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A B S T R A C T   

The European Alps are rapidly losing glacier mass due to climatic warming and are anticipated to be largely ice- 
free by the year 2100. Long-term glacier monitoring in the Alps provides a record of anthropogenically-driven 
climate change since the Little Ice Age maximum in ~1850. Understanding these long-term glacier changes 
provides a basis for mitigating hazards (e.g., mass movements) associated with a transition to a paraglacial 
environment and for predicting future scenarios. Here, we present a post-Little Ice Age-maximum record of 
glacial landscape changes in the Upper Zemmgrund, Austria, utilising a multi-method framework integrating 
multi-decadal geomorphological mapping, historical imagery and remote sensing of glacier change. This study 
contributes a high-resolution, quantifiable record of the transition from a glacial to paraglacial landscape. We 
find that individual glacier response to climatic change varies within the Upper Zemmgrund, attributed to glacier 
characteristics such as hypsometry and size. Nonetheless, all glaciers show signs of growing instability such as an 
increase in crevasses and the collapse of circular tension structures, which have dammed meltwater at the ter-
minus of one glacier, posing a substantial hazard to downstream communities. Future glacier disintegration is 
anticipated to accelerate in the Upper Zemmgrund, which may result in an ice-free landscape within the next 
~40–60 years.   

1. Introduction 

Globally, contemporary glaciers are losing mass at the highest rate 
since observations began (Zemp et al., 2015, 2019). Glaciers and ice 
caps are losing mass at a faster rate than ice sheets, and whilst the largest 
glacier mass change rates have occurred in the Arctic, glacier mass loss is 
most directly felt in alpine regions, where glaciers have the highest rates 
of annual surface lowering and act as vital water towers for downstream 
communities (Zemp et al., 2019; Sommer et al., 2020; Hugonnet et al., 
2021). High-mountain glaciers are sensitive indicators of climate change 
and provide freshwater for 10 % of the global population (Hock et al., 
2019). Many high-alpine glaciated regions (e.g., the European Alps, 
North Caucasus and the tropical Andes) have already passed their peak 
water stage (Rets et al., 2020) and are experiencing reduced glacier 
runoff as a result. Under a modelled RCP 8.5 (high-emission) scenario 
(0.3 ◦C yr− 1 temperature increase), these small glaciers are anticipated 
to lose >80 % of their mass by 2100 (Hock et al., 2019; Rounce et al., 

2023), with the European Alps of particular concern as they are antici-
pated to be largely ice free (Zekollari et al., 2019). Glacier loss will be 
accompanied by both increased precipitation and more frequent, intense 
and prolonged droughts, which will increase the risk of associated 
hazards such as debris flows and flooding (Zemp et al., 2006; Gobiet 
et al., 2014; Žebre et al., 2021). 

Long-term glacier monitoring offers a detailed archive of the impact 
of climatic warming. In the European Alps, such monitoring records the 
transition from the termination of the colder Little Ice Age (LIA) in 1850 
(Grove and Switsur, 1994) to anomalously warm temperatures in the 
late 20th and early 21st centuries (Luterbacher et al., 2016). For 
example, Europe experienced summer air temperature warming of 
1.3 ◦C between 1986 and 2015, which is greater than any period in the 
last 2000 years (Luterbacher et al., 2016). Previous studies have estab-
lished a regional chronology of glacier change in the European Alps from 
radiocarbon dating, historical monitoring, and airborne/spaceborne 
imagery (e.g., Lambrecht and Kuhn, 2007; Pindur and Heuberger, 2008; 
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Zemp et al., 2008; Zumbühl et al., 2008), revealing a pattern of net 
retreat, interrupted by small advances around 1890, 1920 and 1980. 
Understanding long-term glacier and landscape change provides a basis 
for predicting future scenarios and landscape evolution in populated 
alpine regions. 

Effective glacier and landscape change monitoring and prediction 
requires an understanding of these changes at both regional and local 
scales. A detailed understanding of local glacial histories is particularly 
important for hazard mitigation (e.g., Williams et al., 2022) as previous 
hazard events (e.g., proglacial lake drainage events and/or rock slope 
failures) identify vulnerabilities within a landscape. Historical imagery 
has been integral for visualising long-term glacier changes in other re-
gions of the European Alps and, when combined with local geo-
morphology and climatic records, can be used to understand past glacier 
dynamics at a high spatiotemporal resolution (e.g., Nussbaumer and 
Zumbühl, 2012; Zumbühl and Nussbaumer, 2018). Similar multi- 
method approaches have been undertaken more widely in the Arctic 
and its periphery (e.g., Hannesdóttir et al., 2015; Marlin et al., 2017; 
Ewertowski et al., 2019), providing an opportunity for the comparison 
of deglaciation scenarios under differing climatic boundary conditions. 

Local geomorphological records can fill more recent gaps in regional 
glacier observation, such as the notable absence of glacier observation in 
the European Alps in the 1980s (Citterio et al., 2007). Local heteroge-
neity is also difficult to account for in regional projections of glacier 
mass loss, whether due to data availability or the computational expense 
associated with their inclusion in higher order models of ice flow (see 
Jouvet, 2023). Instead, studies may rely on sub-grid statistical param-
eterisations of variables known to be spatially heterogeneous (e.g., 
Fiddes and Gruber, 2014). Detailed observations at these scales are 
important to capture the influence of local factors (e.g., steep topog-
raphy and highly variable climate) on glacier retreat, which in turn may 
better inform modelling studies. 

