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Abstract Climate and sediment supply are critical for geomorphic systems. It is known that complex
relations between such forcings and sediment mobilization may lead to dampened or erased environmental
signals in sediment records. But it is unclear under which circumstances environmental signals are transmitted
and measurable downstream. We used a numerical approach consisting of a sediment cascade model and a
stochastic weather generator to quantify climate forcing effects under a range of sediment supply regimes in
a debris-flow catchment in the Swiss Alps (Illgraben). We show that sediment yields estimated from short
records are highly uncertain both in terms of mean and interannual variability. Furthermore, sediment yields
tend to be underestimated in supply-limited systems, where also long-term memory effects, driven by the
history of sediment storage, are evident. Consequently, determining geomorphic system response from short
records may be grossly inaccurate and should be extended with sediment supply detection and uncertainty
analysis.

Plain Language Summary Whether or not environmental signals, such as climate change or
extreme events, are measurable in the sediment output of a basin is a timely question. Climate change affects
processes related to sediment production and transport. However, because relations between these are complex,
it is questionable if environmental signals are transmitted and measurable in the downstream sediment
discharge. Here, we used a numerical approach for a geomorphic system; the Iligraben debris-flow catchment
in the Swiss Alps. We coupled a sediment cascade model and a stochastic weather generator to study the
detectability of change in sediment yield under a range of conditions, such as different sampling durations and
mean erosion rates. We show that sediment yields estimated from short records are highly uncertain and that the
history of sediment supply and storage matters. These effects should be included in assessments of change in
geomorphic systems.

1. Introduction

The study of erosion rates and sediment yields is fundamental for understanding landscape response to envi-
ronmental signals such as climate and land use change (e.g., Adams et al., 2020; Bookhagen & Strecker, 2012;
Borrelli et al., 2017; Molnar & England, 1990), for deciphering sedimentary records (e.g., Castelltort & Van
Den Driessche, 2003), and for predicting hazards and risks connected to sediment transport processes (e.g.,
Jakob et al., 2005) or riverine ecological habitat (e.g., Evans et al., 2006). Comparing short-term sediment yields
estimated from sediment load measurements, with long-term estimates inferred from cosmogenic radionuclide
concentrations, has revealed some discrepancies depending on basin size and the dominant erosional process
(Covault et al., 2013). Short records may miss erosional pulses resulting from rare events such as large landslides
or extreme rainfall (Kirchner et al., 2001; Schaller et al., 2001; Tomkins et al., 2007). This leads to the underes-
timation of sediment yields especially in small, natural basins with little opportunity for sediment storage, while
larger basins may buffer these pulses in floodplains (Wittmann et al., 2011). The variable timescales of sediment
production and transfer therefore present significant challenges for observation and prediction.

Climate and land cover change affect hillslope erosion, but these environmental signals may be dampened, delayed
or erased in the sediment output (Armitage et al., 2013; Jerolmack & Paola, 2010; Simpson & Castelltort, 2012).
Field, experimental and numerical studies suggest that the stratigraphy generally records ordinary rather than
extreme sediment transport rates (Ganti et al., 2020; Paola et al., 2018; Sadler & Jerolmack, 2015), but also that
environmental signals may manifest in other features, such as grain size patterns (Armitage et al., 2011; D’Arcy
et al., 2017). Thereby, the frequencies and magnitudes of forcings compared to system response timescales is
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of importance for signal preservation (Jerolmack & Paola, 2010). However, it is still debated how and which
types of geomorphic systems preserve or erase environmental signals. Furthermore, human activities such as
damming and flushing of trapped sediments complicate the analysis of sediment flux records in large basins
(Costa et al., 2018; Lane et al., 2019). Consequently, numerical models are needed to study the geomorphic
response to variable climate forcing to explore the cause-and-effect relations in geomorphic systems (e.g., Armit-
age et al., 2011; Coulthard & Van De Wiel, 2013; Godard & Tucker, 2021; Tucker & Bras, 2000; Van De Wiel
& Coulthard, 2010). The effect of changes in mass movements and their impact on sediment fluxes on shorter
timescales has received little attention in modeling, despite the direct implications for climate change impact and
hazard assessment.

