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Abstract Proglacial forefields commonly include highly dynamic fluvial systems associated with the
fundamental instability between topography, flow hydraulics and sediment transport. However, there is limited
knowledge of how these systems respond to changing subglacial hydrology and sediment supply. We
investigated this relationship using the first continuous field‐collected data sets for both suspended and bedload
sediment export and proglacial river dynamics for an Alpine glacier forefield, the Glacier d’Otemma,
Switzerland. The results show a strong sensitivity of fluvial morphodynamics to the balance between sediment
transport capacity and supply. When subglacial bedload export rates exceeded fluvial transport capacity, we
found bar construction leading to net forefield aggradation and surficial coarsening, especially on bar heads.
This intensified braiding buffered the downstream transport of coarse sediment. When subglacial bedload
export rates were lower than transport capacity, incision occurred, with reduced braiding intensity, net erosion
and important amounts of bedload leaving the proglacial system. We found a net fining of surficial deposits
except for very isolated coarsening patterns on bar heads. Thus, proglacial forefield morphodynamics are
strongly conditioned by subglacial hydrology and sediment supply, but this conditioning is also influenced by
the response of the forefield itself. Proglacial forefields have an important influence on the longitudinal
connectivity of sediment flux in regions sensitive to climate change, such as recently deglaciated high mountain
areas. The linkages we report between subglacial processes and river morphodynamics are critical for
understanding the development of embryonic forefield ecosystems.

Plain Language Summary This study focuses on Alpine proglacial forefields, braided fluvial
streams flowing in deglaciated terrains, and their geomorphic response to both sediment and water exported
from retreating glaciers. This is achieved using the first continuous field‐collected data sets combining sediment
flux quantifications at the glacier terminus and downstream changes of the river over time collected in the
Glacier d’Otemma forefield (Switzerland). Results show that the fluvial landscape in recently deglaciated
terrains changes rapidly, influenced by the balance between the amount of sediment being transported from
under the glacier and the river's capacity to carry it. When the released amount of sediment matches the river's
capacity, the deposition of coarser material dominates and the stream becomes more complex with increasing
braiding intensity. However, when the river carries more sediment than supplied by the glacier, flow becomes
more confined into fewer channels, promoting the erosion of previously deposited material, particularly for the
coarser sediment fractions. The study emphasizes how both the river configuration and the landscape near a
melting glacier depend on whether the river itself can transport the quantities of sediment delivered by the
glacier. This balance can affect the downstream sediment flux from glaciered catchments and the development
of ecosystems following climate change‐induced glacier retreat.

1. Introduction
Proglacial margins are increasing in size following rapid glacier retreat. In the Swiss and Austrian Alps alone, ca.
930 km2 of deglaciated terrain has been created since the end of the Little Ice Age (Carrivick et al., 2018). If there
is lateral accommodation space and the valley slope is not sufficient to allow the river to evacuate all the sediment
supplied to it, active, fluvially reworked forefields may develop in the proglacial margin. Such systems are
thought to be amongst the most dynamic and active landscapes on Earth because of their sensitivity to varying
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discharge and sediment supply in both space and time (Ashmore, 1988, 1991a; Lane et al., 1996), conditions
which themselves have become more intense since deglaciation (Huss & Hock, 2018; Lane et al., 2017; Lane &
Nienow, 2019; Zhang et al., 2023).

Braided stream mechanisms for both sand‐ and gravel‐systems have traditionally been studied in relatively small‐
scale field settings (e.g., Ashworth & Ferguson, 1989; Lane et al., 1996; Brasington et al., 2000; Williams
et al., 2011), scaled laboratory experiments (e.g., Ashmore, 1982, 1991a,b; Ferguson & Ashworth, 1992; Ger-
manoski & Schumm, 1993) and numerical simulations (e.g., Nicholas, 2013; Schuurman & Kleinhans, 2015;
Williams et al., 2016). Such research has resulted in a good understanding of braiding processes, but less attention
has been given to how they respond to subglacial processes (Carrivick & Heckmann, 2017). Subglacial discharge
(Gimbert et al., 2016; Lane & Nienow, 2019; Riihimaki et al., 2005) and sediment supply (Lane et al., 2017;
Perolo et al., 2019) both evolve systematically during the melt season of Alpine glaciers. The forefield river
response is likely to be a function of the ratio of glacier‐driven sediment supply to meltwater‐driven transport
capacity, both at the daily to weekly scale and also over longer timescales (Collins, 2008; Lane et al., 1996).
Incision has been observed immediately in front of glaciers where a commonly single‐thread subglacial stream
enters the proglacial forefield and capacity exceeds supply, providing the sediment that may cause supply to
exceed capacity further downstream and hence aggradation (Beylich et al., 2009; Germanoski & Schumm, 1993;
Marren, 2002; Roussel et al., 2018). As glaciers retreat, the hinge point between upstream erosion and down-
stream deposition is thought to migrate upstream (Marren, 2002; Marren & Toomath, 2013, 2014). If supply can
match or exceed capacity, aggradation may be present the whole forefield along with highly braided stream
networks (Curran et al., 2017).

Whilst the temporal and spatial variability in sediment transport in these environments is driven by external
forcing, it is also impacted by autogenic reorganization of the proglacial river itself (Coulthard et al., 2005;
Coulthard & Van De Wiel, 2007; Marren & Toomath, 2014) notably with the progressive reworking of riverbed
deposits (e.g., Ashmore, 1991b; Cudden & Hoey, 2003; Ferguson & Ashworth, 1992; Kasprak et al., 2015). It
impacts particle advection lengths and attenuates the downstream transport of sediment (Ganti et al., 2014;
Mancini et al., 2023b). In proglacial environments, the transport signal evolves with distance from being a
function of subglacial sediment evacuation rates to being a function of reworking of the forefield itself (Jerolmack
& Paola, 2010). Mancini et al. (2023b) tested this hypothesis for both suspended sediment and bedload flux using
continuous records collected in an active proglacial forefield. They found strong filtering (i.e., dampening and
delaying) of the subglacial sediment export signal for bedload but not suspended sediment whose signal passed
almost unimpeded through the forefield. Proglacial forefield morphodynamics thus modify the longitudinal
connectivity of sediment flux between glacier margins and downstream geomorphic systems.

Evidence suggests that proglacial forefields filter the signal of bedload exported from glaciers, but the interaction
between braided stream morphology, sediment fluxes and topographical constraints is only partially understood
(Ashmore et al., 2011; Davies, 1987; Maizels, 2002; Warburton, 1996). This is because measuring bedload
transport continuously over long time periods (e.g., a glacial melt season) and quantifying the space‐time dy-
namics of the proglacial river are both difficult. The development of passive environmental seismology for
continuous bedload monitoring makes it possible to obtain continuous season‐scale bedload transport data (e.g.,
Burtin et al., 2011; Dietze, 2018; Dietze et al., 2019; Mancini et al., 2023b). Developments in remote sensing,
notably combining low‐cost Uncrewed Airborne Vehicle (UAV) platforms combined with SfM (Structure‐from‐
Motion)‐MVS (Multi‐View‐Stereo) photogrammetry software to create Digital Elevation Models (DEMs), are
allowing high‐frequency quantification of morphodynamic changes (e.g., Fonstad et al., 2013). This paper har-
nesses both of these developments.