Here, we combine observational and historical data to examine the 
~170-year history of change within three neighbouring glacierised 
valleys in the Upper Zemmgrund, Austria. The Zemmgrund glaciers 
(2.7–3.4 km2; 2015–16) exceed the mean Austrian glacier area (mean: 
1.1 km2, max: 16.1 km2; 2015–16), however glaciers within the 1–5 km2 

class cover the largest combined area in the Alps (Paul et al., 2020) and 
the Zemmgrund was identified as a study site based on the proximity of 
accessible glaciers with differing characteristics. For example, Schwar-
zensteinkees' elevation range is typical of mean Austrian conditions, 
whereas Hornkees extends ~500 m below the mean minimum elevation 
of Austrian glaciers, and Waxeggkees extends ~250 m above the mean 
maximum elevation of Austrian glaciers. Therefore, the Zemmgrund 
glaciers provide a model for observing the different evolution of alpine 
glaciers with different hypsometries, and represent an ideal study lo-
cality in which to develop this approach due to Austria's regular glacier 
inventories (e.g., Patzelt, 1980; Fischer et al., 2015; Groß and Patzelt, 
2015; Kuhn et al., 2015; Patzelt, 2015; Buckel and Otto, 2018), high- 
resolution orthophoto coverage, and extensive historical archives. 
Glacier retreat since the LIA maximum continues to expose a valuable 
geomorphological record, and here we demonstrate the utility of 
combining geomorphological, satellite and historical data to produce a 
high-resolution history of Alpine glacier dynamics throughout deglaci-
ation. Glacier surface features (e.g., debris cover, crevasses) are influ-
ential in modulating ice melt and as such are integrated as a core 
component of our long-term record of glacier and landscape change 
(sensu Ballantyne, 2002; Glasser et al., 2016; Azzoni et al., 2017). A 
better understanding of the long-term rates and processes of post-LIA 
deglaciation is important if we are to measure the past and present 
impact of climate warming on vulnerable high-mountain areas, to un-
derstand both local and regional variability in climate response, and to 
be able to refine predictions on the future longevity of the mountain 
cryosphere. Therefore, the aim of this study is to map and quantify 
multi-decadal changes in proglacial geomorphology, glacier area, 
supraglacial debris cover and glacier structure, and evaluate intra- 

catchment variation in the response to climate warming, providing a 
framework with which to inform predictions on the future state of this 
and other similar catchments. 

2. Study area 

The Upper Zemmgrund Valley, Austria, contains three glaciers of 
contrasting geometries within the same catchment: Schwarzensteinkees, 
Waxeggkees, and Hornkees (Fig. 1). In 1850, the glaciers covered a total 
area of 18.3 km2, but by 2015 this had been reduced to 8.31 km2 (Buckel 
and Otto, 2018). Each glacier is north-orientated, situated in a cool, 
moderate climatic zone, and receives northern orographic precipitation, 
predominantly in summer (Pindur and Luzian, 2007; Pindur and Heu-
berger, 2008). Glacier elevation ranges from ~3100 metres above sea 
level (m.a.s.l) at the headwall to ~2400 m.a.s.l at Hornkees' terminus, 
with the surrounding ridges—including Großer Möseler—reaching a 
maximum elevation of 3480 m.a.s.l (Pindur and Luzian, 2007). The 
average equilibrium line altitude (ELA) for the three glaciers was 2630 
m.a.s.l in 1850, rising 120–130 m in elevation by 1980 (Pindur and 
Heuberger, 2008). Glacier meltwater streams converge into the Zemm-
bach River and are diverted via a tunnel to the Schlegeis reservoir, 
which is used for hydropower generation. 

The glacier forelands are dominated by sediment emplaced during an 
ice advance at 550 ± 70 cal. yr. BP, followed by two advances at ~400 
and 300 cal. yr. BP (Mahaney et al., 2011). During the Holocene, seven 
dated advances are recorded within the stratigraphic and geomorpho-
logical record at Waxeggkees, ten at Hornkees and two at Schwarzen-
steinkees (Pindur and Heuberger, 2008). Earlier research in the Upper 
Zemmgrund establishes chronological control for moraine formation of 
~1850 at the LIA maximum, ~1890, ~1920 and ~1980 (Humlum, 
1978; Mahaney et al., 2011; Pindur and Heuberger, 2008; Wyshnytzky, 
2017; Wyshnytzky et al., 2020). This study is the first to combine a full 
suite of multi-decadal satellite imagery, field geomorphology, and his-
torical imagery to produce a quantifiable ~170-year record of glacier 
and landscape change through the glacial to paraglacial transition in the 
Upper Zemmgrund. 

3. Methods 

3.1. Data acquisition 

We used satellite images, orthophotos, digital elevation models 
(DEMs), and historical imagery to map and quantify changes in the post- 
LIA glacier area, glacier surface features, and foreland geomorphology. 
Where possible, cloud-free imagery was acquired between July–Sep-
tember every ~3–5 years when snow cover is at a minimum to minimise 
the risk of recording annual fluctuations rather than long-term change 
(Table 1). High-resolution orthophotos (20 cm/pixel) were acquired 
from the State of Tirol for 1971, 2003, and 2019. All 1971 scenes are in 
greyscale, which may have restricted landform identification during 
geomorphological mapping. Two scenes for 2021 (9/10/21 and 30/10/ 
21, the only scenes with <20 % cloud cover) were obtained from the 
European Space Agency Sentinel 2a satellite (10 m/pixel). One scene in 
2005 (20/7/05) was obtained from the Advanced Spaceborne Thermal 
Emission and Reflection Radiometer (ASTER). A Google Earth 2015 base 
map was used to delineate 2015 glacier area, with the precise ground 
pixel resolution estimated to be between 1 and 5 m. We incorporated 
glacier outlines from the Austrian Glacier Inventory in 1969, 1999, 
2011, and 2015 to supplement our measurements of glacier area change 
(Fischer et al., 2015; Groß and Patzelt, 2015; Kuhn et al., 2015; Patzelt, 
2015). Additionally, five scenes were obtained from Planet SuperDove 
(3 m/pixel) to show the evolution of a collapse structure on Hornkees 
terminus between 2020 and 2022. 
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3.2. Geomorphological mapping 

