), one on the western shore (Fan 68), and 7 on the southern shore (Fan 27, 28, 29, 32, 33, 41, 43). Since

1980, the cumulative rate of channel progression across all advancing channels has increased from 1 myr−1 (1979-1987) to

50 myr−1 (2010-2020), see Table 5. The mean annual progression rate is 2.1 myr−1, reaching up to 10 myr−1 on Fan 36,275

where three independently advancing channels have formed. Fans 12, 41, 43, and 68 also show high channel progression rates

(2− 5 myr−1).
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Figure 5. Sediment dynamics at the individual fans represented by A) erosion volume per year, B) deposition volume per year, C) net volume

per year as the difference between erosion and deposition volumes used as proxy for sediment delivery to the lake

Table 5. Cumulative yearly channel progression on disconnected fans by decade.

Decade Time interval No. of channels Progression range (myr−1) Cumulative progression (myr−1)

1970 1971–1979 5 16.7± 16.1 49.5

1980 1979–1987 1 0.9 0.9

1990 1987–2000 4 9.7± 8.4 27.0

2000 2000–2010 3 9.4± 5.6 28.9

2010 2010–2020 9 7.3± 6.7 50.7
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Figure 6. Active channel progression since 1952. Pink lines show the cumulative channel progression with marked positions of start and end

year between 1971 and 2020. Channel progression and new channel formation occurs on both connected and non-connected fans. The linear

channel profiles of Fans 7 and 11 show the strongest channel progression within connected fans. The disconnected Fans 34–39 have started

progressing before 1980, the 10 remaining disconnected fans started progressing after 1980. The rate of progression is increasing on all fans

since, with up to 10 m yr−1 on Fan 36. Note that active areas on the south shore shifted to the east in recent decades. Base map hillshade

©Land Tirol (2019).
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4.4 Response of sediment regimes to rainstorm intensity

Rainstorm intensity is considered a key control on sediment transport and debris flow triggering. The mean rainfall intensity

at Plansee over the past 70 years is 0.205 mmh−1. Over this period, decadal mean precipitation intensity ranged between280

0.194 and 0.224 mmh−1, showing relatively low variability. In contrast, maximum rainfall intensities show greater variability,

ranging from 28 mmh−1 in the 1950s–1960s to a peak of 47 mmh−1 in the 1980s. While mean intensities remain stable,

maximum intensities indicate periods of enhanced extreme rainfall events, particularly during the 1980s and 2000s (Table 6).

Similarly, the frequency of events exceeding the 10 mmh−1 threshold increases by 36 % after 1980 compared to the reference

period starting in 1945 (Fig. 7B). In total, this threshold was exceeded 191 times over the last 70 years, occurring on 172285

different days, with some events lasting for more than one consecutive hour.

Documented debris flows in the Plansee region were analyzed in relation to the corresponding rainfall recorded at nearby

meteorological stations. Since 1952, 25 debris flow events have been recorded (< 40 km from Plansee), eight of which were

located directly at Plansee or Heiterwangersee. They occurred in June 1987, July 2008, July 2010, October 2011, August 2012,

June 2013, July 2014 and August 2016 (Fig. 7 and Table B2). The 5 events since 2011 were accompanied by heavy rainfall290

events (30–90 mmday−1) on the same day or within the preceding week. For the three events occurring before 2011, rainfall

totals of 10–20 mmday−1 was recorded on the event day.

Mean erosion volumes across the lake show an increase of 7 % after 1980, with a more pronounced increase observed

on connected fans (12 % , Fig. 7C). In contrast, deposition volumes on all fans decrease about one-third after 1980 (32 %),

indicating a shift towards more negative net sediment balance and enhanced sediment transfer to the lake.295

There is a positive correlation between erosion volumes and mean precipitation values (Fig. C1), but the relationship may

be non-linear, indicating that erosion rates do not scale proportionally with increased precipitation.

At the fan scale, erosion and deposition rates can be grouped in three main categories based on each fan’s response to the

increase in rainstorm intensity since the 1980s (Fig. 8): A) Fans that shift from predominantly depositional to predominantly

erosional behavior, resulting in the onset of sediment delivery to the lake, indicated by decades of net negative mass balance300

(Fan 7, 24, 47, 48, 70). B) Fans that exhibit an increase in the magnitude of net negative mass balance that resulting in enhanced

sediment delivery to the lake (Fan 1, 6, 8, 10, 15, 40, 42, 67, 69). C) Fans that show a decrease in the magnitude of net negative

mass balance or a shift to net positive mass balance, resulting in reduced sediment delivery to the lake(Fan 9, 11, 13, 14, 44,

45, 66).

The observed sediment dynamics derived from decadal erosion and deposition patterns in the active channels indicate that305

after the 1980s, increased erosion is typically expressed as discrete erosional pulses characterized by high decadal erosion

volumes occurring in one or more, often consecutive, time intervals rather than following a linear or constant trend over time.

For example, Fan 69 exhibits a single erosional pulse between 1987 and 2000, while Fan 7 shows two consecutive time intervals

with increased net erosion between 1987 and 2010, resulting in a shift in the net sediment balance and the onset of net sediment

transfer to the lake after the 1980s (Fig. 8Bb). In contrast, Fan 47 shows a decrease in both erosion and deposition rates, with310

a sharper drop in deposition after the 1980s, which resulted in a shift towards a net negative sediment balance (Fig. 8Ba). This
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Figure 7. Response of sediment regime to changes in rainstorm intensity. A) Hourly precipitation at the rainfall station at Reutte and historical

record of debris flow events. The precipitation was segmented in decades based on the aerial imagery acquisition dates (vertical blue lines).

Grey circles show rainfall events that caused floods. B) Number of days with precipitation intensity above the 10mm/h threshold per decade.

C) and D) Normalized erosion and deposition volumes at connected, disconnected, and all Plansee fans. Mean volumes at connected fans

before and after 1980s are show by the black line. E) Decadal sediment balance. Decades of enhance net positive are measured before the

1980s promoting fan build up. Consecutive decades of net negative are measured after the 1980s favoring massive sediment transfer from the

fans to the lake.

exemplifies how, on highly active fans, the decadal erosion and deposition volumes may partially cancel each other out due

to ongoing sediment redistribution, leading to an underestimation of the net sediment budget while preserving the dominant

geomorphic signal.