Given the relatively small influence of proglacial filtering on the suspended sediment signal (Mancini
et al., 2023b), we hypothesize (a) that subglacial bedload export drives both geomorphic and morphodynamic
responses of the proglacial stream which, in turn, control the downstream bedload flux. Following Collins (2008),
a higher ratio between upstream bedload supply and transport capacity promotes aggradation as the stream
evolves toward a more braided configuration. This results (b) in decreasing supply rates to downstream as the
increasing presence of flow divergence regions buffers the downstream transport of coarser particles, which may
also be detected in surface coarsening (Antoniazza et al., 2019; Ashmore, 1988; Kasprak et al., 2015; Mos-
ley, 1983). In contrast, when capacity exceeds supply, we hypothesis (c) that net loss of bedload sediment causes
the proglacial stream to evolve toward a less complex configuration (Germanoski & Schumm, 1993). We test
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these hypotheses for an Alpine proglacial margin in front of the Glacier d’Otemma in south–west Switzerland for
two entire melt seasons (2020 and 2021).

2. Methodology and Methods
2.1. Study Area

The forefield of the Glacier d’Otemma (southern–western Swiss Alps) is located at 2,450 m a.s.l. and is ca. 1 km
long by ca. 200 m wide, including an active braided stream network (Figure 1). Upstream and downstream of the
forefield, flow is confined into a single channel due to the combination of narrower valley sections and a steeper
valley slope, the latter leading to a bedrock‐dominated riverbed. A decadal‐scale analysis of the evolution of its
valley sidewall systems following glacial debuttressing confirmed that sidewall sediment supply is decoupled
from the active forefield (Mancini & Lane, 2020). As already highlighted in other studies in the same region (i.e.,
Müller et al., 2024; Roncoroni et al., 2023b), other potential source of sediment and water could be considered
geomorphologically and hydrologically negligible in this study.

The mean channel width of the straight section is ca. 10 m at the forefield inlet and ca. 8 m at the forefield outlet.
Within the forefield, the longitudinal slope is between ca. 1% in the upper and ca. 0.45% in the lower section. The
riverbed is dominated by a mixture of gravel and sand. The in‐stream grain size fines from upstream (D50 of ca.
78 mm and D84 of ca. 92 mm, sample size 345) to downstream (D50 of ca. 37 mm and D84 of ca. 48 mm, sample
size 348). The grain size in zones non‐inundated at low flow also decreases from a D50 of ca. 100 mm close to the
glacier terminus to ca. 30 mm in the most braided sector downstream.

Figure 1. Location of the Glacier d'Otemma proglacial forefield and spatial location of monitoring stations GS1 and GS2. Orange squares refer to turbidity and water
pressure sensors, while yellow dots highlight geophones. The solid black line refers to the limit of the proglacial forefield, while the dashed line refers to the extent of the
monitoring stations. The shaded orange polygons show the terrace systems, while the light blue one shows the glacier. The green line highlights the downstream slope
transect. Coordinates are in the Swiss CH1903+/LV95 geographic coordinate system. Source of the orthomosaic: Swisstopo (2020).
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Data were collected for two melt seasons with different climatic conditions: summer 2020 from 8 July [Day of the
Year (DOY) 190] to 27 August [DOY 240] which was warmer and drier; and summer 2021 from 12 July [DOY
193] to 21 August [DOY 233] which was wetter especially in the first part of the melt season (Figure S1 Sup-
plementary Information S1).

2.2. Methods

The relationship between upstream boundary conditions and proglacial forefield response was investigated by
combining continuous sediment flux quantification, water discharge measurements and repeated daily UAV
surveys (Figure 2). Turbidity sensors, geophones and water pressure sensors were deployed at the glacier ter-
minus (Gauging Station [GS] 1) and at the forefield outlet (GS2) for the continuous monitoring of the water stage
and both suspended sediment and bedload transport (Figure 1) (Section 2.2.1). The measured bedload transport
rates (S) at GS1 were compared to the potential bedload transport capacity (C) estimated using a hydraulic
transport model based on the instantaneous discharge to investigate the geomorphic response of the proglacial
forefield to under‐ and over‐subglacial sediment supply conditions (Section 2.2.2). If S is higher than C, depo-
sition in the forefield is expected, while in the opposite case erosion is expected. Aerial images of the floodplain,
covering the spatial extent shown in Figure 1, were collected daily during low flow conditions using an UAV.
Photogrammetric post‐processing was used to generate DEMs and orthomosaics of the floodplain for the two melt
seasons (Section 2.2.3). The DEMs allowed the determination of volumetric change estimates over time for the
entire proglacial forefield (Section 2.2.4). Orthomosaics were used to manually classify the floodplain into
inundated and dry regions, a condition needed (a) to extract basic planimetric information on the proglacial stream
over time, such as daily braiding indices, total number of bars, and bars total area and perimeter length and (b) to
determine the spatial distribution of water depths through the application of a statistical model (Sections 2.2.4 and
2.2.5). Orthomosaics were also calibrated to produce grain‐size maps of dry regions at the floodplain scale to
investigate surficial texture changes over time (Section 2.2.6). All data sets used in this study have been published
and we explain where they can be obtained below.

2.2.1. Sediment Supply to and Export From the Proglacial Forefield

The methods and data sets acquired at GS1 and GS2 have been published in open access format for discharge in
Müller and Miesen (2022) and for continuous suspended sediment and bedload fluxes in Mancini et al. (2023a,
2023b).

Figure 2. Overview of the methodological approach used in this study. Black boxes are the techniques used in the field, the red ones are those used for the post‐
processing of the collected data, and the orange ones are the final outputs. The dashed box represents the data measured directly in the field at GS1 and GS2 (Figure 1).
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Daily total suspended sediment load and bedload at the upstream and downstream stations were calculated by
cumulating instantaneous loads (unit kg/s) and multiplying these by a measurement resolution of 120 s. The
loading was converted into daily volumes and corrected for porosity for comparison with volume of change
estimates using:

V =
M

ρs x E
(1)

where:

V = daily transported volume [m3];
M = daily mass of transported sediment [kg];
ρs = density of sediment [kg/m3] = 2650 kg/m3 (Bezinge et al., 1989); and
E = porosity = (1–0.85) = 0.15 (Carling & Reader, 1982)

2.2.2. Sediment Supply and Potential Transport Capacity

The geomorphic response of the proglacial forefield was investigated for under‐ and over‐subglacial sediment
supply (S) conditions compared to the actual theoretic potential capacity (C) of the proglacial stream.