Herein we focus on steep headwater catchments characterized by mass-wasting processes such as debris flows
(e.g., Bennett et al., 2013; Dietrich & Dunne, 1978). We use a stochastic process-informed geomorphic mode-
ling framework to quantify uncertainties in sediment yield estimates. With numerical experiments we study (a)
the sensitivity of sediment yield estimates to the length of the observational record, and hence how many years
of measurements are needed for a reliable estimate; (b) how the sediment yield depends on the climate forcing
combined with the history of sediment supply, and hence how large a change in the sediment supply signal (exact
timing and frequency) has to be in order to be detectable in the sediment output; and (c) the evidence and source
of multi-year memory effects in sediment yields.

2. Experimental Setup
2.1. Geomorphic System and Climate Forcing Models

We coupled the SedCas sediment cascade model (Bennett et al., 2014; Hirschberg, Fatichi, et al., 2021) and the
AWE-GEN stochastic weather generator (Fatichi et al., 2011) to simulate hydrological and sediment fluxes at
Illgraben (Swiss Alps). We ran simulations at high temporal resolution (hourly) while spanning geomorphologi-
cally relevant timescales (10k years) and a range of sediment supply conditions. This allowed studying first-order
impacts of climate and sediment production on sediment yield and debris-flow activity including their uncer-
tainties. lllgraben (4.8 km?) is a torrent with an average of ~5 debris flows annually, which typically have bulk
volumes <10° m?® (Hirschberg, Badoux, et al., 2021). In 1961, a rock avalanche (~3.5 - 10° m?) increased the
debris-flow activity in subsequent years, which also exceeded typical volumes (2.5-5 - 10° m?; Gabus et al., 2008;
Hiirlimann et al., 2003).

The AWE-GEN-SedCas modeling chain was calibrated and tested in Hirschberg, Fatichi, et al. (2021) to assess
climate change impacts on sediment yield and debris-flow activity in the 21st century. SedCas is a conceptual
geomorphic system model based on the concept of sediment cascades (Bennett et al., 2014; Berger et al., 2011).
It consists of two connected sediment reservoirs on the hillslope and in the channel. Sediment leaving the basin
is mobilized from the channel reservoir by surface runoff. The mass of mobilized sediment corresponds to the
transport capacity of the surface runoff (following a rating curve) if sufficient sediment is available, or else to the
mass of available sediment. The water balance is solved by connected linear reservoirs representing hydrological
response units. Sediment inputs from hillslopes are either triggered by frost-weathering, rainfall or randomly,
whereas only one mechanism is considered per model run. Therefore, the effect of these different mechanisms
can be studied. Frost-weathering sets in when the daily mean air temperature drops below a freezing tempera-
ture threshold and snow depth is below a threshold to not insulate the bedrock (e.g., Draebing & Mayer, 2021).
Rainfall-induced landslides happen when daily rainfall exceeds a threshold (e.g., Leonarduzzi et al., 2017). These
larger failures (>233 m?) are sampled from a power-law distribution which was empirically fitted to observed
landslides (Bennett et al., 2012). Smaller landslides occur at random intervals with log-normally distributed spac-
ing. The water and sediment balances are solved at hourly time steps. Hirschberg, Fatichi, et al. (2021) conducted
the calibration and sensitivity analysis of SedCas using 17 years of climate and debris-flow observations. SedCas
reproduces debris-flow statistics such as frequency, mean and standard deviation of the magnitudes, as well as
seasonal patterns in sediment yields.