A change of sediment routing is also visible after the 1980s. On fans with enhanced sediment transfer to the lake (Group B),315

erosion is mainly concentrated at the fan base before 1980 (e.g, Fan 6 - Fig. 8Bb ), whereas after 1980 it is mostly observed at

the fan apex or along the entire active channel, with less intermediate deposition (Fig 8).
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Table 6. Temporal variation in mean and maximum precipitation intensity from 1952 to 2020 by decade.

Decade Time interval Mean precipitation (mmh−1) Maximum intensity (mmh−1)

1950s/1960s 1952–1971 0.224 28

1970s 1971–1979 0.194 29

1980s 1979–1987 0.206 47

1990s 1987–2000 0.204 31

2000s 2000–2010 0.199 44

2010s 2010–2020 0.205 39

Fans with reduced sediment transport to the lake (Group C) exhibit diverse sediment dynamics. Overall decreases in erosion

rates lead to decreases in sediment transfer rates to the lake (e.g., Fan 9, 13). However, the most interesting cases are Fan 11 and

44 (Fig 8Bc). Both experience a dramatic shift from a net erosional to a net depositional regime. They experience aggradation320

after the 1980s, evidencing channel avulsion (new channel carries over 50 % of the discharge from the previous channel) and

the formation of multiple channels.

4.5 Catchment-fan morphology as a "static" controlling factor

The 54 catchments surrounding Plansee range from 0.004 km2 to 1.6 km2, while fan areas range from 0.003 km2 to 0.4 km2.

Mean catchment and fan area differ significantly between connected and disconnected/inactive fans (Fig. 9A and B). Connected325

catchments and their associated fans are larger than those in the disconnected and inactive groups. Catchment-area regression

follows a significant law scaling (k= 0.64, p< 0.0001) showing that an increase in catchment size produces a smaller propor-

tional increase of fan size (Fig. D4). In contrast, the mean fan-catchment area ratio statistically distinguishes between connected

and disconnected fans, with disconnected fans exhibiting higher ratios than connected ones (Fig. D5).

Catchment surface curvature statistically differentiates among the connected, disconnected and inactive groups. Notably,330

catchments linked to disconnected fans show a pronounced negative plan curvature promoting flow convergence (Fig. 9E),

paired with high profile curvature, indicating enhanced flow acceleration (Fig. 9C). These morphometric characteristics suggest

favorable conditions for enhanced sediment transport and increased susceptibility to debris flows. Conversely, the catchments

linked to connected fans show a more heterogeneous morphometry, suggesting a less uniform response to climatic forcing.

The normalized quadratic curvature classification shows that, across all fan groups, most fan channel profiles are classified as335

strongly concave (Table D2 and Fig. D1, SD2, SD3). This dominance of concave profiles is consistent with conditions favoring

sediment deposition. However, most fans showing an onset of sediment delivery after the 1980s (Group A) are characterized

by lightly concave channel profiles. Only few fans exhibit linear or convex channel profiles (Fan 7, 11, 19, 23, 38), making

them more susceptible to sediment reworking and reduced deposition potential; however, they do not correspond to any of the

proposed fan groups. Fans 7 and 11 are connected fans that exhibit the greatest channel progression, while the disconnected340

Fan 38 is wedged between neighboring fans, constraining its channel path.
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Figure 8. A) Spatial distribution of connected fans grouped by their response to increased rainstorm intensity since the 1980s. Orthophoto ©

Land Tirol (2020), reconstructed by JJ. B) Changes on sediment dynamics at each fan group expressed by cumulative net elevation change on

the active channel before 1980s (DoD 1952-1979) and after 1980s (DoD 1979-2020). Note the predominance of positive elevation changes at

the active channel (aggradation at the fan) for groups A and B before the 1980s and the shift to dominant negative elevation changes (channel

erosion and incision) after the 1980s. Fans with reduce sediment transfer (group C) show the opposite shift. Base map hillshade ©Land Tirol

(2019).
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The other explored morphometric parameters do not reveal statistically significant differences among the fan response groups

following the 1980s climatic shift, although qualitative differences remain indicative.

Catchments associated with fans showing an onset of sediment transfer after the 1980s (Group A) are characterized by the

smallest catchment areas among the connected fans, slope angles ranging from 37° to 39° (Fig. 9G), narrowly distributed plan345

curvatures close to zero and profile curvature around 1. These catchments also exhibit the the highest connectivity index values

(Fig. 9I) but the lowest stream power index values (Fig. 9J). In contrast, the corresponding fans (Group A) show a wide range

of stream power index values with the highest mean among the groups (Fig. 9J) and predominantly positive plan curvatures

(Fig. 9F). The combination of catchment and fan morphometry suggests a system characterized by catchments with higher

susceptibility to debris flow generation and depositional conditions on the fan surfaces.350

Catchments linked to connected fans that exhibit enhanced sediment transfer after the 1980s (Group B) show the highest

mean catchment slope (Fig. 9G) and a wider distribution of stream power index values values (Fig. 9J). The corresponding fans

(Group B) are among the steepest within the connected group (Fig. 9H), and exhibit predominantly negative plan curvature

(Fig. 9F). This combination of catchment and fan morphometry suggests a high sediment production potential in the catchments

and sediment routing and redistribution on the fan surfaces.355

Catchments associated with fans that reduced sediment transfer after the 1980s (Group C) are characterized by the lowest

mean slope values (Fig. 9G) and lower profile curvatures (Fig. 9C), indicating reduced gravitational forcing. In contrast, they

exhibit relatively high stream power index values (Fig. 9J), suggesting runoff concentration and high hydrological and hydraulic

potential. Corresponding fans display a wide range of plan curvatures from positive to negative, and slopes from 10° to 35°,

indicating spatially variable sediment storage and reworking conditions.360

The fan-to-catchment ratio of disconnected fans is the highest, with catchments characterized by the smallest size (Fig.

