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ABSTRACT
Proglacial systems are enlarging as glacier masses decline. They are in a transitory state from
glacier-dominated to hillslope and fluvially-dominated geomorphological processes. They are
a very important meltwater, sediment and solute source. This study makes the first
guantitative, systematic and regional assessment of landform composition and functioning
within proglacial systems that have developed in the short term since the Little Ice Age

(LIA). Proglacial system extent was thus defined as the area between the LIA moraine ridges
and the contemporary glacier. We achieved this assessment via a series of topographic
analyses of 10 m resolution digital elevation models (DEMs) covering the central European
Alps, specifically of Austria and Switzerland. Across the 2812 proglacial systems that have
combined area of 933 Krthe mean proportional area of each proglacial system that is
directly affected by glacial meltwater is 3¢. However, there are examples where there is no
glacial meltwater influence whatsoever due to complete disappearance of glaciers since the
LIA, and there are examples where > 90% of the proglacial area is probably affected by
glacial meltwater. In all of the major drainage basins; the Inn, Drava, Venetian Coast, Po,
Rhine, Rhone and Danube, the proportions of the combined land area belonging to each
landform class is remarkably similar, with > 10 % fluvial, ~35 % alluvial and debris fans,

~50 % moraine ridges and talus/scree, and ~ 10 % bedrock, which will be very helpful for
considering estimates of regional sediment yield and denudation rates. We find groupings of
the relationship between proglacial system hypsometric index and lithalod)pf a slope
threshold discriminating between hillslope and fluvial-dominated terrain, both of which we
interpret to be due to grain size. We estimate of contemporary total volume loss from all of
these proglacial systems of 44 Man, which equates to a mean of 0.3 nifncantemporary
surface lowering. Overall, these first quantifications of proglacial landform and landscape

evolution will be an important basis for inter- and intra-catchment considerations of climate
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change effects on proglacial systems such as land stability, and changing water, sediment and

solute source fluxes. Our datasets are made freely available.
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proglacial; glacier; landform; meltwater; landscape evolution; hillslope; fluvial

HIGHLIGHTS
e Delineation of 2812 proglacial systems in central European Alps of total 933 km
e Glacier meltwater and landform coverage spatially discriminated for each system.
e Lithological control evident in slope thresheldontributing area analysis.

e First order estimate of total contemporary volume loss = 443t m

1. INTRODUCTION
Proglacial systems are amongst the most rapidly changing landscapes on Earth. They are
progressively increasing in areal extent, and arguably also in instability due to ongoing
effects of climate change on glaciers, permafrost and consequent hillslope and fluvial
processes (Ballantyne, 2002; Carrivick and Heckmann, 2017). They are a source of water,
sediment, solutes (WSS) and hazardous geophysical phenomena, particularly landslides and
glacier outburst floods (GLOFs) (e.g. Carrivick and Tweed, 2013). WSS fluxes dictate alpine
hillslope and river channel stability, water thermal and chemical regime, biological
communities (fish, invertebrates, plants, algae), and ecosystem functions that influence water
quality (nutrient and carbon cycling). Proglacial system geomorphological composition and
functioning and landscape evolution are therefore of great importance for natural
environmental systems and for human activity. Furthermore, alpine proglacial systems in
both the European Alps and globally have influence on human and natural systems far
beyond the alpine zone. For example, there are 14 million people living in the European
alpine arc (Litschauer, 2014) and there are several billion people directly dependent on water
from alpine rivers globally. Across Europe, alpine river tributaries contribute up to eight
times the water discharge that might be expected given their basin size and thus have been
termed the ‘water towers of Europe’ (EEA, 2009; Huss, 2011).

Proglacial systems are transitioning from being dominated by glacial processes to being more

influenced by paraglacial hillslope and fluvial processes (Church and Ryder, 1972;
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Ballantyne, 2002; Carrivick and Heckmann, 2017). A transitory state implies intense
hydrological, geomorphological and ecological dynamics (c.f. Heckmann et al., 2015;
Micheletti and Lane, 2017; Delaney et al., 2017; Heckmann and Morche, in press). However,
identifying WSS patterns due to these environmental transition(s) is not straight-forward due
to spatio-temporal variability and non-linear and stochastic relationships (Bennett et al.,
2014). Furthermore, whilst paraglacial activity is generally considered as a set of earth
surface processes that are dominant during the transition time period (Carrivick and
Heckmann, 2017), changes in hillslope and channel composition or landforms and sediments,
and functioning such as connectivity, can alter the relative importance of these hillslope and

fluvial processes in space and time (Bennett et al., 2014; Lane et al., 2017).

Despite the importance of understanding WSS production, pathways and effluxes, studies of
geomorphological composition and functioning within proglacial systems have been few and
spatio-temporally disparate. Indeed, geomorphological mapping within proglacial systems
tends to be conducted either as a basis for field monitoring of water and sediment fluxes (e.g.
Beylich et al., 2017), or as a preliminary step towards making targeted close-range field
surveys of topographic changes (e.g. Carrivick et al., 2013; Kociuba, 2016). There have been
no quantitative efforts to evaluate the geomorphological composition of proglacial systems
across a region, nor to evaluate spatial coverage of major geomorphological processes across
amountain range scale region, nor to evaluate likely sediment sources, pathways and sinks
within proglacial systems across a region. These three efforts are necessary precursors to
regionalising or upscaling field measurements, and more specifically for making quantitative

estimates of volume and mass changes within (and exports from) proglacial systems.