Landforms and glacier surface features interpreted to be moraines, 
flutes, boulders, scree deposits, crevasses, and surficial debris cover 
were mapped from georeferenced 20 cm/pixel resolution orthophotos, 
using ArcGIS Pro. This was of a sufficiently high resolution to map fea-
tures larger than 1 m. We limited our mapping of the foreland to within 
the LIA 1850 glacier extent shapefiles produced by Groß and Patzelt 
(2015). Following the framework for best practice outlined by Chandler 
et al. (2018) and Smith et al. (2006), a thematic mapping approach was 
taken to reduce cluttering. Vector layers delineating geomorphological 
features were created in an MGI Austria West local projection. Not all 
landforms are visible in every orthophoto due to differences in imaging 
conditions (e.g., shadowing). For example, flutes are visible in 
Schwarzensteinkees mid-foreland in 1971 and 2019 but cannot be seen 
in 2003 due to specific lighting conditions. Glacial grooves were mapped 
as polylines along a discernible centreline, all other features were 
mapped and digitised in polygon form based on their aerial footprint. 
We used hillshaded DEMs (~1 m resolution, 315◦ azimuth, 45◦ zenith) 
from Land Tirol (www.tirol.gv.at) to measure the height and length of 
landforms and to validate the positioning of features. The use of a single 
fixed hillshade may result in partial landform occlusion, however, 
interpretation bias is reduced by our use of multiple sources such as 
orthophotos and historical imagery. Fieldwork at the study site was 
undertaken annually in boreal summer 2014–2016 to conduct sedi-
mentological analyses of individual landforms, the results of which have 
been reported elsewhere (e.g., Lukas and Busfield, 2017; Wyshnytzky 
et al., 2021). Field observations and photographs were used to qualita-
tively assess the results of mapping from remotely sensed imagery and to 

facilitate comparison with historical photographs and paintings. Aerial 
interpretations of foreland geomorphology were validated during a 
further visit to the field site in mid-June 2022. 

3.3. Glacier area change 

Glacier extent was manually delineated from Sentinel 2, Google 
Earth, and Land Tirol imagery for 2003, 2005, 2015, 2019 and 2021. A 
sinusoidal Lambert Azimuthal Equal Area projection was used to 
calculate geometries. Surface area (km2) was compared to the previous 
observation to calculate glacier area change, expressed as a percentage 
of the LIA maximum. Annual rates of glacier surface area change were 
calculated by dividing the difference in area between consecutive 
timestamps by the number of years between them. Errors in manual 
glacier delineation were estimated following DeBeer and Sharp (2007), 
who argue that line placement uncertainty is likely to be larger than the 
imagery resolution for clean glaciers with unobscured imagery 
coverage. Here, we assume the measurement error is equal to the 
polygon perimeter multiplied by pixel resolution. For example, in 2021, 
the perimeter of Schwarzensteinkees was digitised at 23,431 m from 10 
m ground pixel resolution Sentinel-2a imagery, giving a measurement 
error of 2.94 ± 0.23 km2. 

3.4. Historical imagery 

In the absence of high-resolution satellite imagery before 1971, 
historical field photos and maps were used to infer glacier area and 
landscape change. Inkscape (1.0) image editing software was used to 
annotate and compare historical and modern imagery. Where possible, 

Fig. 1. The location of the Upper Zemmgrund glaciers, shown within the context of Austria. Glacier positions as of 2019 are shown in white and their forelands are 
demarcated by the 1850 frontal moraines. 
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imagery was obtained from the same perspective and bedrock markers 
were used as ground control points to estimate glacier area change. 
Historical imagery is most effective when incorporated as part of a 
multi-method approach (Williams et al., 2022) due to uncertainties in 
camera position/parameters and the lack of georeferencing therein. 

4. Results 

4.1. Proglacial landform change – LIA to 2019 

4.1.1. Schwarzensteinkees 
The forelands of Schwarzensteinkees and adjacent Mörchnerkees 

(Fig. 1) are delineated by frontal moraines formed during the ~1850 LIA 
maximum (Pindur and Heuberger, 2008), with hummocky terrain 
extending beyond the distal margin of the frontal moraines. The ~1850 
moraines are boulder-strewn, 664 m in length, ~40–50 m wide, ~5 m 
high, and are breached in several locations by meltwater streams 
(Fig. 2b). Direct glacier observations are not available for the 1850s, but 
a painting by Ender (1841) depicts the Schwarzensteinkees proglacial 
landscape in close proximity to the ice front, characterised by areas of 
ice-moulded bedrock, similar to the modern foreland, onto which an 
elongate moraine has been deposited (Fig. 3a). The painting does not 
depict abundant supraglacial debris at the ice margin in the mid-19th 
century (Fig. 3a). The ice front is in contact with a small sediment 
ridge, with retreat from this position exposing the small (~6 m wide), 
closely-spaced moraines seen behind the ~1850 frontal moraine in the 
modern foreland (Fig. 3a–d); they are of reduced width and height 
compared to the ~1850 moraines (Fig. 3d). The area surrounding these 
small moraines is characterised by a higher concentration of boulders 
than more ice-proximal regions of the foreland (Fig. 2b). 

To the south of the 1850 moraine complex, the terrain is flat with no 
depositional landforms and there is a general absence of boulders 
(Fig. 2b). Military surveys in 1807/08 depict a pro-glacial lake in this 
area, which ceased to exist as the glacier re-advanced towards the 
~1850 moraines between 1869 and 1887 (Fig. 4). 

Between the 1869 to 1887 military survey and the first satellite 

imagery in 1971, two sets of more low-lying moraines (<3 m high) were 
deposited within the foreland in close succession in ~1914 and ~1926 
(Figs. 2, 4; Pindur and Heuberger, 2008). The ~1926 moraines show 
greater preservation, with a more sharply defined and foreland-wide 
arcuate shape. By 1971, the meltwater stream had dissected both 
moraine assemblages, with the ~1914 moraines observed primarily to 
the west of the stream (Fig. 2b). After 1926, no depositional landforms 
have been recorded southwards towards the 1971 ice margin (Fig. 2b). 
The availability of satellite imagery in 1971 allows for the documenta-
tion of higher elevation areas not visible from the ground perspective of 
historical photos, revealing large bedrock exposures infilled by sediment 
in the upper reaches (Fig. 2b). 

Schwarzensteinkees advanced in line with the rest of the Zemmgrund 
glaciers between 1966 and 1980 (Fig. 3b & c). No landform deposition is 
evident from this advance at Schwarzensteinkees, and there appears to 
be minimal supraglacial debris cover at the proglacial margin in the 
1971 orthophotos (Fig. 2b). 