9A), high profile curvatures (Fig. 9C), highly negative plan curvatures (Fig. 9E), and the steepest slopes (Fig. 9G). These

catchments also exhibit low stream power index values (Fig. 9J) and a lower percentage of connectivity index above one (Fig.

D5). In contrast, the associated disconnected fans show a high mean positive plan curvature (Fig. 9F) and the steepest slopes

(Fig. 9H). This configuration suggests catchments with efficient, convergent routing pathways but limited overall hydrological365

connectivity, associated with fans that favor sediment storage.

Finally, catchments linked to inactive fans are characterized by the lowest mean slope (Fig. 9G) and negative plan curvatures

(Fig. 9E). In contrast, the corresponding fans are the smallest in area (Fig. 9B), and exhibit the most pronounced negative

(concave) profile curvature (Fig. 9D), a wide range of slopes (Fig. 9H) and a very low stream power index (Fig. 9F). This

configuration suggests catchments with low gravitational forcing and limited sediment production potential.370

4.6 Fan and Catchment response to vegetation changes

The fans are dominated by montane/subalpine mountain pine forest and spruce-fir woodlands, while the catchments are char-

acterized by dwarf pine scrub. The northern and southern catchments show distinctive vegetation-coverage characteristics.

Larger catchments overall exhibit greater forest coverage compared to smaller catchments. Southern catchments are dominated

by exposed bedrock (forest coverage <40 % on catchments 33-43), while larger catchments in the south (forest coverage375
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Figure 9. Summary statistics of catchment and fan morphology grouped by classes of fan-lake sediment routing and response to increased

rainstorm intensity since the 1980s.

>60 % e.g. catchments 1-5, 24-26, 44-45) and northern catchments show debris-filled channel networks that reach the top of

the catchments.

Field observations reveal that laterally eroding channels (e.g., Fan 44) have uprooted entire trees (see Fig. 1). Simultaneously,

living trees were found to be damaged and buried by up to 2 m by newly created debris flow deposits in several lobes (e.g., Fan

36, 40).380

Fig. 10 shows the yearly change in non-vegetated fan area over the decades for each fan. The yearly increase and decrease

of non-vegetated area on individual fans ranges from -2 to +2 %, with some fans (Fan 9, 10, 42, 16, 19, 31, 37) showing greater

variability than others. The differences between individual fans are substantial; fore example, within the group of inactive fans,

there are some of the highest vegetation changes but half of the inactive fans show no change over the whole period.

In the first two decades (1952-1971), 15 % of all fans show an increase in non-vegetated area, followed by a progressive loss385

of vegetation up to 2000: 37 % (1971-1979), 41 % (1979-1987) and, 69 % (1987-2000). The 2000-2010 decade is an exception,

where only 24 % of fans show an increase in non-vegetated area, followed by 50 % in 2010-2020.

Overall, the first three decades are followed by a system shift after 1979, in which 63 % of fans changed from an increase

to a decrease in non-veg. area, or vice versa. The next two decades (1979-2000) present the period with the most consecutive

vegetation loss over the entire studied timeframe. After 2000, another a shift occurs, with 61 % of the fans changing sign,390

mostly from an increase to a decrease in non-vegetated area.
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As groups, the connected and disconnected fans show similar decadal vegetation trends. The non-vegetated area increases in

70 % of all active fans after the 1980s (13 connected and 13 disconnected). In total, 15 fans show a decrease in non-vegetated

area after the 1980s, while three fans (Fans 21-23) show no significant change (Fig. 10). Notably, 10 inactive fans exhibit an

increase in non-vegetated area after the 1980s.395

Ten fans show a positive correlation between erosion volume and non-vegetated area over the entire studied period. Fans

9 and 36 show a statistically significant positive correlation between an increase in non-vegetated area and erosion volumes

(Table F1). Fans 10, 40, 28, and 35 show a strong but not statistically significant positive correlation. Fans 14, 32, 1, and 7

show a moderate positive correlation.

The forest disturbance atlas (Fig. F2) shows that the northern catchments are most affected by harvest (Catchments 2-400

16), followed by windthrow and bark beetle outbreaks (Catchments 1, 2, 7-10, 13, 15). There are no wildfire disturbances

documented in the forest disturbance atlas between 1985 and 2020. Two recorded wildfires happened in June 2020 and March

2024 on the northern shore of Plansee (Freiwillige Feuerwehr Heiterwang, 2026). On the south shore, mostly larger catchments

(24, 44-48) are affected by a mixture of harvest, windthrow, and bark beetle outbreaks. For the majority of catchments, the most

substantial disturbance happened after 2000. Most areas are only affected once by disturbances. Repeated forest disturbance405

(> 3 events) at the same location can be observed on catchments 6 and 8-10 (Fig. F1).

Catchments associated to connected fans show a higher disturbance rate between 1987 and 2020 compared to the group

of disconnected and inactive fans (Fig. F3). Catchments linked to connected fans exhibit an overall decreasing trend in forest

disturbance between 1987 and 2020. The catchments of disconnected fans show most forest disturbances in the first period

(1987-2000). Catchments of inactive fans are also affected by forest disturbances, with an increasing trend between 1987 and410

2020.

5 Discussion

5.1 Uncertainties and Measurement Errors of Terrestrial and Lacustrine Volumes

Photogrammetric reconstruction of historical aerial imagery poses multiple challenges regarding data quality and accuracy, and

few have achieved an elevation resolution that allows for the quantification of geomorphic change over decades (e.g. Bennett415

et al., 2012; Micheletti et al., 2015; Heisig and Simmen, 2021). Given the spatial resolution of the historical aerial imagery,

erosion and deposition patterns that create a vertical signal of less than 1 m cannot be reliably detected. Nevertheless, our

approaches have proved sufficient for identifying sediment patterns (erosion and deposition) through time.