AWE-GEN generates the stochastic climatic forcing of SedCas. It produces hourly time series of correlated
weather variables (e.g., precipitation, air temperature) at a point representing the catchment mean elevation. It
was calibrated against a weather station in the vicinity (11 km) of Illgraben (Hirschberg, Fatichi, et al., 2021).
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Table 1
List of Modeled Scenarios
Parameters
Scenario LS, Trc_sp (mm SWE) Tre_r (°C) T, (mmd-) ng (y™) Description
1 (REF) Frost-weathering 11 -0.5 - 25 Reference, as calibrated in Hirschberg et al. (2021a)
2 Rainfall - - 7.9 25 Hillslope landslides triggered by a daily rainfall
exceeding threshold T,
3 Random - - - 25 Hillslope landslides occur with random temporal
spacing (log-normal)
4 Frost-weathering 11 —2.2 - 16 Reduced sediment supply by ~1/3 by adjusting 7_;
5 (SL) Frost-weathering 11 —4.2 - 8 Reduced sediment supply by ~2/3 by adjusting 7',
6 (TL) Unlimited supply - - - - Sediment transport follows the transport capacity

computed with the SedCas hydrological module

Note. Scenarios differ only in the mechanism (LS,,;,) and climatic threshold for hillslope landslide triggering. The SedCas parameters governing the triggering are the

snow-depth (T_gp,) and temperature (T,_;) thresholds for frost-weathering, and the rainfall threshold (7). These parameters are set to result in the desired mean
number of landslides per year (n, ).

AWE-GEN reproduces extremes as well as inter-annual variability of climate variables because climate statistics
are aggregated at a range of temporal scales (from hourly to annual) in the calibration. We have ensured that the
coupling of AWE-GEN with SedCas on average reproduces the frequency of hillslope landslides triggered by
frost-weathering and the number of debris flows at the basin outlet (Hirschberg, Fatichi, et al., 2021).

2.2. Modeled Scenarios

To study the sensitivity of sediment yield estimates to sediment supply mechanisms and sediment supply
mass limitations, and to test if changes therein are detectable in the model output, we ran SedCas under six
scenarios (Table 1). A supply-limited system is defined as a system in which available sediment volume in the
hillslope-channel storage is frequently less than the volumetric transport capacity associated with a runoff event.
The calibrated setup with frost-weathering and the mean number of yearly sediment supply events from hillslopes
to the channel (n, ¢ = 25), served as a reference (Scenario 1, REF). To study the effect of the timing of sediment
supply, and decouple it from air temperature, we ran simulations with the same 7, (, but triggered by rainfall and
randomly (Scenarios 2 and 3). For simulating stronger sediment supply limitations, we lowered the temperature
limit for frost-weathering so that n, ; decreased by 1/3 (Scenario 4) and 2/3 (Scenario 5, SL) compared to REF.
We additionally considered a transport-limited scenario (Scenario 6, TL) to quantify signals in the sediment yield
introduced by climate variability alone.

All scenarios were forced with the same 10k-year hourly climate simulated with AWE-GEN and therefore the
hydrological variables (e.g., discharge) are identical among the scenarios. When the condition for a hillslope
landslide was met, the magnitude (mass) was sampled from the same distribution (for illustrations of these
distributions and an example time series, see Figure S1 in Supporting Information S1). The simulated channel
sediment storage develops in cycles of transport-limited and supply-limited conditions and does not show any
long-term storage beyond 10k years. The differences in sediment supply result in distinct distributions of annual
sediment yields.

2.3. Analysis of Long-Term Simulations

Each scenario simulation (Table 1) was resampled to quantify uncertainties in annual sediment yields and their
interannual variability. The full time series was split into subsets of 1-100 years, and the mean and variance of
annual sediment yields were estimated for each subset. This allowed for analyzing (a) the effects of short records
on the uncertainties of sediment yield estimates, and (b) the detectability of scenario-dependent differences in
sediment input rate and mechanism.
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Figure 1. Sensitivity to record duration for (a) mean and (b) standard deviation of annual sediment yields for three scenarios.
The medians (solid line) and the 5th-95th percentile range (shaded area) were computed by resampling the long-term (10k-
year) simulations, the mean and standard deviation of which is marked by the triangles. (c) The sediment yield long-term
mean +1 standard deviation (black lines) and coefficient of variation (CV) for all considered scenarios.