This study therefore aims to make the first comprehensive quantitative, systematic and
regional assessment of landform composition and functioning within proglacial systems. We
focus on the central European Alps region due to that region having readily-available data
and because we have (published) knowledge of some of the catchments in that region, but we

advocate the relevance of this work globally.

2. STUDY AREAS, DATASETS AND METHODS

2.1 Proglacial zone definition
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Proglacial systems across the central European Alps analysed in this study are situated in both
Austria and Switzerland due to both of those countries having high-resolution (10 m grid cell
size or less) seamless digital data availability. Austria glacier outlines for both the Little Ice
Age (LIA) and for the contemporary situation were obtained from Fischer et al. (2015a), Grofl3
and Patzelt (2015) and Glaziologie Osterreich (2016). A 10 m grid cell size DEM of Austria
that had been down-sampled from airborne laser scanner (ALS) data was obtained via Daten
Osterreichs (2016).

Swiss glacier outlines for both the LIA considered those of Maisch (2000). For the
contemporary (year 2010) situation they were obtained by manual digitization of high-
resolution (0.25 m) aerial orthophotographs acquired between 2008 and 2011 (Fischer et al.,
2014, 2015b). High-resolution topographic data for Switzerland comprising a 2 m grid cell
size, down-sampled to 10 m grid cell size for this study to be comparable to the Austria Digital
Elevation Model (DEM), was derived from Airborne Laser Scanning (ALS) as published by
Fischer et al. (2014, 2015b).
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Figure 1. Spatial coverage of glaciers and proglacial systems across central Europe
(Austria and Switzerland) with major drainage basin boundaries (watersheds). Grid
coordinates (metres) are projected in UTM zone 33N.

Proglacial systems across the central European Alps {) were defined automatically by
subtracting modern glacier outlines from LIA glacier outlines after Carrivick et al., (accepted).
This simple calculation produced a proglacial system extent or boundary, which is necessary
for spatial analyses, and a system area (spatial size). In order to minimise misidemsficati

and extraneous parts of proglacial systems (such as where: (i) some glaciers have reduced in
width at relatively high elevations; (ii) some glaciers have reduced in ice extent on plateaux or

on cols as a result of fragmentation or disintegration; and, (iii) portions of the landscape

4
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presently in transition between ice-marginal and proglacial regimes), we specified a 100 m

buffer around the modern outlines and excluded this area from our analyses.

Geological data was sourced from the International Geological Map of Europe (Asch, 2003;
IGME, 2016) and chosen over national level datasets so as to give consistency in mapping
and terminology as well as a general-level classification suitable for the regional-scale

analysis of this paper.

With consideration of future use of our results for understanding WSS fluxes from proglacial
systems and especially of those transmitted downstream where they affect local populations,
hydropower and communications infrastructure, and agriculture we discriminate by major
central European drainage basin. These outlines (watersheds) were sourced from the Global
Runoff Data Centre (GRD@yww.grdc.de
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Figure 2. Example of the spatial discrimination of proglacial systems using glacier
outlines from the LIA ‘year 1850’ (Maisch, 2000)and from the present ‘year 2010’ (A),
of categories of slope in these systems (B) and of contributing area analysis (C), in this
case for the Glacier du Mont Miné and Glacier de Ferpécle area in Switzerlan&hades
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of blue in panel 1C can be considered to represent a ‘likelihood’ of that grid cell
receiving glacial meltwater runoff, being calculated per grid cell as the difference
between grids of contributing area with and without glaciers. Grid coordinates are
projected in CH1903_LVO03.

2.2 Spatial discrimination of major geomorphological process domains
In a first-order classification of proglacial systems based on their topography, we not only
calculated statistics of elevatiorisd. 2A) and slopesHig. 2B) of all grid cells within each
proglacial system, but also the hypsometric index of each as categorised following the Jiskoot
et al. (2009) approach where very top heavy hypsometric values indicate much more area at
high elevation than at low, and very bottom heavy hypsometric values indicate much more
area at low elevation than at high.

Our spatial discrimination of major geomorphological process domains was achieved in four
workflow stages, and was in terms of grid cells that are either predominantly influenced by
glacier meltwater, other fluvial (fluid flow) processes, or grid cells that are dominated by

hillslope (mostly gravitationalprocesses.

Firstly, slope gridsKig. 2B) were computed and the cell values extracted for each proglacial
zone. Secondly, contributing area was determined per grid cell via the D-Infinity flow

direction and contributing area algorithms (Tarboton, 1997), as available in the TauDEM
(2016) set of tools. These algorithms were chosen to recognise the likelihood of braided river
networks in proglacial systems where local slopes are shallow. Contributing area calculations
assume that (runoff) contributing area correlates with water discharge. Thus they are not valid
for grid cells that might receive runoff from a glacier where discharge is driven by melt and
often with significant temporary storage. We therefore differenced grids of contributing area
with and without glacier surfaces in them. This calculation discriminated grid cells that

cannot receive runoff from glaciers, as coloured greens and rédsrim 2C versus grid

cells that probably do receive runoff from glaciers, as coloured shades of btuedan2C

This calculation of the spatial influence of glacial meltwater runoff does not consider flood
inundation extent, and we realise flooding is a regular phenomenon in proglacial systems, nor

(non-glacial) valley side tributaries.