In imagery from 2003, a set of ice-marginal moraines is visible for the 
first time following the retreat of the western glacial lobe (Fig. 2d). In 
addition, the heavily crevassed regions at the glacier front collapsed 
exposing large areas of bedrock. The ~1914 and ~1926 moraines in the 
central parts of the foreland of Schwarzensteinkees show further frag-
mentation and erosion, with the width of both Mörchnerkees' and 
Schwarzensteinkees' lateral moraines also notably reduced due to 
downslope fluting of sediment (Fig. 2d). The maximum width of the 
braided meltwater streams had reduced from ~25 m wide in 1971 to 
~12 m wide in 2003 and became confined to a smaller portion of the 
foreland, with evidence of channel abandonment further south (Fig. 2). 

Between 2003 and 2019, the preservation of the Mörchnerkees 
frontal moraines and upper lateral moraines continued to decline 
(Fig. 2). The retreat of Mörchnerkees exposed large regions of uncon-
solidated sediment cover, in contrast to the large areas of ice-marginal 
bedrock with minimal unconsolidated sediment infill in front of 
Schwarzensteinkees (Fig. 2f). The width and number of active river 
channels remained in decline following a decrease in glacier area 
(Fig. 2). The width of active river channels reduced to ~2–10 m wide 

Table 1 
The imagery and shapefile data used to delineate glacier area and for geomorphological mapping in the Upper Zemmgrund. The specific date of acquisition is not 
provided for Land Tirol orthophotos, although all orthophotos have minimal snow cover and are assumed to have been acquired during the summer period. * Indicates 
that a secondary scene was used to delineate glacier margins where minor cloud cover was present.  

Satellite (platform) Spatial 
resolution 

Spectral bands Dates* Source 

Aerial survey (LiDAR) ~0.5 m N/A 1969 https://doi.org/10.1594/PANGA 
EA.844983 

Aerial survey 
(orthophoto) 

20 cm N/A (greyscale) 1971 Land Tirol (maps.tirol.gv.at) 

Aerial survey (LiDAR) ~0.5 m N/A 1999 https://doi.org/10.1594/PANGA 
EA.844984 

Aerial survey 
(orthophoto) 

20 cm N/A 2003 Land Tirol (maps.tirol.gv.at) 

Terra 15 m B1: (0.52–0.60 
μm) 
B2: (0.63–0.69 
μm) 
B3N: (0.78–0.86 
μm) 

20th July 2005 NASA (https://earthdata.nasa.gov/) 

Aerial survey 
(orthophoto) 

~0.5 m N/A 2011 https://doi.org/10.1594/PANGA 
EA.844988 

WorldView ~1–2 m N/A 31st July 2015 Google Earth (earth.google.co.uk) 
Aerial survey 

(orthophoto) 
20 cm N/A 2019 Land Tirol (maps.tirol.gv.at) 

Sentinel-2A 10 m B2: (490 μm) 
B3: (560 μm) 
B4: (665 μm) 

10th* October 2021 (30th used where minor cloud cover) USGS (earthexplorer.usgs.gov) 

SuperDove 3 m B2: (490 μm) 
B4: (565 μm) 
B6: (665 μm) 

26th August 2020 19th August 2021 2nd July 2022 30th July 2022 11th 
November 2023 

Planet Labs (planet.com) 

Aerial survey 
(orthophoto) 

20 cm N/A 2022 Land Tirol (maps.tirol.gv.at)  
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and river discharge became increasingly confined to one larger channel, 
with a reduction in braiding (Fig. 2). 

4.1.2. Hornkees 
Hornkees' foreland is delineated by a thin ~1850 frontal moraine 

(~6 m wide, ~2–3 m high) on its north-eastern margin, with an absence 
of moraines on the north-western foreland margin (Fig. 5b). Historical 
imagery shows that Hornkees and Waxeggkees converged at the north- 
western foreland margin; however, by 1879, Hornkees had retreated 
and was no longer confluent with Waxeggkees (Figs. 4, 6a). In 1879, 
Hornkees is in direct contact with the lateral moraines on its eastern 
margin (Fig. 6a). The ice margin is characterised by thin, longitudinal 
debris stripes, although debris cover is less extensive than at the current 
margin (Figs. 5, 6a). In front of the 1879 snout, a striated glacial pave-
ment records former, pre-LIA, north-westerly flow towards Waxeggkees 
(Figs. 5, 6a). 

Hornkees was in net recession after 1879 except for two advances 
dated to ~1901 and ~1923 (Fig. 5; Pindur and Heuberger, 2008). These 
advances are recorded by two moraines (~80 m apart), spanning most of 
the foreland width (Fig. 5). By 1966, Hornkees had retreated ~790 m 
south of the 1923 moraine (Figs. 5, 6b). Vegetation had begun to colo-
nise the top and northernmost slopes of the lateral moraines and scree 
had progressively accumulated at their bases (Fig. 6b). Glacier recession 
led to the exposure of two broadly valley-parallel elongate landforms in 
the centre of the valley, adjacent to the main meltwater stream. The first 
is approximately 300 m south of the 1923 moraine and is partly 
dissected by meltwater streams on its western margin (Fig. 5b). The 

second is situated in front of the 1966 ice margin, distinguished as an 
elongate area of higher relief which had been incised by meltwater 
streams on both margins by 2008 (Fig. 6b & d). 

In the 1980s, a minor re-advance of Hornkees is documented by a 
small moraine up-valley of the southernmost elongate landform 
(Fig. 5d). However, Hornkees is the only Zemmgrund glacier with a 
preserved geomorphological record of this advance. Debris cover at the 
glacier terminus reduced between 1966 and 1980, preceding the 
~1980s glacial advance (Fig. 6b & c). The ice-contact slope of the 
southernmost elongate landform (exposed before 1966; seen in 6b–d) 
was overridden by the glacier in ~1980 and re-exposed following sub-
sequent glacier retreat (Fig. 6c). 

A thin (~8 m wide), arcuate moraine spanning approximately a third 
of the foreland width is visible by 2003, ~395 m south of the elongate 
landform first exposed running along the centre of the valley in the 1971 
imagery (Fig. 5d). Between 2003 and 2019, the collapse of part of 
Hornkees' terminus exposes a small moraine ridge, south of the 1980s 
moraine (Fig. 5). The moraine crest is located at the 2003 ice margin and 
is of a similar width to the 1980s moraine. Between 1850 and 2019, the 
north-eastern ~1850 lateral moraines show an increase in width, 
whereas the moraines near the valley centre narrow and become more 
fragmented (Fig. 5). 