When large amounts of sediment are delivered from the hillslopes to the channel, these may be temporarily
stored and transferred to the outlet in a series of subsequent discharge events, possibly over a long period of time.
This creates a memory effect in the sediment output dependent on the history of the hillslope-channel fluxes.
To identify and quantify these, we analyzed long-term correlation in annual sediment yields using detrended
fluctuation analysis (DFA, Peng et al., 1994) in Python (Rydin & Hassan, 2021). DFA is a technique to identify
scaling properties in fluctuating or non-stationary time series, for example, precipitation (Matsoukas et al., 2000)
or temperature (e.g., Koscielny-Bunde et al., 1998; Shao & Ditlevsen, 2016). The mean of the detrended variance
scales with sampling record duration s as m o s% Applying DFA on an uncorrelated random time series (white
noise) results in a = 0.5, while time series with long-term memory manifest in a > 0.5 (Figure S2 in Supporting
Information S1). When plotting « as a function of s, that is, the local slope from the s — m plots, the represent-
ative timescales and scaling properties can be identified visually (Figure S2 in Supporting Information S1; Bryce
& Sprague, 2012). We also fitted a stochastic process with long-term memory (ARFIMA) to the annual sediment
yield time series and estimated the differencing order d, which is related to the Hurst exponent H asd = H — 0.5,
where d > 0 (H > 0.5) is also indicative of long-term memory (Montanari et al., 1997).

3. Results
3.1. Effects of Short Records on Sediment Yield Estimates

Results are presented for annual sediment yields and correspond to the mean mass of sediment exported from the
catchment by all debris flows per year. The estimated mean annual sediment yield (/i) can be both greatly over- or
underestimated in all scenarios if based on short records (<20 years; Figure 1a). The uncertainty is largest for
REF, where /i can be biased by a factor of +2 even after 30 years. Although uncertainty bounds of 2 may overlap
even after 50 years, the different scenarios result in statistically distinguishable equilibria, that is, stable sediment
yields. Thus, sediment-supply regime changes are likely to be identified after ~30 years. Underestimating /i in
short records is most likely for the SL scenario.

The rate at which the uncertainty in z drops is related to the effect of record duration, interannual variance, and
interannual memory on the standard error of ji (Montgomery & Runger, 2018). Similarly to 7, the estimate of
the interannual variance (standard deviation) of annual sediment yields (&) is affected by record duration, but
with more overlap between the scenarios (Figure 1b). However, 6 is underestimated in all scenarios for short
records, and this effect is stronger for supply-limited scenarios. As a consequence, observations of ~30 years are
necessary for stable 6, especially for supply-limited conditions. Repeating the same analysis for the annual total
sediment yield (including bedload transport) and the annual number of debris flows resulted in the same patterns
(Figures S4 and S5 in Supporting Information S1).

HIRSCHBERG ET AL.

4 0of 10



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL096440

T 10° 4 E 4

(0]

2

g 107" 4 E ]

©°

3

3 102 4 . .

X

(0] —_

“5 1073 . . . -
>

>

8 1074 4 L 1003 L 1003 L >

g 100 100 1961 DF 100 &

) 50 _# - 50 I"" Fso @

@ 1075 A L0 = -0 - -0 '

104 10° 106 104 105 108 104 10° 106
DF magnitude (m3) DF magnitude (m3) DF magnitude (m3)

I— sim 10k years sim 18 years o obs B max magnitudes]

Figure 2. Debris-flow magnitude-frequency distributions. The blue solid lines were estimated from the 10k-year simulations
and the gray lines from 18-year-long subsets thereof, which corresponds to the time period of the observations (black circles).
Slopes (i.e., power-law exponents) were fitted to the 10k-year simulations for two magnitude ranges (dashed blue lines).

The histograms show the largest debris-flow magnitudes (95th percentile) from the simulation subsets. The range of volume
estimates from large destructive debris flows in 1961 are indicated by the black arrows.