After excluding all glacier-meltwater influenced grid cells, we thirdly fitted a polynomial

curve with varying numbers of parameters i.e. those of the form:
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189 Y =a*(X? +b*(X)+c (1)

190 where Y = log contributing area, and X = log slope, was fitted to the scatterplot of points of
191 log slope- log contributing area for each proglacial zone using an algorithm provided in the
192 Apache Commons Math library (https://commons.apache.org/proper/commons-

193 math/userguide/fitting.html). For proglacial systems with more than 10 data points and for

194 fitted curves with an identifiable maximum value, the corresponding log slope (X) value was
195 extracted. The automated implementation of this model was via bespoke Java programs

196  which we have made open source and for which we utilised some third party open source

al

197 librariesasavailable vighttps://github.com/agdturner/FluvioGlag

198 Fourthly and finally, conversion of this log percent slope to a degrees slope enabled mapping
199 and calculation of the percentage area of each proglacial zone that is apparently dominated by
200 either fluvial or hillslope processes.

201

202 The percentage area of each proglacial zone dominated by glacial meltwater was calculated
203 similarly, by converting the difference in contributing aréa (20 to a binary 1 =

204  difference, 0 = no difference, then summing the number of grid cells with a difference and
205 calculating the area of these as a proportion of the total proglacial zone area.

206

207 2.3 Segmentation of major landform types

208 In order to estimate the proportion of different landform types associated with different

209 geomorphological processes, we analysed the probability density function (PDF) of slope as
210 described by Loye et al. (2009). The method assumes slope to be normally distributed on
211  characteristic landform types, and aims at decomposing the observed slope PDF into a user-
212  specified number of normal distributions. The intersections of the resulting PDFs can then be
213 used to discriminate the pertaining landform types. Unlike Loye et al. (2009), we applied the
214  expectation-maximisation algorithm implemented in the R package mixtools (Benaglia et al.,
215 2009; Heckmann et al., 2016) to the slope PDF of a sample (n=25000). We limited this

216 sample to a subarea of the countrywide DEM10, namely to the area covering the proglacial
217  systems plus a 200 m buffer to include adjacent rockwalls, and with glacier-covered areas
218 masked.

219

220  Figure 3Aillustrates that the PDFs inferred from the 30 samples are more and more

221  consistent with increasing madee largest scatter is evident for the “floodplain” class, while

222 the PDFs representing rockwalls are all very similar. Accordingly, the range of possible

7
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intersections of the single landform type PDFs is wider for T1 and T2, and quite narrow for
T3. Depending on the alpine morphotectonic unit, Loye et al. (2009) reported T3 in the range
46° to 54°; intersections at T1 and T2 were not explicitly reported (due to the focus of the
paper), but can be extracted from their diagrams: Tie-83°, T2 = 21° to 26°. Note that

Loye et al. (2009) used a one metre cell size DEM, so the values of slope are expected to be

higher than those computed from our ten metre cell size DEM.

In order to validate the choice of intersections between each probabilistic group of slope
values, we analysed a 10 m cell size DEM of part oMiiel’Hérens (Switzerland), for

which Lambiel et al. (2016) have published a digital geomorphological map. We used the
polygons of selected landform types to extract the associated PDFs of slope from the DEM
(Figure 3B and we found that the total slope PDF of Waé d’Hérens (thick black curve in

Figure 3B was representative of the slope PDF of proglacial systems that we investigated in
the Austrian and Swiss DEMs.

Regarding the intersections of slope PDFs of different landform types, T3 appears to be
consistent with the intersections of the rockwall PDF with the PDFs of “talus” and

“moraine”. The slope PDF of “fluvial deposits” in the map is multimodal, probably

accounting for floodplains, terraces and alluvial cones of different gradient; therefore, two
normal distributions have been fitted visually (the blue and green dashed curves) to the first
two modes of the “fluvial deposits” PDF. They intersect with each other in the range of T1

(upper panel), and with the “talus” PDF in the range of T2. Based on these observations, we

regard our classification as sufficient and set the intersections for discriminating probabilistic
slope groups at (a) 7.5°, (b) 18° and (c) 42°.
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Figure 3. A: Normal distributions of slope for four landform types generated from 30
samples of the Swiss DEM (glaciers and areas outside of proglacial areas + 200 m buffer
excluded) after Loye et al. (2009, see text for details). The ranges where PDFs intersect
are denoted T1 (flood plain< footslopes), T2 (footslopes> steep slopes) and T3 (steep
slopes& rock walls). Boxplots show the distribution of corresponding means. B: The
intersections of the empirical slope distributions of four landform types of the
geomorphological map ofVal d’Hérens (Lambiel et al., 2016) are fairly consistent with

the ranges T1-T3 indicated in (A). See text for details.