4.1.3. Waxeggkees 
A series of ~10 m wide and ~2 m high moraines (formed ~1850) 

mark the north-western limit of the Waxeggkees foreland. These mo-
raines are dissected by meltwater streams (Fig. 7b). The absence of 

Fig. 2. Geomorphological maps of Schwarzensteinkees in 1971 (B), 2003 (D) and 2019 (F) produced from the corresponding orthophotos (above). The location and 
perspective of panels H–J are shown in panel G. (G) Schwarzensteinkees foreland, with the extent shown in panel F. (H) Looking south of the outermost moraines 
towards the ice margin in 2016. (I) Looking towards the moraines formed in ~1914 in 2015. (J) The outermost Schwarzensteinkees moraines looking west in 2016. 
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~1850 frontal moraines on the north-eastern side of the valley is likely 
due to the confluence with Hornkees glacier in ~1850. The lateral 
moraines here are the most pronounced in the Zemmgrund with the 
lowest relief slope (32◦), compared to 38◦ at both Hornkees and 
Schwarzensteinkees. 

South of the frontal moraines at Waxeggkees, two episodes of glacier 
advance are documented by two arcuate moraines that span almost the 
entire width of the foreland (Fig. 7); these have been dated to ~1902 
and ~1923 (Pindur and Heuberger, 2008). In imagery from 1901, the 
glacier front is obscured but the glacier terminus is seen to narrow down- 
valley and extends across less than half the width of the foreland 
(Fig. 8a). The ~1902 moraine has subsequently been dissected by 
meltwater streams, leaving only its eastern margin preserved (Fig. 7). 
The ~1923 moraine is better preserved, asymmetric, and protrudes 
further south on its eastern side (Fig. 7). 

By 1950, Waxeggkees had retreated to a hanging glacier configura-
tion, with a large bedrock ridge below the glacier terminus exposed for 
the first time (Fig. 8b). The distal end of the lateral moraines is no longer 
in contact with the glacier terminus and the eastern lateral moraine is 
notably steeper (Fig. 8b). By 1966, the lateral moraines of Waxeggkees 
had accumulated more scree at their base than observed at Schwar-
zensteinkees and Hornkees (Figs. 3b, 6b, 8c). Vegetation had begun to 
colonise the lower slopes of the northern (distal) ends of the lateral 
moraines but had not yet reached the moraine crests as seen at Hornkees 
in 1966 (Fig. 8c). 

By 1971, the glacier terminus had retreated to above the bedrock 
ridge and was surrounded by areas of bedrock thinly covered by 

sediment (Fig. 7). Between 1966 and 1980, a minor advance of Wax-
eggkees is apparent, with the glacier extending ~200 m further down 
the bedrock ridge (Fig. 8c–d). No depositional evidence of this advance 
is recorded, nor was it sufficient for the glacier to extend down to the 
valley floor. 

By 2000, the lateral moraines of Waxeggkees had become sharply 
defined and show a minor increase in the downslope transfer of sedi-
ment (Fig. 8e). By 2003, the ~1902 and ~1923 moraines became 
increasingly dissected and reduced in width (Fig. 7). Glacier retreat 
continued to expose more bedrock, although large areas of the ice- 
margin remain covered by unconsolidated sediment (Fig. 7). 

Vegetation had mostly colonised the lateral moraines in 2015 except 
for the scree slopes immediately adjacent to the bedrock platform 
(Fig. 8f). Retreat between 2003 and 2019 primarily exposed unconsol-
idated sediment rather than bedrock, and surrounding bedrock has since 
become increasingly infilled by sediment (Fig. 7). The ~1902 moraine 
has been heavily eroded and is only well-preserved on its eastern side. 
Meltwater channel width declined from ~2–13 m in 2003 to ~2–6 m in 
2019, accompanied by a reduction in the number of braided channels 
most notable in the northern (distal) end of the foreland (Fig. 7). 

4.2. Glacial & supraglacial change 

At the LIA maximum in 1850, Schwarzensteinkees covered 7.94 km2, 
Hornkees covered 5.68 km2, and Waxeggkees covered 5.05 km2 

(Table 2). Following this maximum, a general pattern of net retreat 
occurred, interrupted by two periods of advance, recorded by moraine 

Fig. 3. Schwarzensteinkees glacial change. (a) Water colour painting of the Schwarzensteinkees foreland in ~1841 annotated with landforms (Ender, 1841) modified 
after 1841 as part of this study under the Creative Commons 3.0 license. (b) Schwarzensteinkees photographed in 1969. (c) Schwarzensteinkees glacier in photo-
graphed in 1980. (d) The Schwarzensteinkees foreland photographed in 2014. (e) A 2019 orthophoto depicting inferred changes in glacier terminus position. Line 
colour corresponds with the panel where the same colour is used to digitise glacier outlines. 
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formation in ~1890 and ~1920 (Fig. 9). In 1969, aerial surveys of 
glacier area provided the first quantifiable measure of glacier surface 
area, with Waxeggkees occupying the largest proportion of its LIA extent 
(77 %) (Table 2). 

Between 1969 and 1999, the rate of surface area change (0.02 km2 

yr− 1) was the same for all glaciers (Table 2), however, this period was 
interrupted by an advance in the ~1980s (Figs. 9; 10). By 1999, optical 
imagery shows that thinning of Hornkees glacier has resulted in the 
formation of a new glacier, which has decoupled from the main glacier 
in the upper reaches (Fig. 9). Over a similar period (1971 to 2003), the 
crevassed area of all glaciers increased, with the highest rates of retreat 
corresponding with areas with a high density of crevasses (Table 3). 
Debris cover also slightly increased on all glaciers between 1971 and 
2003. Where debris is present, scattered coverage is minimal, and all 
glaciers remain predominantly debris-free (Table 4). 

Schwarzensteinkees and Waxeggkees underwent their fastest rate of 
retreat between 2011 and 2015 (− 0.15 km2 yr− 1), whereas for Hornkees 
this took place between 2015 and 2019 (− 0.09 km2 yr− 1) (Table 2). 