Vegetation coverage on the fans is dense, but a clear delineation of the active debris flow area at each time interval was

possible. However, sediment transport by minor events might be under-observed if they do not alter vegetation coverage. For420

example, Fan 36 was observed to be active and to deliver sediment to the lake over the last decade; however, the active channel

at the fan toe is covered by dense forest and is therefore not visible for the photogrammetric approach. Furthermore, road

and hiking path construction on the northern shore led to changes that could not be distinguished from sediment transport;
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Figure 10. Yearly change in non-vegetated fan area grouped by fan type (first group: connected fans, second group: disconnected fans, third

group: inactive fans). Brown colors: increase in non-vegetated area, green colors: decrease in non-vegetated area. The non-vegetated area

increases on 70 % of active fans in the period after 1980. Note the shift in most fans at 1979 and 2000 and the lack of vegetation change in

50 % of the inactive fans.

therefore, the connection to the lake could no longer be verified for certain fans (e.g., Fans 10 and 16). As a result, the present

sediment transfer rates from connected fans to the lake are likely underestimated.425

Decadal sediment mass balance must be interpreted with caution, particularly when quantifying sediment transfer. The

decadal erosion and deposition volumes represent temporally aggregated sediment budgets from net elevation changes, there-

fore, estimates should be interpreted as a lower bound of total sediment transfer. First, this method does not resolve intra-

decadal sediment reworking as only net topographic change between successive decadal DEMs is available. Second, periods of
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net positive mass balance are interpreted as fan aggradation periods, but it does not imply the lack of sediment transfer to the430

lake. For these periods, fan sediment transfer is significantly underestimated. Observed sediment dynamics at debris flow fans

indicate sediment mobilization occuring in pulses or waves on annual to biennial timescales (Barbosa et al., 2024), leading

to the partial cancellation of deposition and erosion signals, which results in an underestimation of total sediment throughput.

Finally, sediment passing through the system without causing any elevation change is not captured. This occurs either when

sediment is transferred directly from the catchment to the lake, or when erosion and deposition balance each other out over435

the decade. However, if the drainage area source of the sediment is well-defined and sediment loss at the outlet is neglected,

sediment mass balance on fans enables the determination of the mean sediment yield (Einsele and Hinderer, 1997).

Besides the photogrammetric approach, debris flow deposits on Fans 6-11 were previously studied by Dietrich and Kraut-

blatter (2017) using an empirical approach from Rickenmann and Scheidl (2013) to derive debris flow volumes from active

channel areas mapped on orthophotos. The study suggests increasing active areas on the fans between 1947 and 2000 for all440

6 fans, followed by a slight decrease until 2014, corresponding to an approximately threefold increase in deposition volumes

after the 1980s, compared to the preceding period. Our analysis of all 54 fans shows a similar spatial pattern, with increasing

active area on the fans between 1979 and 2010, followed by a decrease until 2020. Despite both studies relying on similar aerial

imagery, the volumetric estimates presented here are systematically lower. This difference is expected because Dietrich and

Krautblatter (2017) estimated deposition volumes based on the extent of the active channel area, whereas this study directly445

quantifies erosion and deposition from measured decadal elevation changes. Our results show that the increase of the active

channel area after the 1980s for most of the connected fans is associated with channel incision and sediment redistribution. For

few of the fans with reduced sediment transfer (Group C) new channels are formed due to channel avulsion (Fan 13 and 44) or

channel diversion (Fan 11).

The lake-wide debris flow volumes presented in this study should be interpreted as first-order volumetric estimates. While450

the uncertainty of the sediment core age-depth model (mean ages 1960-2018 ±6 yrs) is propagated to the calculation of the

subaqueous debris flow volumes, two limitations remain unresolved: the erosion of older event deposits by subsequent events,

and turbidite deposits thinner than 1 mm. The lake-sediment volume estimates correspond to an uncertainty envelope of 24%

(approximately −10% to +14% relative to the mean age model estimate).

The calculations assume that the investigated deep-basin sediment cores are representative of the effective depositional area455

considered in Eq.1. A bathymetric high in the centre of the lake (60 m depth), as well as density contrasts and lake stratification,

influence how suspended particle flows progress westward towards the lake depocentre and outflow. Because of this, the

thickness of turbidite deposits originating from debris flows in eastern catchments likely underestimates their corresponding

terrestrial volumes. A sensitivity analysis of the assumed effective depositional area indicates that reasonable variations due

to a stronger concentration of sediment in the depocentre or a broader depositional area including more shallow basin areas460

result in a volume variation of ±15%. The calculations assume that the adopted fine-to-coarse ratio is spatially constant and

representative for converting fine-grained lacustrine event-layer deposits into total debris flow volumes. However, because

sediment-routing pathways and flow transformation vary across the lake, this ratio may also vary spatially. A 5% reduction of

fine particle content to 15:85 increases the calculated deposition volume by 33%, whereas a 5% increase to 25:75 decreases it
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by 20%. The combined sensitivity analysis of depositional area and fine-to-coarse ratio result in a deposition volume range of465

4.01± 1.55× 105 m3.

Despite the discussed errors and limitations inherent to both techniques, the independently derived estimates for lake-wide

debris flow volumes and the terrestrial transfer volumes to the lake over the last seven decades are broadly consistent within

the uncertainty associated with both approaches. The new onshore and reanalyzed offshore frequency-magnitude records show

that the overall increase in debris flow activity since 1920 is not linear, but is marked by distinctive phases possibly controlled470

by changes on rainstorm frequency or extreme precipitation events.

5.2 System response to enhanced rainfall intensity after the 1980s

The precipitation analysis reveals that maximum rainfall intensity exhibits greater temporal variability than mean precipitation,

with pronounced peaks during the 1980s and 2000s. This pattern is consistent with observations from more than 800 Austrian

climate stations, which report a persistent increase in hourly heavy rainfall of 15 % since the 1980s accompanied by a 25 %475

increase in floods in small catchments (Haslinger et al., 2025).

At Plansee, the increased frequency of days with rainfall events exceeding the debris flow-triggering threshold (10mmh−1)

after the 1980s, relative to the 1952-1979 reference period, coincides with a moderate increase in erosion volumes (+12 %) but

a much more pronounced decrease in deposition (-47 %) on connected fans. This pattern suggests reduced internal storage on

the fans, leading to enhanced sediment transport to the lake, most likely through more frequent or higher-magnitude debris flow480

events. These observations are consistent with previous studies identifying the 1980s and the subsequent decades as a period

of enhanced debris flow activity across the Alps, associated with more frequent and intense precipitation events (e.g. Haeberli

et al., 1990; Rebetez et al., 1997; Jomelli et al., 2004; Bennett et al., 2013; Pavlova et al., 2014; Turkington et al., 2016). Yet,

the disproportionate shift in deposition volumes indicate a nonlinear system response to increased precipitation.