In order to assess the uncertainty of the intersection values due to sampling and iterative PDF
decomposition, we repeated the PDF 30 times. We selected k=4 as the user-specified number
of single PDFs, assuming (intuitively) that the following landform types were most
representative for proglacial systems: (a) rock walls, (b) steep slopes such as scree and lateral
moraines, (c) alluvial or debris cones, and (d) floodplains. We assume that these landform
types have markedly different PDFs of slope, and set the following initial mears)

standard deviations, for the iterative normalmixEM algorithm, based on preliminary

analyses of proglacial systems that we are especially familiar with, i.e. Odenwinkelkees
Carrivick et al. (2013, 2015), and Kaunertal: Heckmann et al. (2016b) as4ay,o =3; (b)

1 =30°0 =6; (c)u =15°,0 =7; (d)u =5°,0 =12. Moreover, k=4 is consistent with Loye et al.
(2009).



271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298

original research article submitted to Geomorphology

2.4 Regional relationships of proglacial hypsometry and slope
One way analysis of variance (ANOVA) was used to analyse relationships between slope
threshold (between hillslope-dominated and fluvially-dominated land, derived from slope-
area analysis) with the categorical variables of hypsometric indeltlanldgy. Hypsometric
index was also employed as a quantitative variable to compare it in the same manner to
lithology. Categories of lithology with less than 10 samples in them (sandstone, amphibolite,
carbonates, meat-sediment group, marble, tonalite, sand, claystone) were excluded from the
analysis for being not statistically significant. A test for equal variances was performed to
identify 95% confidence intervals for the samples within each category. For each of these

three relationships statistical groups wigkentified using Fischer’s individual error rate.

Our proglacial system outlines and distributed elevation and meltwater influence are made
freely available (Carrivick, 2018). The outlines are a shapefile in UTM zone 33N projection
and with attributes of drainage basin, HI and percent meltwater influence per system.
Distributed elevation enables slope and hence landform classes to be computed quickly as
described above in this paper. The meltwater influence grid has been extracted/clipped to
proglacial system extent but was computed using a regional DEM. Note that contributing area

also requires the regional DEM to be analysed.

3. RESULTS
In total we analysed 2812 proglacial systems (Austria: 23 %, Switzerland: 77 %) with a
combined area of 933Km? (Table ). These proglacial systems span a wide geographical
area, several climatic and geological regions and a large elevation range. They have
hypsometry that is predominantly equidimensional; i.e. a near-equal distribution of area at all
elevations (e.g. in the Po, Rhine and Rhone drainage basins), whilst more than half of the
proglacial systems within the Drava, Venetian Coast and Danube drainage basins are very

bottom heavy, i.e. with much more area situated at lower elevaiiab&().

Inn Drava V.Coast Po Rhine Rhone Danube

Number of 652 117 12 317 794 906 14
proglacial
systems

Area sum 307.6 78.8 6.3 78.3 200.2 2559 6.4
(km?)

Elevation min. 1726 2209 1798 1902
(m.asl)

10
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Elevation max. 3974 3696 3357 3989 4040 4380 3276
(m.asl)
Elevation mean 2679 2659 2709 2763 2581 2854 2411
(m.asl)
Very top heavy 0 0 0 0 <1 <1 0
(%)
Top heavy 0 0 0 0 0 <1 0
(%)
Equidimensional 49 25 42 96 96 94 36
(%)
Bottom heavy 10 17 8 4 3 6 7
(%)
Very bottom 41 58 58 0 1 <1 57
heavy (%)
Mean meltwater 40 48 46 16 29 29 47
spatial influence
(%)

Table 1. Selected statistics on the number, size and elevation distribution of 2812
proglacial systems across central Europe

3.1 Definition of spatial importance of glacial meltwater
Our spatially-distributed estimate of glacial meltwater influence agrees very well with reality,
for example as shown figure 4for the Odenwinkelkees catchment (Carrivick et al., 2013,
2015), where glacier-fed, glacier-influenced and groundwater streams create a distinguishable
patchwork of (well-studied) streams and rivers (Dickson et al., 2012; Brown et al., 2015).

11
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Figure 4. Visual comparison of our contributing area-derived estimate of the spatial
coverage and importance of glacier meltwater (A), versus reality (B), as for the
Odenwinkelkees catchment in central Austria, where surface water inputs are from
Dickson et al. (2012) and Brown et al. (2015).

Across all of the central European Alps proglacial systems the mean proportional area of
proglacial systems that is probably affected by glacial meltwater is 37 %. However, there is a
very wide dispersion to this dataig. 5 and we found no relationship between proglacial

area size and percentage meltwater influence. Excluding the numerous examples of proglacial
systems that apparently have no glacial meltwater influence, most obviously due to complete
disappearance of glaciers from these catchments, there is a very large inter-quartile range
(IQR) for proglacial systems within the seven drainage basins; specifically from and IQR of
19% (Po)to 55 % (Rhone). The meltwater coverage histografidare 5for the Inn

drainage basin is normally distributed (excluding zeros), whereas those for the Po, Rhine,
Rhone are skewed towards lower meltwater coverages, with modal values of ~ 5, 15 and 25
%, respectively. The Drava, Venetian Coast and Danube basins have too few proglacial
systems for a normality test to be significant. There are a few examples in both countries
where virtually the entire area of a proglacial system is probably affected by glacial

meltwater.