We estimated C for the relatively straight stream pattern just upstream from the start of the braided sector (GS1)
using shear‐stress based sediment transport equations developed for Alpine streams (Antoniazza et al., 2022;
Rickenmann, 2020; Schneider et al., 2015) based on the modified Wilcock and Crowe (2003) approach. The latter
allows to compute potential transport rates for particles larger than 0.004 m, which correspond to fine gravel.
Consequently, we assume this size is the interface between suspended load and bedload in our study area.

The potential transport rates over the entire channel width were determined from (Antoniazza et al., 2022):

Qb = b ∗ ρs ∗ W∗ ∗ (g ∗ rh ∗ S)1.5

R ∗ g
(2)

where: Qb = potential bedload transport rate [kg/s]; b = average channel width [m] (i.e. 10 m); W* = dimen-
sionless transport rate over the entire channel width defined as

W∗ = 0.002(
τ∗
D50

τ∗
rD50

)

16.1

for (
τ∗
D50

τ∗
rD50

) < 1.143 and D> 4 mm (3)

W∗ = 14

⎛

⎜
⎜
⎜
⎜
⎜
⎝

1 −
0.85

(
τ∗
D50

τ∗
rD50

)
0.7

⎞

⎟
⎟
⎟
⎟
⎟
⎠

4.5

for (
τ∗
D50

τ∗
rD50

) ≥ 1.143 and D> 4 mm (4)

τ∗
D50 = dimensionless bed shear stress defined as

τ∗
D50 =

rhS
RD50

(5)

τ∗
rD50 = dimensionless reference bed shear stress defined as

τ∗
rD50 = 0.56S0.5 (6)

D50 = median of the surface grain‐size distribution (i.e. 0.078 m); rh = hydraulic radius [m] defined as

rh =
(b + mh) h

(b + 2h ∗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + m2

√
)

(7)
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h = measured water depth [m]; m = increase in channel width with depth defined as

m =
h

tan (45)
= 1 (8)

S = channel gradient [‐]; R = relative sediment density [‐] using sediment (ρs) and water (ρw) densities set at
2,650 and 1,000 kg/m3, respectively; and g = gravitational acceleration 9.81 (m/s2).

Topographical and sedimentological parameter values are available in Mancini et al. (2023b). Forefield evolution
was investigated by looking at the relationship between theoretic bedload transport capacity (C) estimates and
field‐collected bedload sediment supply (S) issued from geophone measurements.

2.2.3. Repeat Digital Elevation Models (DEMs) and Orthomosaics of the Proglacial Forefield

Aerial images of the braidplain were collected once a day during low flow conditions using a DJI Phantom 4 Pro.
The survey time in 2020 to do this was long (ca. 3.5 hr) with the potential for changing conditions (light, water
discharge, etc.) during data collection. Hence, in 2021, we deployed two UAVs (DJI Phantom 4 Pro) simulta-
neously. Data collection involved a systematic approach consisting of subdividing the forefield into four sectors,
each of that was surveyed using two orthogonal rectangular grids (camera at nadir and flight height of 80 m) and
two circular flights (camera pointing in direction of the center and flight height of 60 m) according to best
practices given in James et al. (2020) to minimize propagation of systematic errors. Post‐processing of collected
data sets was performed photogrammetrically in Agisoft Metashape (version 1.5.5) with the aid of field‐collected
ground control points (GCPs) to generate a time‐series of georeferenced orthomosaics and DEMs of the flood-
plain for the two melt seasons. The orthomosaics had a resolution of 0.05 m and the DEMs of 0.2 m. Details of
data collection and post‐processing are available in Roncoroni et al. (2022). Orthomosaics were used to manually
classify the floodplain into inundated and dry regions, a condition needed to (a) extract basic planimetric in-
formation on the stream (Section 2.2.5), (b) define the surficial grain size distribution (Section 2.2.6), and (c)
estimate the spatial distribution of water depths through the application of a statistical model developed in
Mancini et al. (2024a). Validation tests for a subset of available data demonstrated that the model was able to
reproduce the water depth distribution for braided mountain streams (Mancini et al., 2024a). Elevation un-
certainties for permanently inundated and transient regions range from ±0.035 to ±0.060 m, with associated
limits of detection (LoD) between ±0.045 and ±0.090 m. These limits are slightly higher than those for
permanently dry regions (i.e. ±0.042 and ±0.043 m). Thus, reworking and deposition patterns could be detected
for changes smaller than the mean D50 (0.06 m) in dry zones; but 1.5 D50 in permanently inundated zones.
Geomorphic changes in transient regions lie between these two cases. Water depth maps were integrated into
DEMs of dry regions to obtain DEMs of the entire proglacial forefield (Westaway et al., 2003). These data sets are
available in Roncoroni et al. (2023a) and Mancini et al. (2024b).

2.2.4. DEMs of Difference and Volume of Change Estimates

DEMs were classified according to a contingency table of pixel evolution between surveys (i.e., permanently dry,
permanently inundated or transient wet to dry or dry to wet) using the inundation maps described above (see
Mancini et al., 2024a). The heuristic model of water depth resulted in spatial variation in the uncertainty of in-
dividual water depths; thus, in inundated regions, DEM elevation uncertainty was computed spatially as the sum
in quadrature of both water depth prediction and water surface as (Lane et al., 2003):

EUij = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σdij2 + σeij2
√

(9)

where:

EUij = elevation uncertainty in cell (i, j);
σdij = standard deviation of water prediction error in cell (i, j) derived from prediction uncertainty bounds;
σeij = standard deviation of water surface error in cell (i, j), taken as the dry DEM uncertainty
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For dry regions, we used a spatial homogeneous uncertainty value defined as the standard deviation of error
computed by comparing 170 field‐measured and photogrammetrically reconstructed elevations of stable areas.
Thus, Equation 9 is simplified as EUij = σeij.

DEMs of difference (DoDs) were determined for the active floodplain, the latter defined as the alpha shape of the
area experiencing at least one day of morphodynamic change across the two melt‐seasons (Roncoroni
et al., 2023b). Differences were filtered according by the LoDs set at 95% confidence to highlight only statistically
significant geomorphic changes. These were computed as follows (Brasington et al., 2003; Lane et al., 2003):

LoDij = ±t
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(EU1
ij)

2
+ (EU2

ij)
2

√

(10)

where:

LoDij = limit of detection in cell (i,j) (m);
t = Student's confidence interval threshold (1.96 at 95%), superscripts represent times 1 and 2, respectively

Water depth uncertainties and LoDs for both inundated and dry regions in 2020 and 2021 are available in Figures
S2 and S3 of Supplementary Information S1.

Sectoral volumetric change maps were produced from spatially filtered DoD maps and total volumetric change
estimates computed following Lane et al. (2003) as

V = d2n∑DoD (11)

where:

V = Volume (m3);
d = cell size (i.e., 0.20) (m);
n = number of raster cells in DoD; and
DoD = DEMt2‐DEMt1 spatially filtered by LoDs (Equation 10).