The temporal evolution of the sediment budget (Fig. 7) indicates that the fan response to increased rainstorm frequency is485

not uniform through time but evolves over decadal timescales. Overall, mean deposition rates remain lower after the 1980s than

before the 1980s. However, post 1980, deposition increases gradually to a local maximum during the 2000s before declining

again. In contrast, erosion rates remain relatively constant throughout the post 1980 period. This bi-decadal pattern coincides

with changes in non-vegetatated area, the exceptionally warm summer of 2003 and a slightly higher frequency of number of

rainfall events exceeding the debris flow triggering threshold. Together, theses observations suggest that the Plansee system490

adjusts to changes in climatic forcing over one to two decades, although they may also reflect the onset of a new climatic phase

after 2000.

The climatic shift of the 1980s coincides with an increase in non-vegetated area on most fans, with a persistent increase

of non-vegetated area until the 1990s. The two general shifts in 1979 and 2000 highlight where most fans changed their

vegetation pattern. Their timing correlates with increasing erosion rates, deposition rates exceeding erosion rates and periods495

of pronounced maximum precipitation peaks. The 1980s and 1990s exhibit the most consecutive loss in vegetated area over

the entire studied period, supporting the hypothesis of multi-decadal system response times.
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5.3 Implications on sediment connectivity

We observe contrasting fan responses to increased frequency of rainstorm intensities after the 1980s. Generally, smaller fan

sizes show higher sediment fan-lake connectivity by the onset or intensification of sediment transfer (Group A and B). On the500

other hand, the biggest fans respond with predominant aggradation, which decreases sediment transfer to the lake (Group C).

The later response does not contradict increased debris flow activity at the catchment. Measurements at debris fans (De Haas

et al., 2018) as well as experimental models (Leenman and Eaton, 2022) suggest that channel diversion, avulsion, and an

overall increased deposition on the fan surface are the main mechanisms driving debris fan formation under enhanced sediment

supply conditions. Therefore, a remaining key question addresses the mechanisms that increase erosion at the fan and promote505

sediment connectivity.

We hypothesize that catchment and fan morphology control - up to a certain extent- the response to a climatic shift.

Catchment-fan systems in Group A, representing the onset of sediment delivery to the lake after the 1980s, are character-

ized by catchments with a low stream power index which likely reflects their small catchment size. Increased precipitation

events, such as those observed after the 1980s, may lead to a temporary increase in catchment stream power, likely resulting in510

higher-magnitude debris flows with enough energy to pass through the fans and reach the lake (Fig. 8). As a result, sediment

connectivity between catchment, fan, and lake is established, driven by episodic debris flow activity.

Fans with enhanced sediment transfer to the lake after the 1980s (Group B) show sediment dynamics with sustained high

erosion rates over multiple decades, while only few exhibit single decade peaks (e.g., Fan 67). We hypothesize that increased

rainfall events lead to increased debris flow activity in these catchments due to two primary mechanisms: critical runoff and/or515

shallow slope failure, which result in a high heterogeneity of sediment transport patterns. Group B exhibits decadal-scale

internal sediment redistribution, with some fans aggrading at the apex and eroding at the base (e.g., Fig.8; Fan 6), while

others show erosion concentrated at the apex and deposition at the toe (e.g., Fig.8; Fan 8). Both sediment dynamics have been

document as different stages of sediment transfer following slope failure (De Haas et al., 2018; Barbosa et al., 2024). As a

result, sediment connectivity between the fan and the lake is enhanced by faster sediment redistribution across the fan surface,520

reducing sediment residence times on decadal timescales.

Disconnected fans also show enhanced debris flow activity after 1980s expressed by sediment remobilization within the fans

and longer runouts. The pre-1980 period is characterized by aggradation within the active channels, with little erosion at the

apexes (Fan 36, 41), while the post-1980 period exhibits active channels dominated by erosion (Fan 68, 43, 12, 31, 29) and

progression (Fig. E1). Spatiotemporal characteristics such as channel progression toward the lake (Fan 34-39), the shifting of525

the active channel toward the east (Fan 36–42) and channel activation during the last decade (Fan 27 to 33), suggest a shift

toward higher sediment input from the catchment to the fan, implying enhanced sediment connectivity.

The individual sediment transport response of each fan to climatic change appears to be nonlinear. The connectivity between

the catchment, fan and lake is influenced by the extent of local rainfall cells, weathering and recharge times, intermediate

storage and the local morphology. A nearby study in the Horlachtal (40 km distance from Plansee) also suggests that changes530

in debris flow patterns are not linear, but rather governed by activity peaks. Specifically, Rom et al. (2023) reveal a peak in
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debris flow frequency between 1950 and 1970, followed by a low-frequency phase until 1990. The next frequency peak occurs

from 1990 to 2009, with additional single peaks in the 2010s. In comparison, the Plansee sediment core archive shows peaks

in the 1930s and 1960s, followed by an increasing frequency trend after 2000.

5.4 Vegetation response to debris flow activity535

Larger Plansee catchments have a higher percentage of forest coverage but store more sediment compared to smaller catch-

ments. The catchment vegetation is considered a protective forest, where the forest plays a key role in stabilizing loose material,

buffering hydrological extremes and reducing erosion inside and outside the channels through root activity. This protective ca-

paciy can be lost due to windstorms, bark beetle outbreaks, and wildfires (Moos et al., 2023). Forest disturbances in the

catchment are mostly caused by harvest and windthrow, being most pronounced in the northern catchments. The area of forest540

disturbance peaked between 1987 and 2000 and shows an overall decrease over time, with the most affected areas being located

outside of channelized debris flow catchments. We hypothesize that these forest disturbances do not immediately enhance the

sediment transport and storage, but rather create more erodible areas that, over longer timescales, connect to the existing chan-

nel network within the catchments. The resolution of the forest disturbance map is insufficient to show lateral erosion cutting

off vegetation at the edge of the embankments of incised channels, which is considered a major factor in increased sediment545

mobilization.