12
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331 Figure 5. Histograms of meltwater coverage (% of total proglacial system area) for each
332 major drainage basin with headwaters in the central European Alps.
333

334 3.2 Geomorphological functioning: hillslope versus fluvial processes

335 The slope threshold determined from our slope-area analysis for separating fluvially-

336 dominated and hillslope-dominated (mostly gravitational processes) grid cells for each

337 proglacial system haal mean of 27across the central European Alps. There is no

338 statistically significant difference between the mean slope threshold values for each drainage
339 basin ([fable J at the 5 % significance level. Slope threshold value histograms for proglacial
340 systems within each of the seven major drainage basins are almostiywalistebuted, with

341 the mean and median values very similal{e 2, although the Venetian Coast and Danube
342 datasets that are too small in number (samples) for any significant distribution to be detected
343 (Fig. 6 Table 2.
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346  Figure 6. Histograms of the slope threshold discriminating between fluvial and
347 hillslope-dominated grid cells for proglacial systems in the central European Alps.
348

Inn Drava V.Coast Po Rhine  Rhone Danube
Proglacial
systems
with
identifiable
slope
threshold
(n) 422 86 10 92 300 129 10
Mean 26 24 26 27 27 28 30
Std. dev. 18 18 18 14 18 17 24
Lower
guartile 16 13 17 19 18 22 17
Median 25 22 24 27 26 27 27
Upper
guartile 32 30 42 32 32 34 35
349 Table 2.Selected descriptive statistics of the slope threshold (degrees) for discriminating
350 between hillslope-dominated and fluvially-dominated terrain

351

352  Analysing the slope threshold for each proglacial zone permitted calculation of the area of
353 each proglacial zone that is predominantly affected by fluvial or by hillslope activity. Overall,
354 35 % of proglacial systems across the central European Alps>lev@o of their area

355 dominated by hillslope activity and justlO % of their area dominated by fluvial activity.

356 There is wide dispersion in this data and we found no difference in the histograms of the

357 percentage area coverage of hillslope activity between major drainage bagins.7Ais an
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example of mapping out grid cells per proglacial zone coloured by whether their slope is

above or below the slope threshold for that proglacial Zbinie.map hints at the similar total

spatial coverage of each of the two major process domains. Notwithstanding that many

individual systems are hillslope activity-dominated, as mentioned above. the total area that is

predominantly controlled by fluvial processes is ~ 472 &nd the total area corresponding

to dominant hillslope processes is ~ 45Fkne. in terms of total proglacial system land area

across the central European Alps there is a 50/50 split between fluvial and hillslope

dominance.
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Figure 7. Results of the slope-contributing area scatterplot analysis to suggest a slope
threshold to separate predominant major geomorphological process domains (A), and
of PDF analysis on slope values within proglacial systems (A), both displayed in map
form for the Gross glockner area of Austria. Relative spatial coverage of each major
landform type for each major drainage basin with numbers on top of bars giving
absolute area (kn3) (C).
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3.3Geomorphological composition

Legend

[ Present-day glacier

IE Debris-covered
glacier

LIA glacier extent
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2 moutonées
[ ] Exposed bedrock

[ ] Talus (@ =vegetateq)

Periglacial landforms |
| (rock glacier, gelifiuction
lobes)

- Moraine landforms,
till-mantled slopes
Alluvial and debris
cones (® =vegetated)

Present-day glacier
LIA glacier extent

Slope classes

- >42° rock walls

22-42° talus cones,
- moraines, till-covered
slopes

8-22° alluvial and
: debris cones

- 0-8° lakes, floodplains

Figure 8. Three-dimensional perspective visualisation of th€al d’Hérens, Switzerland.
The upper part shows a generalised version of a geomorphological map published by
Lambiel et al. (2016). The lower panel presents our slope-based classification; the
thresholds separating the slope categories were derived from the distribution of slope of
the Swiss DEM10 (except present-day glaciers) following Loye et al. (2009), leading to a
first-order classification of proglacial systems geomorphology.

Our slope-based geomorphological classification agrees well visually with reality as
measured either from our own experience (Odenwinkelkees: Carrivick et al., 2013, 2015;
Kaunertal: Heckmann et al., 2016) or from published geomorphological maps such as that by
Lambiel et al. (2016) for the Val d’Herens (Fig. 8). We attempted a quantitative measurement

of the ‘goodness of agreement’ in these figure 8maps but that was hampered by differences
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388 in the mapping, such as Lambiel et al. (2016) did not map rock Wwallsce 7Bmaps out

389 grid cells coloured by which landform class they belong to, as discriminated by the PDF

390 analysis. This is essentialyrudimentary automated geomorphological mapping with

391 advantages over expert judgement-driven mapping of being fast, repeatable and easily

392 applied across multiple sites and large (mountain range) scales simultaneously. The

393 proportions of the combined proglacial system area belonging to each landform class is

394 remarkably similar between each of the seven major drainage basins, with > 5 % fluvial, ~35
395 % fans, ~50 % moraine ridges and talus/scree, and ~ 10 % bedmckQ.