The associated uncertainties in volume estimates (σvij) were derived as (Lane et al., 2003):

σvij = (∑

I

i=1
∑
J

j=1
[d2

ij(EU2
1ij + EU2

2ij)
0.5
]

2
)

0.5

(12)

To conserve mass, the total daily volumetric difference from the monitoring stations (GS1–GS2) should match the
volumetric change derived from the DEMs of difference. However, given the simplicity and the assumptions on
which the bathymetric model relies, there is likely to be error and some divergence between the two approaches.
We consider this below.

2.2.5. Metrics Describing Forefield Morphodynamics

Daily inundation maps comprised binary matrices (1 for dry and 0 for flooded regions) that allowed extraction of
temporal statistics on forefield morphodynamics. The total inundated area was calculated by multiplying the sum
of cells having a value of 0 by the pixel area (i.e., 0.0025 m2). Braiding indices were calculated using a channel
count index by determining the number of channels in cross‐sections perpendicular to the main valley direction
(Ashmore, 1988; Chew & Ashmore, 2001; Egozi & Ashmore, 2008; Hong & Davies, 1979; Howard et al., 1970;
Mosley, 1982; Roncoroni et al., 2023b):

Bc =
∑ns

i n
i
c

ns
(13)

where:

Bc = braiding index;
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i = cross‐section;
nc = total number of channels; and
ns = total number of cross‐sections

Inundation maps were used to determine bar characteristics (e.g., bar area) for bars greater in area than 10 pixels
(0.025 m2). The obtained temporal braiding index and mean bar area values were normalized to better highlight
the temporal occurrence of high and low peaks when compared to subglacial sediment export magnitudes, and to
ease the comparison between fluvial variables. We also generated a summary inundation map following Ron-
coroni et al. (2023b) to give the number of days that each pixel in the forefield was permanently inundated.

2.2.6. Surface Grain‐Size Data

Grain‐size maps of dry regions at the forefield scale were generated using a texture‐based approach calibrated
against field collected grain‐size samples (Lane et al., 2020). Such an approach assumes that there is a relationship
between image properties (e.g., zonal standard deviation of a gray‐scale image) and parameters describing the
particle sizes present (e.g., D50) (Carbonneau et al., 2004, 2005). Delimitation of individual grains and extraction
of grain‐size properties (e.g., Butler et al., 2001) is not possible with the available resolution of the orthomosaics.
The detailed methodology used to produce grain size maps is available in Figure S4 of Supplementary
Information S1.

Calibration data were collected twice for both melt seasons (8 July and 11 August in 2020; 17 July and 8 August in
2021) in 30 randomly selected stable sites of the floodplain using grid‐by‐number sampling (Wolman, 1954). The
four corners of a 1× 1 m square were measured with a differential GPS (dGPS) and grains were manually sampled
at 0.10 m grid intersections within each square. The b‐axis of each sampled grain was measured. Those smaller
than 0.002 m were recorded as 0.002 m. Squares were split equally between calibration and validation data sets.

The dGPS coordinates were used to identify the corresponding image segment for each grid for which the
standard deviation of its greyscale pixel was determined to represent the image texture. This was related to D50 in
the form y = aD50 CE + b. The calibration results are shown in Table 1. The estimates of D50 were then assessed
for the validation data sets. Table 1 suggests a good agreement between measured and predicted grain‐sizes with
R2 values equal or higher than 0.6, negligible mean errors (i.e., bias) and standard deviations of error of between
±2 and ±8 mm. As the calibration used sampled grains (b axes), there is no need to correct for the fact that the
surface expression of grains is not necessarily the b‐axis as is the case when grain boundaries are mapped directly
from imagery (Adams, 1979). These relations were then used to transform entire orthoimages into grain‐size
maps.

The UAV data collection strategy was designed to minimize the effects of changing light conditions between data
sets, but such effects could not be completely avoided. To correct these artifacts, we re‐calibrated the grain‐size
maps using 15,000 image‐estimated D50 values sampled in stable zones characterized by different grain sizes
where the surficial granulometry should not have changed between surveys (Figure S4 in Supplementary In-
formation S1). The corrected grain‐size maps were visually checked leading to some data sets being excluded due
to residual texture‐related errors (most commonly when lighting conditions had evolved within a survey, such as

Table 1
Calibration Equations of Field‐Collected Grain Sizes and Image Standard Deviation to Produce Grain Size Distribution
Maps

Date Calibration equation

Validation

R2

Error [m]

Mean STDV

8 July 2020 n = 30 y = 1.653D50 − 1.618 (R2 = 0.796) 0.601 0.003 0.004

11 August 2020 n = 30 y = 1.459D50 − 4.875 (R2 = 0.626) 0.761 − 0.001 0.004

17 July 2021 n = 20 y = 0.709D50 + 3.137 (R2 = 0.826) 0.643 − 0.001 0.002

8 August 2021 n = 20 y = 2.971D50 − 4.569 (R2 = 0.909) 0.743 0.002 0.008

Note. Validation was performed using independent data. The error column refers to the mean and standard deviation of the
error between the measured and the predicted grain‐size values.
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due to changing cloud cover). At the end of this filtering, a total of 6 (26 July [DOY 208] to 27 August [DOY
240]) and 4 (22 July [DOY 203] to 12 August [DOY 225]) data sets for, respectively, 2020 and 2021 were retained
and used to investigate the spatial patterns of grain‐size changes. As with the DoDs, we limited the grain‐size
difference maps to the extent of the active floodplain. Following Lane et al. (2020), we identified a limit of
detection for grain‐size changes, computed from 350 points randomly sampled in stable zones (Figure S4 in
Supplementary Information S1). These data sets are published in Mancini et al. (2024b).

Grain‐size difference maps were compared to elevation difference maps, both spatially and by converting them
into bi‐dimensional frequency plots. The sub‐daily and weekly grain‐size and elevation of difference maps were
masked by inundation maps (see Section 2.2.5) to exclude the wetter surface from the analysis. To produce bi‐
dimensional frequency plots, elevation changes were classed at cm resolution between − 0.55 and +0.55 m; and
grain‐size changes at a cm resolution between − 0.065 and +0.065 m. This analysis allowed the determination of
the relationship between erosion/deposition and fining/coarsening and its visualization.

3. Results
3.1. Total Sediment Loads at GS1 and GS2 and Their Relationship With Transport Capacity

The proglacial margin experienced different total sediment transport loads in the two melt seasons under
investigation (Figure 3). The daily mean amounts of glacier subglacial sediment load (GS1 in Figure 1) were
719.4 ± 120 t (2020) and 1,052.2 ± 462 t (2021), while the downstream export at the forefield outlet (GS2 in
Figure 1) was much lower, with daily means of 533.7± 21 t (2020) and 571.7± 68 t (2021). These data imply net

Figure 3. Daily cumulative sediment loads (suspended sediment [Ls] and bedload [Lb]) at GS1 and GS2, net load difference in relation to daily mean discharge rate, and
bedload transport capacity measured in GS1 (Equation 2) for melt seasons 2020 (a) and 2021 (b). Day of the year [DOY] refers to the number of days since 1 January.
Instantaneous and cumulative sediment quantifications and relative uncertainties are available in Figure S5 of Supplementary Information S1, while discharge records in
Müller and Miesen (2022).