Although documented fires are rare in the area they are expected to become more frequent under a warming climate and can

have long-lasting effects on the slope stability, thereby increasing debris flow susceptibility (Moos et al., 2023).

The evolution of the non-vegetated area on the fans shows individual patterns for each fan, with a general trend toward more

non-vegetated area in recent decades. Most channels in the transfer area between the catchment and the fan are deeply cut into550

the terrain with steep embankments that protect the surrounding vegetation from being affected by debris flows. Changes occur

due to retrogressive erosion of these embankments, progressing downslope deposition, or avulsion and the lateral creation of

new channels. Avulsion – where a new dominant channel forms and causes severe changes in vegetation cover – occurs on

fans with several channels (Fan 11) but also on fans with single straight channels (Fan 47), where higher shear stresses lead to

channel bank erosion, followed by bed infilling and eventual avulsion (Vincent et al., 2022).555

Most decades (except for 2000-2010) display an increase in non-vegetated area for all fan types. These results confirm the

previously documented increasing trend in non-vegetated area on Fans 6–11 (Dietrich and Krautblatter, 2017) for all Plansee

fans. The 10 fans that show a positive correlation between erosion and non-vegetated fan area are mostly located in the central

basin where the highest morphological changes occur. This likely reflects the direct influence of rainfall on erosion, followed

by changes in the vegetation cover on the fans, even though the vegetation on each fan reacts individually, and we generally560

observe bi-decadal response times and two distinct shifts in vegetation patterns. Morphological controls like straight vs curved

catchment/fan geometry, as well as the height and stability of embankments, also influence changes in the vegetation cover and

have not been investigated in this study.

Overall, the increasing erosion after the 1980s coincides with an increase in non-vegetated area on the fans, mostly due

to bank erosion and channel progression. Catchment vegetation could not be mapped in the same manner as on the fans, but565
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shows decreasing human-induced and natural forest disturbances since 1987, which is contradictory to the increase in sediment

transfer to the lake. Consequently, the increase in erosion is likely attributed to promoting factors such as changes in rainstorm

frequency and intensity, whereas human activities and natural forest disturbances exert only a minor effect.

5.5 Implications for future source-to-sink reconstructions

While this study establishes the fan-to-lake connectivity, a comprehensive analysis of the catchment-to-fan connectivity and570

subaqueous sediment-routing pathways is required to understand the relationship between terrestrial debris flows and the

character of their subaquatic deposits.

Sediment supply from the catchment to the fan could be quantified using photogrammetric analysis, however, the uncertain-

ties of reconstruction from historical imagery are high. Therefore, future research should focus on sediment supply from the

catchment over the last two decades (high resolution images).575

We provide a practical framework for a first-order quantitative comparison between terrestrial sediment-transfer estimates

with sediment accumulation inferred from the lacustrine archive. The observed mismatch in event frequencies between the two

records may be linked to complex flow transformations at the terrestrial tosubaquatic transition and hydrodynamic filtering. As

highly deformable debris flows cross the shoreline, they undergo rapid and efficient flow transformation, generating significant

spatial and temporal variations in current velocity and sediment concentration. The efficiency and extent of this process depend580

on the initial viscosity and density of the incoming flow. High-viscosity, high density flows experience minor transformation

at the lake surface, whereas low-viscosity, low density flows are churned up entirely upon entry, transforming into a fully

turbulent turbidity current (Felix and Peakall, 2006). This highly dynamic behavior complicates the reconstruction of event

magnitudes within the sedimentary record, especially since debris flows may consist of multiple surges.

The stratification of the water column also strongly influences subaquatic flow dynamics, redirecting sediment pathways and585

partitioning material based on grain size. Under stratified conditions, interflows can form within the metalimnion (at 5-20 m

depth in Plansee). This is driven by intense plunging mixing when entering the lake, which rapidly reduces the density excess

of the inflow (Blanckaert et al., 2024).

It remains an open question to what degree interflows progress basin-wide and drive inter-basin dispersion of the fine-grained

fraction. Furthermore, it is unclear what percentage of fine particles is carried by the interflow versus the percentage retained590

within the dilute turbulent underflow. Ultimately, deposition in the deepest basin represents a complex overprinting of fallout

from waxing and waning dynamics of a basal underflow and suspended sediment settling from the dispersed interflow.

Subaquatic sediment routing is also influenced by interactions with the lake bottom and pre-existing bathymetric bound-

aries. Where underflows encounter subaquatic gullies, the lateral confinement restricts and accelerates the flow, enabling the

entrainment of previously deposited sediment. Additionally, the wide range and likely varying grain size distributions within595

the debris flows result in complex, stacked, and asymmetric fan morphologies rather than idealized lobes (Tsunetaka et al.,

2022; Kiefer et al., 2021). These effects influence the basin stratigraphic record. Plansee features a central narrow area con-

stricted by progradation of the underwater fans. To fully decipher how this bathymetric barrier impacts sediment redirection

and event preservation, future research must combine the spatial correlation of event layers from both basins with real-time
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monitoring of flow behavior under changing lake stratification using, for example, sediment traps and cameras. We suggest that600

future connectivity studies focus on the fans and subaquatic deposition in the central part of the lake between the two basins,

where the highest volume transport and channel progression have occured recently.

Observed changes in sediment connectivity in response to the climatic shift of the 1980s also raise questions about future

cascading risks in other Alpine regions. An increase in the intensity of harmful precipitation events, which can trigger grav-

itational mass movements, is expected in the future for the Alpine region (Gobiet and Kotlarski, 2020). Until the end of this605

century (2070-2099), modeled extreme precipitation events in the wider study region, expressed as 5-year return values of

1-day precipitation events, will increase in winter, spring, and autumn by 5–20 %, compared to the years 1970–1999 (Gobiet

et al., 2014; Rajczak et al., 2013). Increased temperature and precipitation events may activate currently dormant, outsized

debris fan systems, causing massive sediment waves in Alpine rivers and affecting strategic infrastructure such as power dams,

aquatic life and water quality. This further stresses the need for representative studies on future frequencies and magnitudes.610

6 Conclusions

Fan sediment dynamics at Plansee provide evidence of the geomorphic responses to the increased frequency of rainstorms

since the 1980s. Reanalysis of historical aerial imagery and sediment cores shows that:

1) A minimum of (3.42± 0.43)× 105 m3 of sediment has been transferred from the fans to Plansee over the last seven

decades by debris flow events. Conversely, a first-order estimate from sediment cores suggests that (3.69± 0.42)× 105 m3615

have been deposited in the lake, presenting the first steps toward integrating and reconciling lacustrine millennial sediment

records with terrestrial decadal sediment dynamics. Both investigations suggest an overall increase of erosive activity since

1920, with phases possibly reflecting sediment supply cycles controlled by precipitation changes.