396

397 3.4 Regional associations and patterns

398 No trend was detected in the slope threshold with east-west or with north-south location

399 across the central European Alps so it is apparently not associated with regional variations
400 such as climate. However, the relationship between slope threshold and hypsometric index
401 identifies two statistically different groups. Specifically, proglacial systems with

402  ‘equidimensionalhypsometry have a slope threshold of mean 22.9 degrees that is

403 statistically different to the mean of 25.3 degrees of proglacial systemsresiyhbottom

404 heavy (most area situated at lower elevation) hypsometry. Proglacial systems with bottom
405 heavy hypsometry have a mean slope threshold of 26.4 degrees but the dispersion of the data
406 s sufficiently great for it to belong to both groups, p-value 0.602 QA).

407

408 Three statistically different groups exist between hypsometric indehtlokbgy. Proglacial

409 systems underlain by mica schist, magmatite and marlstone all belong to one group in terms
410 of their slope threshold, gneiss and phyllite belong to a second group, and granite belongs to a
411  third group. We notanassociation of these three groups with grain size, where group 1

412  rocks are fine/medium-grained, group 2 are medium/coarse-grained, and group 3 has large

413  grains. Statistically, dolomite could belong to either group 2 or 3, p value G:t0BB).
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415
416 Figure 9. Test for equal variances and identification of statistical groupings of slope
417 threshold discriminating between hillslope- and fluvially-dominated terrain within

418 proglacial systems of each hypsometric class (A), of hypsometric index with lithology
419 (B), and of slope threshold with lithology (C). Note varying x-scale between panels. Note
420 groupings are not transferable between panels.

421

422  Analysis of the relationship between slope thresholdigmalogy identified two groups; one

423  comprising mica schist and phyllite, which are both very well bedded/foliated metamorphic
424 rocks, and one comprising granite, which is a massive igneous rock. Dolomite, limestone,
425  migmatite and gneiss could all statistically belong to either group and are either crystalline

426  sedimentary or metamorphic rocksd. 90. A relationship between rock hardness and the
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slope threshold discriminating between fluvial and hillslope processes (p-value 0.002) is
apparently non-linear and most likely so because phyllite and mica-schist are strongly
bedded/foliated and across the central European Alps tend to maintain a high angle of
inclination Fig. 90.

4. DISCUSSION
On the basis of our definition of proglacial systems being most simply represented by land
area between LIA and contemporary glacier margins, we discriminate parts of alpine
landscapes that have undergone rapid short term evolution. On the basis of a series of
geometric measurements alonevés extremely difficult to identify groupings or patteins
topographic metrics of the proglacial systems of the central European Alps. That was
surprise given that proglacial systems are conventionally assumed to be created or at least
primarily conditioned by glaciation (Church and Ryder, J%# that those glacial
processes are dependent on climate-topography interafaper and Braithwaite, 2009),
which vary systematically with location across the European Alps. Nonetheless we were able
to spatially characterise geomorphological functioning, landform type, meltwater influence
and estimate rates of landscape evolution, all of which are precursors to making informed
land and water management across Europe in terms of natural hazards, natural resources,

habitat and water quality and ecosystem services, for example.

4.1 Coverage of major geomorphological process domains
We have used a slope threshold value of betwegar#30 (mean 29) to quickly
discriminate geomorphological functioning; hillslope-dominated (mostly gravitational
processes) land surfaces thatsteeper than that threshold value, versus fluvially-dominated
land surfaces that are shallower than that threshold. Throughout the central European Alps
and within most of the proglacial systems that we have analysed it is hillslope-dominated
land that covers the greater proportion of proglacial systems. This terrain we interpret to
represent gravity-driven falls and slumps rather than fluvially-influenced slides and flows. As
an aside we emphasiser use of the word ‘dominated’; fluvial processes will occur on
slopes steeper than our threshold and hillslope-gravity processes will occur on slopes
shallower than our threshold. A predominance of hillslope-dominated land surface(s) implies
that greater proportions of proglacial systems are sediment sources and temporary storages,
as represented by bedrock cliff falls, debris slumps on talus/scree slopes for example. It

follows that the minority of land surface within proglacial systems is fluvially-dominated and
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therefore comprises major sediment pathways and exports. Our recognition of proglacial
systems being hillslope-dominated suggests that that there is an abundant sediment supply, as
Maisch et al. (1999) and most recently Schoch et al. (2018) have quantified. Furthermore,
these measurements strongly suggest that proglacial systems are most likely to be sediment
transport-limited, which has implications for statistical or empirical modelling of sediment
transfer (e.g. Bennett et al., 2014; Capt et al., 2016).