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007727

MANCINI ET AL. 9 of 23

 21699011, 2024, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JF007727 by B

cu L
ausanne, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



aggradation greater in 2021 than 2020 (Figure 3). Only one day, DOY 234 in 2020 recorded the proglacial margin
as a sediment source.

Daily suspended sediment loads (Ls) had a strong Pearson correlation with discharge at both GS1 (r = 0.695,
p < 0.05, in 2020 and r = 0.786 p < 0.05, in 2021) and GS2 (r = 0.651, p < 0.05, in 2020; r = 0.768, p < 0.05 in
2021), suggesting that these are hydrologically driven in both locations. Daily bedload transport rate (Lb) cor-
relations with discharge were only significant at GS1 in 2021 (r= 0.466, p > 0.05, in 2020; r= 0.681, p < 0.05, in
2021), while at GS2 they are lower in both melt seasons (r= 0.425 in 2020, p > 0.05; r= 0.286 in 2021, p > 0.05).
Weaker correlations between discharge and daily bedload rates within the proglacial forefield imply a greater
probability that on a daily basis there is an imbalance between S and C. Cumulative load uncertainties for both Ls
and Lb are provided in Figure S5 of Supplementary Information S1.

In 2020, there were two different periods in terms of bedload transport balance (Figure 3a). Between DOY 190
and ca. DOY 210 to 215, S exceededC with the subglacial channels delivering coarser material than the proglacial
stream could transport. This is reflected in the measured bedload balance with a total of 5,551 (3,813 to 8,357) t of
bedload entering the forefield until DOY 215 at GS1, whilst 1,384 (1,344 to 1,921) t (24.9%) left the forefield at
GS2. A total of ca. 4,168 (2,469 to 6,536) t of bedload accumulated in the proglacial margin. For the same period,
2,560 (2,410 to 2,829) t of suspended sediment was stored in the forefield. After DOY 215, S became lower than
C, ca. 452 (192 to 1,813) t (− 91.8%) of bedload supplied at GS1 but ca. 1,157 (1,114 to 1,584) t leaving at GS2
and ca. 663)240 to 965) t leaving the reach. However, the suspended load continued to accumulate, with a net
3,470 (3,160 to 3,570) t of suspended sediment deposited. Thus, there was overall net deposition throughout 2020,
both bedload and suspended load until DOY 215 and then through suspended load deposition exceeding bedload
loss after DOY 215.

In 2021, S generally remained higher than C, which should result in a continuous phase of aggradation throughout
the melt season (Figure 3b). Until ca. DOY 220, S was only slightly higher than C. Bedload inputs to GS1 were ca.
9,136 (3,274 to 13,600) t and loss through GS2 was ca. 1,116 (249 to 1,917) t (12.2%), implying that ca. 8,020
(3,025 to 11,653) t of bedload were stored in the proglacial margin. This compares with 2,100 (1,820 to 2,230) t of
suspended load. From DOY 220, the difference between S and C increased; the total bedload supply to GS1
increased to ca. 9,743 (4,542 to 13,180) t, but the downstream export through GS2 reduced to 593 (163 to 1,203) t.
Consequently, ca. 9,150 (4,379 to 11,986) t of bedload were stored. This compares with 5,488 (4,628 to 6,178) t of
suspended load.

3.2. Forefield Geomorphic and Morphodynamic Response

To understand how the forefield is related to these changing sediment supply and export conditions, we
considered the spatial (laterally integrated) and temporal patterns of channel change together with the number of
days the reach was inundated (Figures 4a and 4b), the temporal evolution of volume change (Figures 4c and 4d)
and the cumulative volumes of sediment stored in the reach according to the DEMs and the load data (Figures 4e
and 4f).

Rates of riverbed reworking were greater during summer 2021 as compared to 2020 (Figures 3, 4a, and 4b and
Figure S6 in Supplementary Information S1). Geomorphic changes were most notable in the most braided sector.
The upstream end of this braided sector was ca. 300 m downstream of GS1 in 2020 (Figures 4a and 4b), with a
major flow divergence region and where there is a decrease in valley bottom slope (Figure 1). The braided zone is
at its maximum width 550 m downstream (Figures 4a and 4b) and then converges to be a single thread 800 m
downstream.

Figure 5 shows the geomorphic responses to the balance of S and C for these two regions. For the two periods with
S > C, there were higher deposition rates most notably between 500 and 700 m downstream in the braided sector.
During 2020, there was an avulsion to the true right between 300 and 500 m downstream and the most intense
deposition between 500 and 700 m was downstream of the post‐avulsion channel (Figure 5a). For the period in
2020 where C > S there is clear evidence of incision in the main channel from GS1 through to 500 m downstream
(Figure 5b). Qualitatively, deposition patterns appear to coincide with flow divergence regions and erosion
patterns with regions of maximum channel curvature and flow convergence areas (Figure 5 and Figure S6 in
Supplementary Information S1). One large bar 550–650 m downstream remained present throughout the study,
with reworking happening around it (Figure 5).
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Both volumetric and the load‐based methods suggest that the forefield is storing subglacially exported sediment
(Figures 4e and 4f). The temporal evolution of volumetric changes follows the same trend as the sediment budget
(Figures 4c and 4d), but with a relative tendency for the DEM method to underestimate the volume of sediment
being stored in the reach.

Figure 4. (a and b) 2D volumetric change maps in relationship with the spatial distribution of flooding frequencies in the two melt seasons; (c and d) volumetric changes
issued from temporal DEMs of difference (DoD) (blue line) and total volumetric sediment budget (GS1–GS2, orange dashed line); (e and f) cumulative sediment budget
(GS1–GS2) according to DoD calculations and sediment load records (total sediment, suspended sediment and bedload). Limits of detection values used in DoDs are
available in Figure S2 of Supplementary Information S1 (wet regions) and Figure S3 in Supplementary Information S1 (dry regions), field‐collected instantaneous and
cumulative transport rates for both suspended sediment and bedload (with uncertainties) in Figure S5 of Supplementary Information S1, while elevation of change maps
in Figure S6 of Supplementary Information S1.
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Figure 5. Seasonal frequency of inundation (upper), elevation of change (lower) maps and associated frequency histograms for different supply transport conditions in
melt seasons 2020 (a and b) and 2021 (c). Inundation maps are issued from flooding frequency maps (Figures 4a and 4b and Figure S7 in Supplementary
Information S1), while elevation of change maps for smaller temporal intervals are available in Figure S6 of Supplementary Information S1. Limits of detection values
are available in Figure S3 in Supplementary Information S1.
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Channel patterns respond to these volumetric changes. From 2020 until DOY 215, when S > C, the total number
of channels, the normalized braiding index and the number of bars increased (Figures 3a and 6). Bars became
smaller with a concomitant increase in the number of flow convergence and divergence regions (Figure 6c, Figure
S7 in Supplementary Information S1).