The scenarios with the same number of landslides as REF but different triggering mechanisms showed very simi-
lar results (Scenarios 2 and 3 in Figures 1c and S3 in Supporting Information S1). This means that the differences
in the timing and seasonality of sediment supply between these scenarios were not transmitted to the outlet (i.e.,
invisible in f). Although the climate forcing remained the same among the scenarios, reductions in sediment
supply increased the coefficient of variation (CV) in annual sediment yields from 0.7 in TL, to ~1 for the scenar-
ios with n, ¢ = 25 and to 1.5 and 2.3 for the more supply-limited scenarios (Figure 1c). Therefore, reducing the
sediment supply had a clear effect by diminishing mean sediment yields and increasing interannual variability.

3.2. Debris-Flow Distributions

Short records also affect hazard assessment. Magnitude-frequency (MF) distributions were estimated for simu-
lated debris-flow event volumes for three scenarios (REF, SL, TL) and compared with observations from 18 years
(Figure 2). The simulation-based distributions are characterized by power-law tails and range from ~10* to
10° m?. The observations lie within the simulated uncertainties. The simulated magnitudes tend to overestimate
observations, which is attributed to the temporal rainfall structure generated with AWE-GEN and the resulting
higher transport capacity in these extreme events (Hirschberg, Fatichi, et al., 2021). Due to the similar power-law
tails, it seems impossible to discern the sediment production process from the MF distributions of debris-flow
events (Bennett et al., 2014). However, the magnitudes of the very largest events (red histograms in Figure 2) are
significantly different between the scenarios and point to the fact that the observations are more likely to result
from a supply-limited scenario. The observations reach an upper limit at 8 - 10* m?, although, the simulations and
independent observations from 1961 both suggest the possibility of much larger events, which are mostly absent
in short records.

3.3. Long-Term Memory Effects in Sediment Fluxes

Transient sediment supply and its effect on sediment storage may lead to long-term memory effects in sedi-
ment yields. In the DFA, all scenarios show the typical power-law scaling of the s — F(s) relation (Figure S6 in
Supporting Information S1). The presence of long-term memory is evident in the simulations with stable slopes
around a & 0.75 between ~8-50 years for the scenarios with n, ; = 25 (Figures 3a, 3d and 3e). The scenarios
with decreased sediment supply had shorter (~8-20 years) but steeper (a > 0.75) stable slopes, which indicate
stronger long-term memory at these timescales (Figures 3b and 3c). The increased spreads in a after 20-50 years
indicate weakening memory, that is, random signals at longer timescales. Interestingly, the TL scenario differs
from all the others because a stabilizes at 0.5 already for small s. Hence, there are no long-term memory effects
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Figure 3. Local slope (exponent a) of the s — F(s) relation in sediment yields shown in Figure S6 in Supporting
Information S1 as a function of sampling duration s. The upper row shows the reference (a) and the reduced sediment supply
scenarios (b, ¢). The lower row shows the scenarios with hillslope landslides triggered by rainfall (d), randomly (e) and the
transport-limited scenario (f). The dots represent the slope between two individual points in the s — F(s) plot and the dark
blue line is the moving average from five points. The light blue lines mark the timescales with approximately stable slopes
(see text). The black dashed line at @ = 0.5 shows the condition of no long-term correlation. The dashed gray line at a = 0.75
shows the condition with strong long-term memory.

in the sediment output induced by climate alone when sediment availability is unlimited. The high values of a for
s < 8 years is an expected methodological bias without physical meaning (Peng et al., 1994).