However, there is uncertainty as to whether retreat rates decreased in 
the early 2000s and between 2019 and 2021 due to the higher error 
margin resulting from coarser imagery (10 m resolution) (Tables 1, 2). A 
collapse of a heavily-crevassed and debris-covered part of Hornkees 
terminus occurred between 2015 and 2019, leaving behind a small 
peninsula extending from the glacier terminus (Fig. 5). This collapse 
resulted in a decrease in overall debris cover at Hornkees, with Wax-
eggkees and Schwarzensteinkees showing a slight decrease and increase 
in debris cover, respectively (Table 4). Between 2003 and 2019, cre-
vasses per km2 at Waxeggkees increased by 55 %, concentrated in the 
mid-reaches, 17 % at Hornkees, and 8 % at Schwarzensteinkees 
(Table 3). As of 2021, the Zemmgrund glaciers cover a combined area of 
7.65 km2, with Schwarzensteinkees remaining the largest glacier (2.94 
km2), followed by Waxeggkees (2.42 km2) which is now larger than 
Hornkees (2.29 km2) (Table 2; Fig. 10). 

Fig. 4. Historical military survey maps of the Habsburg Empire. (a) The Upper Zemmgrund glaciers in the second military survey of the Habsburg Empire 
(1807–1808) (Timár et al., 2006). (b) The Upper Zemmgrund glaciers in the third military survey of the Habsburg Empire (1869–1887) (Timár et al., 2006). 
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5. Discussion and interpretation 

5.1. Geomorphological processes 

In the Upper Zemmgrund, glacier extent at the Little Ice Age 
maximum is marked by large frontal moraines within each foreland, 
with formation constrained to ~1850 (Pindur and Heuberger, 2008; 
Figs. 2, 5, 7). However, no ~1850 frontal moraines are preserved at the 
eastern and western margins of Waxeggkees and Hornkees respectively, 
suggesting an adjoined ice surface at the LIA maximum. It is unlikely 
that this confluence was long-lived. Prior to the maximum in 1807/8 the 
glaciers were separate, with their ice margins situated close to the 
~1890 moraine position (Figs. 4; 9). Photo documentation of Hornkees 
shows that the glaciers were no longer confluent by 1879 (Fig. 6a), 
supporting convergence within a ~40-year interval preceding the LIA 
maximum, and separation within <30 years thereafter. It is possible that 
retreat from the ~1850 maximum allowed for short-lived damming of 
meltwater in the Hornkees foreland, upvalley of Waxeggkees, but this is 
considered unlikely. Boulder-free, flat terrain in the Schwarzensteinkees 
foreland provides strong geomorphological and sedimentary evidence 
for the establishment of a lacustrine environment (Wyshnytzky, 2017; 
Wyshnytzky et al., 2020, 2021), whereas the foreland south of Hornkees' 
LIA maximum is still characterised by a high concentration of boulders 
(Figs. 2, 5). Instead, we suggest that meltwater from Hornkees was 
diverted north around Waxeggkees' snout to merge with the Zemmbach 
River, reflected in the current river organisation. 

Retreat from the ~1850 maximum was interrupted by a period of 

cooling in the 1890s, which resulted in moraine formation at all glaciers 
in the Upper Zemmgrund (Fig. 9), consistent with 50 to 70 % of Austrian 
glaciers (Rott, 1993). Prior to this advance, Hornkees was mostly free of 
supraglacial debris except for a few bands which were orientated par-
allel to the valley long-axis and emerged at the glacier snout (Fig. 6a). As 
the moraine is almost continuous and there is no evidence of any rockfall 
events, the debris for moraine formation is likely predominantly sub-
glacial in origin (Fig. 5). At Hornkees and Waxeggkees this advance is 
recorded by a singular arcuate moraine, albeit less pronounced at 
Waxeggkees (Figs. 5, 7). In Schwarzensteinkees' foreland, moraines are 
more closely spaced than at Waxeggkees and Hornkees, indicating sig-
nificant fluctuations at the glacier front during the period of cooling 
(Fig. 2). Moraine formation at Schwarzensteinkees occurred ten years 
after Hornkees and Waxeggkees, with glacier retreat along a centreline 
occurring at a similar rate at all glaciers (12 to 13 m yr− 1, 1850–1980). 
This delay in moraine formation suggests that Schwarzensteinkees is 
slightly slower to respond to climatic perturbations than Hornkees and 
Waxeggkees (see Section 5.2.1). 

By ~1920, a second period of moraine formation is recorded across 
all glaciers in the Zemmgrund (Fig. 9). Moraine formation is mostly 
synchronous, with the delay in moraine formation at Schwarzen-
steinkees reduced to three years, compared to a 10-year lag in response 
previously (Fig. 9). Waxeggkees' ~1920 moraine spans more than two 
thirds of the valley width (Fig. 7); its westward margin appears to have 
partly collapsed due to what we attribute to be the melt out of an ice 
cored moraine. The limited retreat from the ~1890 to ~1920 moraines 
of only 16 m indicates that Waxeggkees may have stagnated at this 

Fig. 5. Geomorphological maps of Hornkees glacier in 1971 (B), 2003 (D) and 2019 (F) produced from the corresponding orthophotos (above). The location and 
perspective of panels H–I are shown in panel G. (G) Hornkees foreland, with the extent shown in panel F. (H) Looking west towards Hornkees lateral moraines and 
mid-foreland in 2016. (I) Hornkees moraines in 2016 formed ~1901 and ~1923. 
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margin during this period, whereas Hornkees and Schwarzensteinkees 
retreated by 91 and 113 m, respectively. Hornkees is the only glacier to 
have two clear arcuate ~1890 and ~1920 moraines that are continuous, 
aside from one breach of each moraine by meltwater streams at the 
centre of the valley (Fig. 5). Compared to the ~1890 moraine, the 
~1920 moraine is narrower and is ~15 m lower in altitude, inferring a 
reduction in sediment supply at the snout and thinning of the glacier 
surface between advances (Fig. 5). 