2) The debris fan systems respond to increased frequency of rainstorms since the 1980s with a shift from an overall fan-

buildup phase to an export phase, characterized by greater sediment connectivity between the fans and the lake. Four fans620

shift from predominantly depositional to predominantly erosional behavior, marking the onset of sediment delivery; nine fans

increased their magnitude of sediment delivery; and four fans reduced sediment delivery due to channel avulsion and active

channel progression toward the lake. These responses reflect changes in sediment dynamics driven by amplified catchment

sediment supply and/or increased runoff, which promoted greater debris flow activity.

3) Even disconnected fans provide evidence for increased activity since the 1980s, represented by active channel progression625

toward the lake, the formation of new channels and avulsion. Greater activity is observed after 2010 where six fans reactivate.

4) Fans at Plansee have increased their non-vegetated area since the 1980s but also exhibit a shift in 2000, supporting an

additional climatic change at thas time with implications for the sediment dynamics of the fans.

5) At Plansee, we show for the first time, a generally coherent lacustrine and terrestrial record, indicating massive sediment

transport and connectivity increases over the last few decades.630
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Appendix A: Quantification of sediment budgets and connectivity shift from aerial imagery

A1 Photogrammetric reconstruction

The photogrammetric reconstruction of historial and digital aerial imagery allows the quantification of elevation changes over

the last 7 decades. The workflows is summarize on Figure A1. Five historical aerial surveys and two digital aerial surveys from

Land Tirol were selected to reconstruct the sediment dynamics at the fans. Generalities are summarized on Table A1. Land635

Tirol provided scanned historial aerial imagery and camera calibration files. This information is used as initial parameters

on the block reconstruction. The digital aerial imagery is associated to an Aerio-Triangulation file used for the individual

reconstruction. Given the different reconstruction characteristics, we process the digital imagery separated.

Figure A1. Worflow followed to reconstruct the temporal series of erosion and deposition at active channels, quantify sediment budgets and

define sediment connectivity between the fans and the lake.

A2 Uncertainty analysis

The area of study is characterized by a dense vegetation cover and human intervention on flat areas, therefore, identifying640

stable surfaces through time is challenging. We quantified the elevation uncertainty between surveys (DoD) on two ways. First,

we identified 14 areas with minimal vegetation change over the years and calculate its mean elevation change and standard

deviation. The areas are located on diverse terrane surfaces with slope angles between 4 to 38°. Stable surfaces on the flat terrain

are challenging to identified due to human intervention and vegetation coverage. The volumetric computation is performed only
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Table A1. Characteristics and metadata of the aerial photogrammetric surveys.

Photogrammetric block Date Images Format (cm) Overlap (%) Focal length (mm)

Forest survey A (1952 001) 01.07.1952 191 23× 23 – 210

Overall flight Tyrol/1971 (1971 067) 10.07.1971 198 23× 23 – 209.48

REV OEK-85-86, 115-116 (1979 015) 17.09.1979 48 23× 23 60 152.59

KF 84-86 (1987 009), KF 115-116 (1987 012) 21.09.1987, 31.08.1987 38 23× 23 60 150

Ausserfern/2000 CIR (2000 501) 20.08.2000 134 23× 23 60 305.084

Reutte_Soelden (2010 880) 08.01.2010 292 – 80 –

Imst (2020 260) 07.08.2020 187 – 80 –

Table A2. Summary of photogrammetric reconstruction and elevation uncertainty for topographic change analysis.

Year Error in Z (m) DoD RMSEz (m) 95 % confidence interval (m)

1952 0.70 – – –

1971 0.70 1952–1971 2.00 ±1.94

1979 0.70 1971–1979 1.00 ±1.94

1987 0.70 1979–1987 1.00 ±1.94

2000 0.70 1987–2000 1.00 ±1.94

2010 0.40 2000–2010 1.58 ±1.58

2020 0.20 2010–2020 0.40 ±0.80

The Digital Surface Model (DSM) resolution is estimated by Agisoft Metashape from camera model parameters.

The limit of detection (LoD) threshold is defined following a conservative approach based on topographic profiles

across active channels and imagery quality. The elevation uncertainty is propagated from photogrammetric errors.

at the active area of the debris fan, characterized by low angle surfaces, therefore, we used topographic profiles on the fan areas645

to determine the minimum detectable change from noise (LoD) within the active channel by measure the elevation difference

on areas where no change is observed on the Orthophotos (i.e., outide the active channel). An example of the topographic

profiles is presented in Figure A2). For all the fans, LoD calculated as the 95% confidence interval of the elevation uncertainty

is less than 2 m. This is consistent with the observation on the topographic profiles. For individual surveys and fans lower LoD

is observed.650
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Figure A2. Temporal evolution of erosion and deposition at Fan 44. a) Total elevation change between 1952 and 2020. b Example of the

topographic profiles used to quantify the signal-to-noise ratio between elevation surveys. The active channels in profile A-A’ have changed

through time allowing the quantification of the magnitude of the elevation change in areas considered ’stable’. Red and blue areas are

identified as part of the active channel based on the color of the Orthophotos, while yellow areas highlight ground areas with darker colors

(stable).
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Appendix B: Historical event record
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Appendix C: Response of general sediment regimens to rainstorm intensity

Figure C1. Statistical correlation between erosion, deposition, and net volumes and precipitation descriptive variables: mean precipitation

(mm/h), maximum precipitation (mm), and number of days (N days) exceeding the 10mm/h threshold. a) Spearman correlation coefficient.