Figure 6. Proglacial stream statistics for melt seasons 2020 and 2021. Total inundated area (a–e), number of bars (b–f), normalized braiding index (c–g) and normalized
mean bar area (d–h). Absolute braiding index values are comprised between 2 and 4.5 (2020) and 3 to 4.5 (2021), while absolute bar area is between 100 and 600 (2020)
and 80–350 m2 (2021).
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Despite the sensitivity to changes in discharge, the inundated area was high during this period (ca. 1.27 × 105 m2)
and ca. 3.7 × 104 m2 (ca. 19.2% of the active floodplain) experienced reworking processes (Figures 6a and 7a and
Figure S7 in Supplementary Information S1). During this period, the proglacial forefield underwent a total
aggradation of ca. 2,300 m3, most of which was associated with zones passing from wet to dry (ca. 3,320 m3,
Figure 8a). Dry (during measurement) regions had erosion and deposition in balance. The downstream supply to
GS2 was sustained by transient regions passing from dry to wet and by permanently inundated areas be reworked,
respectively, ca. 350 and ca. 530 m3 of material (Figure 8a).

WhenC > S from DOY 215 in 2020 and there was channel incision upstream (Figure 5b); eroded sediment as well
as that supplied from the glacier was insufficient to maintain the same braiding intensity in the braid zone; bars
increased in size and total number and the braiding index decreased with the flow increasingly confined to fewer
channels (Mann‐Kendall tests at p < 0.05 confirmed monotonic trends; Figures 6a–6d and Figure S7 in Sup-
plementary Information S1). The total area being reworked progressively decreased to ca. 1.4 × 104 m2,
constituting around 7.3% of the total active floodplain (Figure 7a). The sediment budget data suggest that the
forefield continued to act as a sink for suspended load (ca. 1,600 m3) but, at the same time, ca. 250 m3 of bedload
was removed from the proglacial margin system (Figure 4e). The morphological method suggested a total
aggradation of ca. 1,350 m3 (Figure 4c). Erosion occurred in regions passing from dry to inundated (ca. 600 m3),
while the contribution of permanently inundated areas was limited to 200 m3. Deposition occurred in regions
becoming dry to a total of ca. 2,200 m3 (Figure 8a).

Figure 7. Reworked area (deposition, erosion and total) associated with volumetric change quantifications (Figures 4 and 5)
for melt seasons 2020 (a) and 2021 (b). The dashed gray line in (a) marks the change from S > C to S > C conditions.
Elevation surface maps used to retrieve the reworking extent are available in Figure S6 of Supplementary Information S1.
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In 2021, S was continuously higher or comparable to C. Despite a larger variability due to higher daily discharge
amplitudes, the seasonal‐scale geomorphic response of the proglacial forefield was similar to the first part of the
2020 melt season with progressively increasing braiding and numbers of bars and falling mean bar area (Mann‐
Kendall tests at p < 0.05 confirmed monotonic trends; Figures 6f–6h). However, the area affected by geomorphic
processes was more confined compared to 2020, which, except between DOY 208 and DOY 215, remained
constant at around 2.1 × 104 m2 (ca. 10.9% of the active floodplain). The proglacial margin stored ca. 6,800 m3 of
sediment according to morphological calculations and 8,100 m3 according to sediment load data across the entire
season (Figure 4f). Of this total ca. 50% occurred in the second part of the melt season (ca. DOY 220 to DOY 234)
during high rates of subglacial sediment supply (Figure 4b). Thus, while volumetric changes were more limited in
space, their magnitude was higher compared to 2020. Deposition dominated in regions experiencing inundation
only during high flow conditions (i.e., permanently dry regions in Figure 8) and in those passing from wet to dry.
Erosion was found in the permanently wet zones and those passing from dry to wet, the latter being dominant
(Figure 8b). During the second half of the 2021 season, when S increases notably, deposition increased in zones
that were previously not inundated upstream of the most braided sector and also through the construction of
numerous small bars, accounting for, respectively, 85% and 15% of the total aggradation of ca. 6,100 m3 in this
period (Figure S6 in Supplementary Information S1). The forefield configuration progressively evolved toward a
more complex spatial configuration in terms of stream statistics (Figure 6). The periods DOY 194 to 213 and
DOY 220 to 228 experienced increasing subglacial bedload evacuation rates, resulting in a downstream increase
in the total number of bars, a decrease in their emerged area and, consequently, a higher number of secondary
channels (Mann‐Kendall tests at p < 0.05 confirmed monotonic trends; Figures 3b and 6). The reverse occurred
between DOY 214 and 219 and after DOY 229 due to decreasing subglacial supply of coarse particles likely due
to colder atmospheric conditions (Mann‐Kendall tests at p < 0.05 confirmed monotonic trends; Figures 3b and 6
and Figure S1 in Supplementary Information S1).

3.3. Relationship to Changes in Surface Grain‐Size Distribution

Figure 9 shows the mean elevation change and surficial grain size change in both melt seasons (Figure S9 in
Supplementary Information S1). According to the gauging station data, forefield aggradation persisted throughout
both melt seasons, although notable changes, particularly in 2020, were observed in terms of the associated size
fractions. The relationship between vertical elevation and surficial grain size dimention (GSD) change (Figures 9a
and 9b) shows that summer 2021 experienced more intense grain‐size change.

In 2020, up to ca. DOY 219 when S > C, the mean elevation change tends to vary between ca. 0.01 and 0.04 m/
d and is associated with a general coarsening of surficial sediment deposits of up to ca. 15 mm/d (Figure 9a). This

Figure 8. Cumulative volumetric contribution of permanently inundated (green line), permanently dry (blue line) and transient regions passing from inundated to dry
(red line) or dry to inundated (light blue line) to the total volumetric change (black line) in 2020 (a) and 2021 (b). The dashed gray line in (a) marks the change from S > C
to S > C conditions. DoD maps used to extract the total number of cells associated with these regions are available in Figure S8 of Supplementary Information S1.
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situation is reflected in the forefield with coarsening on bar heads, especially where the stream initiates braiding,
and with a progressive downstream fining toward the forefield outlet (Figure 10a). The situation changed when C
became higher than S, with a net decrease of aggradation rates down to ca. − 0.02 to 0.02 m/d and with grain size
fining between ca. − 5 to 1 mm/d (Figure 9a). However, the spatial distribution of change shows two different
patterns: aggradation related to coarsening on the right side of the forefield where the stream is more dynamic,
with general fining on the most stable left side (Figure 10b). In contrast, in 2021, the evolution related to the mean
grain size and elevation change relationship is positive, highlighting the importance of the ratio between coarse
and fine sediments exported from subglacial channels in determining the spatial configuration of surficial deposits
(Figure 9b).