Geomorphological evidence of a ~1980s advance is recorded solely 
within the Hornkees foreland (Figs. 5; 9). Moraine formation in a high- 
alpine setting at a temperate glacier margin typically occurs by a com-
bination of dumping and ice-push (Benn and Evans, 2010; Lukas and 
Sass, 2011; Lukas et al., 2012; Lukas, 2012; Rettig et al., 2023). Mapping 
from 1971 imagery shows that Hornkees is the only glacier with 
adequate sediment supply at the ice margin and with a thicker sediment 
sequence overlying the bedrock. Thus, it is possible that pushing and 
dumping mechanisms contributed to the formation of the 1980s Horn-
kees moraine. An absence of imagery and direct glacier observations in 
the 1980s means we cannot confirm moraines were not formed at 
Schwarzensteinkees and Waxeggkees and later subjected to post- 
depositional modification and removal. However, as no further ad-
vances are recorded post-1980s, and Hornkees' 1980 moraine remains 
preserved, it is likely that limited sediment supply may have precluded 
their formation. 

Following this final advance, glaciers in the Zemmgrund have un-
dergone an uninterrupted pattern of net retreat, with landscape and 
geomorphological change now predominantly a result of non-glacial 
processes. Despite increased glacier melt, the reduction in glacier area 

has resulted in an overall reduction in seasonal meltwater discharge 
evident from a decline in braided channels and overall channel width 
(Figs. 2, 5, 7). The glaciofluvial influence has become confined to a 
smaller proportion of the foreland, with increased vegetation colonisa-
tion of the riverbanks and on the lateral moraines, aiding stability and 
reducing downslope fluting of sediment. The lateral moraines remain 
the best-preserved features over our observational period, despite some 
evidence of gullying on their proximal sides. They have undergone 
minimal alteration in their height and appearance since orthophoto 
surveys began (1971) as the forelands were already predominantly 
deglaciated and the moraine slopes have since increased in stability. 
This is in accordance with observations at other Alpine glaciers, which 
show that lateral moraines have high preservation potential, with the 
highest erosion rates corresponding with recently deglaciated slopes 
facing the glacier (Eichel et al., 2018). However, higher rates of alter-
ation have been recorded in some examples where slopes are subject 
either to greater landslide activity, the combined action of sliding, debris 
fall and debris flow processes, and/or the melt-out of dead ice masses (e. 
g., Curry et al., 2006; Lukas et al., 2012; Dusik et al., 2019; Betz-Nutz 
et al., 2023). In the Upper Zemmgrund, small moraines exhibit the 
poorest preservation within the mid-forelands, notably for the low 
amplitude, closely-spaced moraines that are present within Schwar-
zensteinkees' foreland, which show a visible reduction in size over an 
observational period of four years (Wyshnytzky, 2017). This decline in 
active glacial modification of the landscape marks a transition towards 
paraglacial relaxation and eventually ice-free Alps. 

Fig. 6. Hornkees glacial change (a) Hornkees after to the 1850 LIA maximum (Johannes, 1919). (b) Hornkees photographed in 1966. (c) Hornkees glacier pho-
tographed advancing in 1980. (d) The view from Berliner Hütte looking towards Hornkees in 2008 (e) A 2019 orthophoto depicting inferred changes in glacier 
terminus position. Line colour corresponds with the panel where the same colour is used to digitise glacier outlines. 
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5.2. Glacial processes 

5.2.1. Drivers of glacier retreat 
Whilst the overall retreat rates of the Upper Zemmgrund glaciers are 

broadly consistent with glaciers of the same size class within Austria 
(1–5 km2, 1969–2005: Abermann et al., 2009), there is a large disparity 
in the time-lag between moraine formation and retreat rates amongst 
the Zemmgrund glaciers. This is most evident from the 10-year delay in 
moraine formation in response to climate forcing in the ~1890s at 
Schwarzensteinkees compared to Waxeggkees and Hornkees. By the 
1920s, the time-lag in moraine formation at Schwarzensteinkees had 
reduced to ~3-years behind Hornkees and Waxeggkees, with the glacier 
now exhibiting a faster response to changes in mass balance (Figs. 2, 5, 
7). As all glaciers have similar aspects and climatic conditions, we 
attribute the delay in moraine formation to differential glacier charac-
teristics, notably size, in this case as Schwarzensteinkees was >1 km2 

larger (~23 % larger in 1969) than the other glaciers. This observation is 
in accordance with Pfeffer et al. (1998) who note that smaller glaciers 
often respond faster to climatic perturbations as they often possess 
steeper surface slopes. Interestingly, however, several studies also note 
that though larger glaciers may respond to shifts in mass balance more 
slowly, they tend to lose more area overall (e.g., Jiskoot et al., 2009; 
Paul and Mölg, 2014). The Upper Zemmgrund glaciers reinforce the role 
of glacier size as a predictor of area loss, with the largest surface area in 
1850 corresponding with the highest rates of area change, and vice 
versa. 

The effect of hypsometry on glacier retreat is also clearly exhibited 
within the Upper Zemmgrund by the change in configuration of 

Waxeggkees' area-elevation distribution. At the LIA maximum, all gla-
ciers were situated on the valley floor, with each glacier's frontal mo-
raines at the following elevations: Schwarzensteinkees at 2100 m, 
Hornkees at 1920 m and Waxeggkees at 1880 m. In ~1850, all glaciers 
exhibited a valley glacier configuration, with the larger glaciers situated 
at higher elevations, however by 1950 Waxeggkees had transitioned 
into a hanging glacier, now situated in a bedrock bowl above the valley 
floor (Fig. 8b). In contrast, Hornkees still extended down valley to a 
much lower altitude. By 2021, Hornkees had shrunk to 40 % of its LIA 
maximum area and is now smaller than Waxeggkees which retained 48 
% of its LIA area, despite Hornkees formerly exceeding Waxeggkees in 
size by >0.5 km2 at the LIA maximum (Table 2). We attribute this dif-
ference in retreat to glacier hypsometry, as Hornkees retained a larger 
proportion of its mass in the ablation area below the ELA (~2850 m, 
2022), whereas most of Waxeggkees is situated at higher elevations with 
a smaller ablation area (Žebre et al., 2021). Similarly, numerous studies 
(e.g., Kuhn et al., 1985; De Angelis, 2014; Gharehchahi et al., 2021) 
have also attributed a bottom-heavy area-elevation distribution and the 
presence of ice at lower elevations to increased melt rates, faster retreat, 
and increased sensitivity to climate change. This highlights the vulner-
ability of larger glaciers extending to lower elevations compared to 
small, often topographically shaded, cirques that exist at higher eleva-
tions. These larger glaciers are particularly vulnerable to disconnections 
(i.e., thinning over ice falls) and a lack of snow replenishment in the 
ablation area. Hence, in order to constrain accurate predictions of 
glacier longevity, it is important that large-scale modelling of climatic 
forcing accounts for variations in glacier hypsometry and corresponding 
response times. 