4. Discussion
4.1. Short-Long-Term Discrepancy in Sediment Yield Estimates

We quantified sediment flux magnitude and variability over geomorphologically relevant timescales in Illgraben
and in stationary climate conditions. We numerically investigated the influence of the record length used to esti-
mate the mean (1) and the standard deviation (&) of annual sediment yields. Short records (<30 years) resulted in
1 and 6 which were uncertain within a factor of +2. While the reference scenario suggests that the likelihood of
over- or underestimation of /i was balanced in supply-limited scenarios, /i was likely to be underestimated in short
records. The interannual variability 6 was underestimated in all scenarios for short records. This is an inherent
effect of undersampling and known from statistical theory, but compounded by the fact that for supply-limited
scenarios, the long-term memory was stronger (Figure 3). Therefore, interannual variability in sediment yields is
expected to be underestimated in short records and geomorphic systems with memory.

Discrepancies between short- and long-term estimates of sediment yield have been attributed to low-frequency
high-magnitude pulses of erosion (e.g., Kirchner et al., 2001). We are able to identify what causes the discrep-
ancy in our simulations, although the explanation may be different in other geomorphic systems. We argue that
if the discrepancy was caused by extreme rainfall events leading to large debris flows, it would be visible in all
scenarios because they were forced with the same climate. Instead, the discrepancy was driven by the sequencing
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of large hillslope sediment supply events. These events occur as a combination of climatic hillslope landslide
triggering conditions (e.g., many days with frost-weathering conditions) and the inherent randomness of landslide
magnitudes. Consequently, large sediment evacuation events by debris flows may occur both in transport- and
supply-limited systems, but more rarely in the supply-limited case, where the likelihood of having debris-flow
triggering runoff and ample sediment availability at the same time is lower. We acknowledge that hydrological
connectivity may be an important limiting factor for sediment flux even in small basins (Reid et al., 2007) and
therefore SedCas, as a spatially-lumped model, may not be ideal to study the impact of single extreme events.
Nevertheless, the simulated dynamics reflect observations made after large sediment supply events in Illgraben
and other basins after landslides (Hiirlimann et al., 2003), earthquakes (e.g., Tang et al., 2011), or wild fires
(Cannon et al., 2001), which can lead to elevated sediment yields even at the 103-year timescale (Korup, 2012).

4.2. Implications for Hazard Assessment and Mitigation

Our findings point to challenges in the assessment of hazard and climate change impacts on sediment flux, and
in the design of engineering structures (e.g., sediment retention basins). We showed that the sediment yield
signal is inherently noisy even under stationary climatic conditions, and climate change adds a non-stationary
forcing. Short records of sediment observations will further challenge the detection and prediction of significant
changes. Many sediment transport and debris-flow observation records are short and our simulations have shown
the implied risks related to uncertainties in sediment yields (Figure 1) and to the possible underestimation of
large debris flows (Figure 2). In basins with short records, additional information for longer timescales should
be consulted. For example, in debris-flow hazard assessments, events have been reconstructed using dating tech-
niques such as dendrochronology (e.g., Stoffel et al., 2008) or radiocarbon dating (e.g., Jakob et al., 2017) to
complement MF distribution fitting. Effort has also been put into extrapolating existing MF curves at the regional
scale in relation to morphometric catchment characteristics (de Haas & Densmore, 2019), fan area, or fan volume
(Jakob et al., 2020). In addition to these procedures, stochastic modeling frameworks, as presented here, are help-
ful for extending MF distributions beyond short-term observations (Figure 2).

4.3. Preservation of Climate Signals in Sediment Records

The sediment supply mechanism (frost-weathering, rainfall or random) in our system had no effect on the long-
term sediment yield estimates. These mechanisms mainly differ in the timing and seasonality of sediment produc-
tion. For example, frost-weathering is most active in cold months while intense rainfall mainly occurs in warm
months. In our framework, the MF distributions of sediment supply events are identical, and the temporal distri-
bution of these events, driven by the climatic conditions favoring frost-weathering or rainfall induced landslides,
did not induce a large enough change in sediment supply dynamics to affect the annual sediment yields. As a
consequence, these signals in sediment supply were erased in the output.