Color transparency indicates significance. Darker colors highlight correlations with p > 0.05. b) Pearson correlation coefficient Color trans-

parency indicates significance. Darker colors highlight correlations with (p > 0.05). c) Scatter plots for variables with significant correlation

coefficients. Dots are volumes for all fans, x are volumes for connected fans, and squares are volumes for disconnected fans. The red line

shows the linear trend.

We tested statistical correlation between volumes of erosion, deposition, and net volumes, and precipitation descriptive vari-

ables like mean precipitation (mm/h), maximum precipitation (mm), and number of days (N ) exceeding the10 mmh−1 thresh-

old. We evaluate linear correlation by Pearson correlation coefficient that measures the strength and direction of a straight-line655

pattern between two continuous variables (Fig. C1b). We acknowledge that the number of samples is small therefore their

significance is limited (Fig. C1c and d), however, some trends can be drawn from the scatter plots. Landscape response to

changes in climatic conditions has been observed to be non-linear, therefore, we used the Spearman correlation coefficient, that

evaluates how well one variable increases or decreases as the other variable increases, regardless of whether that relationship

is a straight line, to test for monotonic trends (Fig. C1a).660

There is a positive correlation between erosion volumes and mean precipitation values (Fig. C1), but the relationship may

be non-linear, indicating that erosion rates do not scale proportionally with increased precipitation.
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Appendix D: Morphometric analysis

D1 Fan channel profiles

Fan channel profiles are extracted from the DEM ©Land Tirol (2019) usign the hydrology toolset in ©ArcGIS Pro.665

Table D1. Channel slope statistics for connected, disconnected, and inactive fans. Slopes are derived from channel profile analysis.

Status Min. slope Max. slope Mean slope SD

(◦) (◦) (◦) (◦)

Connected 4 33 19 7.3

Disconnected 15 37 25 5.4

Inactive 6 36 23 8.6

D2 Fan profile curvature classes

The normalized quadratic curvature classification shows that over all fan types, the majority of channel profiles on fans are

classified as strongly concave, followed by fans that are lightly concave. Only for the channels on connected fans that started

sediment delivery after 1980 the majority are lightly concave. The convex Fan 38 is wedged in between the neighboring fans.

Fans 11, 7, 19 and 23 show linear channel profiles.670

Table D2. Number of fans by channel profile category: a <−0.05 (convex), −0.05≤ a≤ 0.05 (linear), 0.05< a≤ 0.25 (slightly concave),

and a > 0.25 (strongly concave).

Fan type Convex Linear Slightly concave Strongly concave

Conn. red. ST aft. 1980 0 1 2 4

Conn. enh. ST aft. 1980 0 0 4 5

Conn. onset ST aft. 1980 0 1 3 1

Disconnected 1 0 6 9

Inactive 0 2 5 10

ST stands for sediment transport; Conn., red., and enh. stand for connected, reduced, and enhanced, respectively.
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Figure D1. Channel profiles on three subgroups of connected fans.
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Figure D2. Channel profiles on disconnected fans.

Figure D3. Channel profiles on inactive fans.
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D3 Fan to catchment area ratios

Fan/Catchment ratio regression results in a k coefficient less than 1 for all fan groups, suggesting that an increase in catchment

size produce a smaller proportion of increase of fan size. This reflects the high activity of the fans at Plansee, that respond with

channelized transport, efficienty delivering the sediment to the lake, and only for few fans, deposition is concentrated on the

fans.675

Figure D4. Fan/Catchment area regression for each fan group. Connected fans: Fa = C0.63
25 , Disconnected fans: Fa = C0.68

18 ,Innactive fans

Fa = C0.53
50
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D4 Additional morphometric parameters

Fan-Catchment ratio, Melton index and thresholds of Slope and connectivity index show variations among the fan classes.

Disconnected fans show the highest fan-catchment ratio. Fans with an onset on sediment transfer after the 1980s show the less

variability on steep slope angle (>30°) at the catchment. Fans with reduced sediment transfer show the most narrow distribution

on index of connectivity higher than 1.680

Figure D5. Additional Morphometric parameters.
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Appendix E: Channel progression on disconnected fans

Figure E1. Cummulative channel progression on disconnected fans since 1971 (reference year 1952).
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Appendix F: Vegetation analysis

F1 Correlation between erosion and non-vegetated area

10 fans show a positive correlation between erosion volumes and non-vegetated fan area (Table F1).

Table F1. Fans with positive correlation between changes in non-vegetated area and erosion volumes.

Fan ID Pearson r Pearson p Spearman ρ Spearman p

36 0.86 0.03 0.83 0.04

9 0.68 0.14 0.89 0.02

40 0.78 0.07 0.77 0.07

10 0.77 0.08 0.26 0.62

28 0.71 0.12 0.27 0.60

35 0.67 0.14 0.20 0.70

14 0.56 0.24 0.60 0.21

32 0.53 0.28 0.65 0.16

1 0.46 0.35 0.20 0.70

7 0.43 0.40 0.26 0.62

F2 Disturbed forest area685

The number of disturbances and the disturbance agent in the catchments are displayed in Figures F1 and F2.

The percentage of disturbed forest area in the catchment decreases for each fan group between 1987 and 2020, except for

inactive fans (Fig. F3). The number of catchments affected by forest disturbances also decreases over time.
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Figure F1. Number of disturbances in the fan catchments 1985-2023. Data ©European Forest Atlas and (Viana-Soto and Senf, 2025).

Orthophoto ©Land Tirol (data.tirol.gv.at).

Figure F2. Forest disturbance agent 1985-2023. Data ©European Forest Atlas and (Viana-Soto and Senf, 2025). Orthophoto ©Land Tirol

(data.tirol.gv.at).
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Figure F3. Disturbed forest area as percentage of total combined catchment and fan area by group and period. Number of affected catchments

is noted on x-Axis Viana-Soto and Senf (2025).
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Data availability. Orthophotos can be visualized in https://lba.tirol.gv.at/public/karte.xhtml. Shapefiles and elevation changes at the active

channels are available upon request.690
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