4.2 Landforms
Our separation of slope classes identified three statistical boundaries and thus four landform
groups. For slopes above theé #dundary, bedrock is interpreted as a source / generation
zone of sediment and also as a landcover that generates instantaneous runoff from rainfall.
Talus/scree is the predominant geomorphological entity occupyftp 2@ slopes and this
is a temporary sediment store, initially produced as a paraglacial response soon after
deglaciation and destabilisation of surrounding slopes, but then reactivated with additional
rockfall (e.g. KellerefPirklbauer et al., 2012), debris flows, intense rainfall, permafrost
degradation or undercutting by rivers, for example. Another typical landform contained in
this slope interval are steep lateral and terminal moraines (although those can maintain slopes
much steeper than 42°, c.f. Lukas et al. 2012). Therefore a sl@g&isfinterpreted as a
good estimate in general of a slope threshold between sediment entrainment zones or scour as
represented in gullies, many of which are fan-head. Debris fall deposits, debris flow deposits
and alluvial fans occupy slopes betweef @&6d 8 and from our widespread field campaigns
are apparently zoselmost entirely of deposition with volumetrically minor reactivation.
Thus they are at least in the short term a sediment sink. Indeed it is coalescing fans that
commonly intercalate with valley fill (braided river and floodplain deposits) to submerge
many alpine valley floors, as we ourselves have observed in the Odenwinkelkees, Kaunertal
and as Lambiel et al. (2016) map for W& d’Hérens (Fig. 9).

4.3 Water, sediment and solute (WSS) fluxes
WSS sources in proglacial systems comprise glaciers, snow packs, eroding gullies, re-
activated fans and river banks. The extremely wide dispersion of values of spatial meltwater
influence that we have quantified demonstrates that assumptions of the predominance of
glacially-sourced meltwater and fluvially-transported sediment and solute in defining
proglacial system character and functioning are rather over-simplifying reality. At least
spatially that simplification is apparent, although temporally it is well known that episodic
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floods can do a lotf@eomorphological work (e.g. Warburton, 1990; Staines et al.,)2015

despite being restricted to a small proportion of a proglacial system area.

Our analysis has identified likely glacial meltwater pathways and offers an estimate of the
spatial coverage, or importance of this meltwater. That spatial importance could be taken as a
first-order indication of the sensitivity afproglacial system to a (future) change in glacial

ice meltwater contribution. Such meltwater sensitivity analyses have recently been performed
globally, i.e. per major drainage basin, by Huss and Hock (2018) but they report considerable
sub-basin (i.e. inter-catchment) variability. In this study we have demonstrated a quick
method for quantifying the spatial coverage, or spatial influence, of glacial meltwater and we
have shown that varies enormously between proglacial systems within a region and is
independent of any recent change in glacier size. We contend that steeper narrower valleys
tend to transmit water and sediment beyond a proglacial system, whereas wider shallower
valleys tend to permit sediment deposition and progressive aggradation as glaciers diminish.
Such spatial analysis and such system sensitivity analysis are both important for
understanding intra- and inter-catchment river channel stability, spatio-temporal water
temperature regime (Carrivick et al., 2012) and habitat suitability for a wide range of aquatic

and riparian organisms (Milner et al., 2017; Fell et al., 2017).

4.4 Landscape evolution
A slope threshold of ~ 2Qvas proposed by Palacios et al. (2011) to delimit between debris
flow and fluvialy-dominated terrain in Meteor Crater. Their value is very much lower than
ours for alpine landscapes duditbology. In the relatively soft (mostly sandstone)
sediments of Meteor Crater, debris flows cut gullies and fill in troughs, and fluvial processes
deliver more sediment and incise the fine-grained material, so that there is a feedback
between these debris flow and fluvial processes and both are necessary for landscape
evolution. On harder lithologies, with higher tensile strength, such as are typical across the
European central Alps, the work 8klar and Dietrich (2001, 2006) sahown that debris
flows will be the primary mechanism by which bedrock incision occurs on steep slopes after
deglaciation. This, they report, means that grain size is a key control on bedrock incision and
geomorphological work achieved, which seems to be reinforced by our identification of a link
between our slope threshold value and our groupings of lithofegy9). Indeed, grain size
control (and rock hardness and sediment supply) resused to explain scatter that is

common in the tail, the fluvial end, of slope-area power law plots (e.g. our eqn. 1). Landform
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and landscape evolution is very dependent on sedimentysangbthere is a critical

threshold, which is yet to be ascertained for proglacial systems, whereby too much sediment
supply produces land surfaces becomigwned’, and whereby too little retards abrasion

and thus incision. Across the central European Alps Maisch et al. (1999) remarked that
sedimentary and mixed sedimentary-rocky glacier beds dominate and so in general sediment
supply should be high and valley-fill sediment should persist where topography permits.
Valley infill sediments can be detected automatically using low-angle slope filters and as this
study has shown major depositional landforms such as alluvial and debris fans can also be

discriminated with slope-based analyses.

4.5 Implications for estimating regional proglacial erosion rates
Our maps of meltwater influence, of landforms and of major earth surface processes each
offer important information for water and land management, such as characterising
(evolving) sediment (and solute) sources, pathways and sinks, hillslope and channel stability
and thus habitat character and quality. Together these datasets are several of the components
necessary to estimate spatially-distributed (inter-catchment) proglacial geomorphology,
which can vary markedly between catchments @agivick and Rushmer, 2009nd erosion
rates. However, additional data is required on representative erosion rates for different
landform classes and as Carrivick and Heckmann (2017; their figure 10) have shown there
are very few direct measurements and a very wide range of values, for each landform class.
The recent study by Delaney et al. (2017) emphasises problems within a catchment of levels
of detection, over-printing (erosion at a point subsequently obscured by deposition), and of
converting volume to mass loss (e.g. with debris-covered ice-cored moraine), even with well-

constrained annual DEMs spanning > 25 years.