4. Discussion
4.1. Proglacial Geomorphic Response to Upstream Boundary Conditions

Quantification of sediment flux dynamics from the continuous monitoring of river loads and the repeated
elevation difference maps gave comparable results in cumulative terms over long timescales (Figure 4). This
coherence not only validates the method presented in Mancini et al. (2024a) for estimating river‐bed elevations in
the inundated zones of proglacial streams but also gives confidence to seismically inferred bedload flux quan-
tifications (Mancini et al., 2023b; Figure 3). That said, sediment budgets obtained from the two methods differ,
which could arise from four possible reasons. First, the bathymetric model used to generate DEMs of both dry and
wet regions currently accounts for approximately 50% and 60% of the spatial variability in water depth (Mancini
et al., 2024a). Mancini et al. noted that this may be due to an insufficient number of water depth measurements and
their correction for changing water stage conditions during the calibration process. Consequently, some pre-
diction errors may propagate into estimates of temporal volume changes derived from DEMs of differencing.
Second, the seismic method may have a lower sensitivity to fine sediment fractions (0.002–0.008 m) transported
either in suspension or as bedload depending on flow conditions (Wilcock et al., 2009). The net change estimates
for suspended and bedload (i.e., the sediment budgets) were lower than those from the DEMs of difference. As
there is clear downstream fining in the reach, there may be finer material in transport downstream, such that the
seismic method under‐estimates how much bedload has left the reach. This would explain why the sediment

Figure 9. Mean surficial elevation and mean D50 rate of change (per day) in 2020 (a) and 2021 (b) melt seasons, with respective proportional change at the seasonal scale.
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budgets have higher estimates of aggradation. Third, the use of LoD thresholds in temporal volumetric changes
from DEMs of difference maps to remove non‐statistical elevation changes may lead to underestimation
(Anderson, 2019). This is because not all elevation changes falling within the LoD range can be attributed to the
propagation of random errors due to the photogrammetric process, and some of them may still reflect real
geomorphic changes. Finally, fourth, the sediment density and porosity values used to convert sediment transport
loads into volumes (Equation 1) are not based on direct field measurements but rather on the literature. The use of
a single values retrieved in different geomorphic settings, combined with the spatially in grain size distribution in
the study area (Figure 1), may be another source of error for the discrepancy between the two quantifications
(Frings et al., 2011; Manger, 1963; Tabesh et al., 2022).

Changes in the upstream supply of sediment, that is, from the glacier, elicit a clear morphodynamic response and
the bedload supply matters more than suspended sediment (Figure 6; Ashmore, 1991b; Nicholas et al., 1995).
Where supply exceeds capacity at the entrance of the forefield, as for the first part of 2020 and for the entire 2021
melt season, the forefield aggrades where valley slope was lowest (Figure 4). As long as supply exceeded ca-
pacity, braiding indices were maintained or increased; the total number of bars tended to decrease; bars became
smaller and total inundated area increased (Figure 6; Ashmore, 1991b; Nicholas et al., 1995). In parallel, there
was a general coarsening of surface grain size at the forefield scale, but this was limited to bar head regions
(Figure 10a). As in this case all supplied sediment was subglacially exported, it appears that bedload supply by the

Figure 10. Elevation change (upper maps), surficial grain‐size change maps (lower maps) and proportion of change (total number of cells) considering both variables for
different sediment supply (S) and transport capacity (c) conditions shown in Figure 3. In (a) the example for the 26 July (DOY 208) to the 1 August (DOY 214) 2020
period having Sti exceedingCti, while in (b) the example for the 23 (DOY 236) to the 27 August (DOY 240) 2020 period characterized by the contrasting condition. Used
limits of detection values are given in Figure S4 of Supplementary Information S1, while comparisons over shorter periods are available in Figure S9 of Supplementary
Information S1.
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glacier drives the braiding process. In 2021, the subglacial sediment supply rates were higher than transport
capacity for most of the summer season and were associated with substantial deposition in the steeper upstream
part of the forefield (Figure 4b). Aggradation is known to lead to increasing braiding intensity, with a reduction in
the valley bottom slope upstream and an increase downstream in the region where deposition occurs (Curran
et al., 2017; Germanoski & Schumm, 1993; Roussel et al., 2018). In proglacial forefields, our data show that the
balance between changes in bedload sediment supply and transport capacity drives the aggradation process and
the resulting channel patterns.

When supply is lower than transport capacity, as was the case for the second part of the 2020 melt season, erosion
dominated closer to the glacier terminus with stream incision (Figure 5b; Liesle et al., 1993). The proglacial
margin continued to act as a sink for suspended sediments, but significant bedload was removed from the forefield
(Figures 3a and 4e). Given the extremely low rates of bedload transport supply to the forefield (Figure 3a), the
bedload leaving the system is likely to have been released by changes in channel pattern and incision (Germanoski
& Schumm, 1993; Marren, 2002; Roussel et al., 2018). The proglacial forefield evolved toward a less complex
and a geomorphologically more stable configuration characterized by fewer channels and increasing bar areas,
likely to promote the longitudinal connection of sediment flux (Figure 6). Flood inundation maps showed that the
forefield was still affected by some large‐scale re‐organization events, but these were confined to specific sectors
(Figure 5b). Changes in surficial grain size distribution maps suggest a general surficial fining due to continued
deposition of fines. This is evident as fines constitute a larger proportion of the total volumetric loads, and
coarsening patterns occur in the most dynamic sectors (Figure 10b; Asselman & Middelkoop, 1995).

The above observations confirm our initial hypotheses that with ongoing glacier retreat, forefield response is a
function of the ratio of sediment supply to sediment transport capacity (Collins, 2008; Guillon et al., 2018; Kaser
et al., 2010; Zhang et al., 2022): the dividend of increased runoff during glacier retreat may increase sediment
transport capacity drastically, but morphodynamic response depends on whether or not there is concomitant
increase in the supply of bedload‐sized sediment due to increase in glacial sediment export. Results suggest a
strong sensitivity of channel patterns to this balance (Figure 6). The forefield acted as a suspended sediment sink
throughout, but bedload responded to the interactions between changing bedload sediment supply and changing
sediment transport capacity (Figures 3 and 6). The regions which contributed the most to capturing subglacially
exported sediment were those transitioning from wet to dry, while the reworking from areas becoming inundated
was less important (Figure 8). This suggests that the reworking of deposited coarse particles was difficult once
they were in place. This reworking also strongly affected the bedload evacuation from the reach and explains the
strong filtering for this reach reported by Mancini et al. (2023b). There is also a methodological issue to note.
Figure 3 shows that the relationship between the transport capacity and discharge is not linear. There are days with
higher discharge rates that are not always associated with the largest bedload transport capacities. This
discrepancy may be attributed to the constant D50 value of 0.078 m used in the capacity model, which does not
accurately reflect the entire range of bedload fractions effectively transported in proximity to GS1. Further studies
are needed to better address the relationship between subglacial sediment evacuation and proglacial forefield
response.