It has been argued that environmental signals will only be recorded and identified in the sedimentary records
if their timescale exceeds the system response time (Castelltort & Van Den Driessche, 2003; Hoffmann, 2015),
unless the magnitude of the signal exceeds natural variability (Jerolmack & Paola, 2010). For Illgraben and
similar basins this means that a sufficiently large change needs to persist for >30 years. This may seem short,
but because this catchment's erosion rate exceeds other Alpine sites by about one order of magnitude (Delunel
et al., 2020; Stutenbecker et al., 2018) and the basin has relatively little opportunity to store sediment, this times-
cale must be much larger in other basins, where storage opportunities exist and other processes dominate, such as
glacial periods (e.g., Ganti et al., 2016; Hoffmann, 2015).

We've shown that long-term memory effects may be evident in the sediment discharge for decades under station-
ary conditions (Figure 3). To test if these memory effects are induced by the sequence of elevated sediment yields
or by the absence of mobilizable sediments, we converted the simulated annual sediment yield time series of
all scenarios into binary 0-1 series, discounting the actual sediment magnitude, and recomputed a (Figure S7
in Supporting Information S1). Because a only slightly decreases compared to when simulated sediment yield
magnitudes were used, we conclude that the main reason for the long-term memory in annual sediment yields is
the sequence and clustering of sediment supply events in-between periods without any debris flows.

Long-term memory is also evident from the uncertainty in /i (Figure 1a). The drop in uncertainty is inversely
related to s for TL, as it is expected for a random, independent variable, while the drop for the other scenarios is
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much slower (Figure S8 in Supporting Information S1). A similar decrease in the uncertainty for those scenar-
ios could only be reproduced by fitting a stochastic process with long-term memory (H > 0.5) to the data (e.g.,
ARFIMA model in Figure S8 in Supporting Information S1). Like in the DFA analysis, the TL time series
behaves differently and confirms that the long-term memory in the supply-limited scenarios is induced by differ-
ent sediment supply regimes.

This study is limited to Illgraben and the hydro-geomorphic processes built into SedCas. Future work should focus
on exploring the behavior of other geomorphic systems with different sediment supply regimes, climatic forcing,
erosion rates, and using other geomorphic models. For example, systems with stronger glacial and permafrost-re-
lated characteristics. We have shown that the framework with stochastic climatic forcing and numerical geomor-
phic system modeling is suitable for exploring possible cause-and-effect relations between sediment supply and
output, which are not easily discernible from observations alone.

5. Conclusions

We quantified the uncertainties introduced by climate forcing, transient sediment supply and sampling record
duration on estimates of sediment yields in Illgraben by simulating 10k years with a sediment cascade model
forced by hourly stochastic weather. Consistent with field studies, we showed that estimates of mean annual sedi-
ment yield may be underestimated in short records and this effect becomes stronger when the sediment supply is
decreased. This results from transient sediment supply by hillslope landslides leading to cycles of transport- and
supply-limited conditions. Such cycles also cause long-term memory in sediment output at timescales of up to
~50 years. Consequently, the interannual variability of sediment yield estimates was underestimated if sediment
supply was limited. Furthermore, the signal from changing sediment supply mechanisms (triggering conditions),
which affect the timing and seasonality of sediment inputs, was erased in the sediment output. In similar systems,
climate change impacts on sediment supply may therefore only be detected in the sediment output after >30 years
and if the erosion rate is considerably altered. The results highlight the importance of combining stochastic forc-
ing of sediment fluxes with memory-dependent storage to predict the state and response of geomorphic systems.
This will support decision making in natural hazard and climate change impact assessments, especially if they
are based on short records.

Data Availability Statement

The Illgraben debris-flow data is available from the EnviDat repository (McArdell & Hirschberg, 2020). The
SedCas model code is available from an open-source repository (Hirschberg et al., 2022b). The input data for
SedCas generated with AWE-GEN as well as the SedCas output data is available from the EnviDat repository
(Hirschberg et al., 2022a). The AWE-GEN model is described in Fatichi et al. (2011) and can be downloaded
from https://hyd.ifu.ethz.ch/research-data-models/awe-gen.html.
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