To estimate a regional erosion rate, there are problems with applying a relationship from a
single proglacial system to all systems because there are many controls on erosion rate other
than proglacial area, such as connectivity, area impacted by meltwater etc. Nonetheless, if we
assume that the > 25 yeahita reported in Delaney et al.’s (2017) figure 3 is representative of
proglacial systems (spatially and contemporaneously) across the European Alps a polynomial
relationship (f = 0.96) can be created between volume change and proglacial afiga (km

Then it is possible to estimate a contemporary total volume loss of 44,0038bnall

central European proglacial systems combined, which equates to a mean of 0!3 mm.a

contemporary surface lowering. These mean values are a snapshot and an estimate only. They
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hide the dominant contributions of fewer larger proglacial systems, although 99 % of all our
estimates were < 16 mm.arhe mean values are greater than the postglacial erosion rates
(surface lowering equiv. 0.15 mracalculated by Campbell and Church (2003) and

Hoffman et al. (2013) for the Coast Mountains of British Columbia, but an order of
magnitude less than suggested by single site analyses within the European Alps of
geomorphological evidence (e.g. 30 mita 90 mm.& Curry et al., 2006) and of multi-
temporal proglacial DEMs (e.g. 34 mm:aCarrivick et al., 2013). They are several orders of
magnitude greater than estimates derived from sedimentation within proglacial lakes or
reservoirs (as summarised in Carrivick and Heckmann, 2017) which only capture net material
efflux rather than intra-catchment mobility. Nonetheless, they probably represent a good
estimate of regionally-averaged contemporary rates, especially given that proglacial systems
are rapidly expanding and adjusting to climate change through deglaciation, permafrost

degradation and meltwater and precipitation regime shifts.

5. SUMMARY AND CONCLUSIONS
We have presented the first quantification of the topography and geomorphological
composition of proglacial systems across the central European Alps, and specifically for 2812
sites across Austria and Switzerland. We maksettgstem outlines and distributed
elevation data freely available (Carrivick, 2018). We found no association of topographic
metrics with location, which we supposed might represent patterns of climatic influence.
However, we did find statistically different groups in terms of a relationship between
hypsometric index and lithology, and of slope threshold {itllology. Proglacial systems
underlain by mica schist, magmatite and marlstone all belong to one group, gneiss and
phyllite belong to a second group, and granite belongs to a third group. These relationships
suggest that grain size is a key control not only on proglacial system topography but also on
the spatial patterning and relative importance of hillslope (mostly gravitational processes)
versus fluvial processes and thus on system status as sediment supply- or sediment transport-
limited.

For each proglacial system we have defined the spatial coverage of hillslope versus valley-
floor fluvial processes and used these to evaluate the spatial arrangement and importance of
likely WSS sources, pathways and sinks. Across the central European Alps the proportions of
the total proglacial system area belonging to each landform class is remarkably similar, with

> 5 % fluvial, ~35 % fans, ~50 % moraine ridges and talus/scree, and ~ 10 % bedrock.
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Identification of the spatial occurrence and importance of these landform classes is very
helpful for assessing future earth surface processes and landscape stability, such as via
sediment yield and denundation rate calculations, for example, as well as for habitat
development because these landforms are the local platform upon which mass movements,
soil development and biological activity all react to climate change and human-influenced
changes. The spatial association, stability and preservation of these landforms changes
perhaps most recognisably in terms of surface connectivity, and as micro-topography and
micro-climates permit (e.g. Eichel et al., 2016). As a first-order estimate of the contemporary
geomorphological activity and thus landscape evolution represented by the spatial coverage
of these landform classes, we propose a total volume loss from all these proglacial systems

equivalent to a mean of 0.3 nt.aurface lowering.

In conclusion, proglacial systems have become exposed following retreat of glaciers from
their LIA margin positions, and have subsequently developed transitioning from glacier-
dominated processes to paraglacial processes. Quantifying topographic and
geomorphological composition and functioning of proglacial systems is a first and necessary
step towards understanding processes driving volume and mass changes within (and exports
from) proglacial systems, which themselves are essential for land (stability) and water
(quantity and quality) management, hazard analyses and definition of alpine ecosystem

services.

We have presented the first regional scale assessment of proglacial system geomorphological
composition and functioning and we have done this in a rapid and efficient manner. Our
guantitative analysis can be developed towards providing assessments of alpinedandscap
sensitivity to climate change, most simply start with spatial analyses considering that the

most unstable parts of the landscape are where slope is high and soft sediment is present, and
the most stable parts are where slopes are low and soft sediment is absent. Future work on
landform evolution within proglacial systems could exploit our datasets for determining
sediment distribution and sediment supply across proglacial systems (as opposed to from a
glacier), and across alpine landscapes, via multivariate geostatistical modelling (Schoch et al.,
2018) and via calculation of spatially-distributed (intra-catchment) sediment budget ratios

from repeat DEMs (Heckmann and Vericat, 2018), respectively.
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