4.2. Implications for Downstream Sediment Transport

The strong relationship between subglacial bedload export, morphodynamic activity and forefield geomorphic
evolution contrasts with that of suspended sediment load (Figure 3). When the upstream bedload supply is higher
than the transport capacity, lateral erosion appears to predominate over the vertical component as, due to
aggradation, higher proportions of dry regions are reworked to maintain the discharge rate (Antoniazza
et al., 2019). This phenomenon is particularly evident during the 2021 melt season (Figure 8b). At the same time,
the increasing braiding intensity combined with the establishment of flow divergence regions causes the forefield
to become more of an obstacle to downstream transported particles (Ashmore, 1988; Ferguson & Ash-
worth, 1992; Kasprak et al., 2015). An aggrading proglacial margin likely increases its tendency to be a sediment
sink (Figures 4e and 4f).

In contrast, when transport capacity becomes greater than upstream supply, as in the second half of 2020, the
forefield contracts into fewer channels likely to create hydraulically more efficient channels, which in turn
progressively reinforces the erosional tendency, especially for the vertical component increase in bedload export
from the proglacial forefield (Ashmore et al., 2011; Bertoldi et al., 2009; Egozi & Ashmore, 2009). Sediment
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reworking can only influence bedload export directly if discharge variations are sufficiently high to reach the
characteristic critical discharge (Qc) for a sufficiently long period of time (tQ > Qc) both to entrain and to export
previously deposited bedload particles (Ashmore, 1982; Mancini et al., 2023b; Parker, 1979). In our case, this
occurred at the beginning of August 2020 (ca. DOY 220) when daily hydrographs were already characterized by
high daily maximum discharges, giving both the competence to entrain sediment and the capacity to move it
downstream (Figures 3a and 10b; Lane & Nienow, 2019; Mancini et al., 2023b).

4.3. Wider Implications

Our results suggest that proglacial forefields respond to changes in bedload‐sized sediment supply, with
aggradation and enhanced morphodynamic activity, modifying the surficial grain size distribution, and storing
and buffering the downstream flux of upstream delivered sediments. As glaciers retreat, the balances between
bedload sediment supply, both its erosion by subglacial processes and its transport under the ice, and transport
capacity will both change (Li et al., 2021; Zhang et al., 2022, 2023) and are likely to lead to systematic shifts in
river channel pattern. As glacial erosion rates have a dependence on ice thickness through the latter's control on
ice velocity (Cook et al., 2020; Herman et al., 2015), there is likely to be a progressive decline in bedload supply.
Whether this then translates into a systematic shift to transport capacity being greater than supply for Alpine
glaciers will also depend on how glacial melt changes, the latter also declining as glaciers get smaller (Huss &
Hock, 2018; Zhang et al., 2022, 2023). If it does, then our results suggest that there should be a progressive decline
in the rates of reworking of proglacial braidplains as glaciers retreat. This observation explains the conceptual
model of proglacial fluvial morphodynamics following glacier retreat of Gurnell et al. (1999).

Our results emphasize the critical role played by bedload supply in controlling river morphodynamics in this
environment. If this declines as glaciers retreat, and capacity can exceed supply, then glacier‐supplied sediment
may be replaced by reworking of the braid plain, as happened in the second half of 2020. This has to be time‐
limited. Our data shows how it reduces the spatial extent of reworking whilst the concentration of flow into a
set of smaller channels should lead to sediment sorting processes that make it progressively harder to release
sediment. This is likely why as deglaciation continues, the sediment yield to downstream declines (Delaney &
Adhikari, 2020; Lane et al., 2017; Stoffel & Huggel, 2012) so explaining at least part of the classical model of
paraglacial response (Church & Ryder, 1972). In our case, given extreme decoupling of valley side walls from the
braidplain by alluvial fans (Mancini & Lane, 2020), it is likely to be the primary explanation.

Further studies are now needed to understand the relationship between the supply to capacity ratio of coarse
sediment, proglacial forefield morphodynamics, glacier retreat, and the influence of dead‐ice buried within the
forefield on sediment transport dynamics, especially to establish robust predictions of sediment supply from
glacierized basins in the actual context of rapid climate warming (Zhang et al., 2022). Such changes will also have
important implications for the management of downstream sediment transport in hydropower plants (e.g., Car-
rivick & Tweed, 2021; Li et al., 2021) and for ecosystem stability in high mountain regions (e.g., Gabbud
et al., 2019; Miller & Lane, 2019; Roncoroni et al., 2023b). We showed a strong linkage between channel pattern
and bedload supply/capacity. Research has also shown that the rates of embryonic ecosystem development in
proglacial forefields appear to be very strongly sensitive to fluvial disturbance and access to water (Roncoroni
et al., 2023b). If there is a progressive shift to capacity exceeding supply, then reduced disturbance may be
countered by reduced access to water due to the development of larger bars (and greater distances to water;
Roncoroni et al., 2023b) as well as incised channels and water table draw down (Müller et al., 2024). This is an
area that merits further research.

5. Conclusions
In this study, we investigated the geomorphic response of a glacially fed proglacial forefield to deglaciation in two
melt seasons experiencing different climatic and glacier‐controlled hydrological and sediment supply conditions.
The forefield was largely isolated from the valley sidewall sediment supply and contained a braided river. During
periods when bedload sediment supply from the glacier exceeds transport capacity there was aggradation, more
intense bar construction, increasing channel instability and braiding intensity and coarsening of floodplain de-
posits. Coarsening was spatially focused on flow divergence regions and bar tops. The forefield was also a sink for
both bedload and suspended load sediments. In contrast, when the subglacial bedload export rates were lower than
transport capacity, the forefield continued to act as a sediment sink for fine sediment reflected in the fining of
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surficial deposits. However, the system was net degradational, reflecting in particular the loss of significant
bedload sized sediment. Changes in the balance between glacial sediment supply and transport capacity resulted
in rapid (timescale of days) changes in river morphodynamics. In the actual context of rapid climate change, these
results have major implications for the prediction of sediment supply from glacierized catchments as the
magnitude of forefield connectivity with downstream regions is likely to be driven by the interplay between
sediment availability and transport capacity, either related to meltwater discharge or extreme precipitation events.
Given recent work concerning the relationship between access to water and bar destruction and the intensity of
ecosystem engineering by primary colonizers, it further suggests that this balance may impact ecosystem suc-
cession in proglacial forefields following their deglaciation.

Data Availability Statement
The data used in this study (i.e., DEMs, orthomosaics and grain size distribution maps) are available in Mancini
et al. (2024b). Other data sets used in this study (i.e., water discharge records, 2020 orthomosaics, suspended load
and bedload flux data) are archived in Zenodo and mentioned in the main text as Müller and Miesen (2022),
Roncoroni et al. (2023a) and Mancini et al. (2023a).
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