Fig. 7. Geomorphological maps of Waxeggkees glacier in 1971 (B), 2003 (D) and 2019 (F) produced from the corresponding orthophotos (above). The location and 
perspective of panels H–J are shown in panel G. (G) the northern margins of Waxeggkees foreland, with the extent shown in panel F. (H) Looking southeast towards 
Waxeggkees formed ~1923 moraine in 2022. (I) Waxeggkees glacier and lateral moraines in 2016. (J) Waxeggkees eastern lateral moraine and foreland in 2016. 
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5.2.2. Debris cover 
All glaciers have undergone a minor increase in debris cover since 

the 1970s, but remain mostly ‘clean’, with debris cover peaking in the 
early 2000s (Table 4). The increase in debris cover in the early 2000s 
may potentially be attributed to the 2003 heatwave, which Keiler et al. 
(2010) note led to an increase in wind-blown dust being deposited on 
glaciers in the European Alps leading to a lower surface albedo. How-
ever, the primary source of supraglacial debris is likely a combination of 
downwasting across the glacier surface leading to the exposure of eng-
lacial debris and some rockfall events that have been transported along 
flowlines (e.g., Goodsell et al., 2005; Lukas et al., 2005). This is sup-
ported by the concentration of debris at the glacier termini, with debris 
gradually emerging at the surface through melt-out rather than being 
passively transported supraglacially along a substantial portion of the 
glacier. No major rockfall events have been recorded in the Zemmgrund. 
However, debris below the headwall at the eastern margins of Schwar-
zensteinkees and Waxeggkees has increased from 1971 to 2019 (Figs. 2, 

7). This is attributed to increased thawing of permafrost and glacier ice, 
likely reducing the stability of the surrounding mountain ridge. 
Depending on the thickness of the debris cover, this increase in debris 
has the potential to either accelerate (reduced albedo) or decelerate 
(increased insulation) the rate of glacier retreat (Juen et al., 2014; 
Glasser et al., 2016; Fleischer et al., 2021). It is possible that debris cover 
on Hornkees accelerated the collapse of part of its terminus between 
2003 and 2019. However, it is difficult to disentangle the relative 
contribution of climatic warming and a reduced surface albedo. 

Here, we argue that notable insulation or accelerated ablation due to 
debris cover is unlikely. In the Eastern European Alps, the impact of 
debris cover on melt rates and mass balance is subdued compared to 
other high mountain regions (Fleischer et al., 2021). Retreat rates of 
glaciers with varying debris cover were shown to be primarily controlled 
by rising temperatures which outweighed the rate at which debris 
accumulated (Fleischer et al., 2021). Modelling scenarios in the Euro-
pean Alps have shown that a 10 % debris cover with a thickness of 6 cm 

Fig. 8. Waxeggkees glacial change. (a) A postcard showing Waxeggkees glacier as seen from Berliner Hütte in 1901. (b) Waxeggkees glacier in 1950 (Brunner and 
Rentsch, 2002). (c) Waxeggkees glacier photographed in 1966. (d) Waxeggkees glacier photographed in 1980. (e) Waxeggkees glacier in 2000 (Brunner and Rentsch, 
2002). (f) Waxeggkees glacial foreland photographed in 2015. (g) A 2019 orthophoto depicting inferred changes in glacier terminus position. Line colour corresponds 
with the panel where the same colour is used to digitise glacier outlines. 
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can reduce surface runoff by 7 % (Reid et al., 2012). However, we deem 
a drastic increase in supraglacial debris to be unlikely in the Upper 
Zemmgrund because debris cover mostly consists of a discontinuous 
scattering of small pebbles and boulders, rather than continuous blan-
kets of thick sediment. This scattering is confined to lower elevations, 
with most of the ice at higher elevations remaining completely debris 
free. This may be attributed to the topography of the Upper Zemmgrund 
where the glaciers are situated in open neve-like basins which lack large 
scree slopes above the glacier surface. Given this, we suggest that the 
Upper Zemmgrund glaciers do not fit with the broad assessment that 
debris cover will increase over the glacial to paraglacial transition (e.g., 
Fischer et al., 2021; Fleischer et al., 2021). 

The role of aeolian dust in enhancing glacier retreat in the Alps has 
been disputed and has been linked to lower glacier surface albedo and 
cryoconite growth. In some instances (e.g., Oerlemans et al., 2009), 
increased deposition of dust from unvegetated moraines, particularly in 
years with lower snowpack coverage, has been attributed to accelerated 
glacier melt. However, the influence of this process is likely restricted by 
local topography, and in the case of the Upper Zemmgrund, no large 
unvegetated lateral moraines exist above the 2021 glacier extents nor do 
large topographically-shielded areas suited to dust accumulation exist. 
Additionally, non-local sources e.g., Saharan dust events occurring prior 
to the melt season, have been linked to earlier snowpack melt due to 
reducing the surface albedo when exposed, exacerbating the vulnera-
bility of glaciers to high summer melt (Di Mauro et al., 2019; Di Mauro 
and Fugazza, 2022). It is likely that most glaciers in the Alps are trending 
towards earlier snowpack melt, hence it is hard to differentiate between 
increased temperatures and the role of aeolian dust. However, aeolian 
dust events are not a new phenomenon and in conjunction with our 
observations of only a slight increase of debris cover, it is likely that the 
effect of aeolian dust on glacier melt in the Zemmgrund is subdued. 

5.3. Paraglacial transition 

The geomorphological and sedimentological assemblages resulting 
from a transition towards glacial downwasting and retreat have recently 
been described as a ‘dying glacier landsystem’ based upon the retreat of 
Pasterze Glacier, Austria (Le Heron et al., 2022). Situated in a confined 
valley prone to rockfalls and avalanches, the topographic setting of the 
Pasterze Glacier is not directly comparable to the Upper Zemmgrund, 
with the lower portion of the Pasterze Glacier having now arguably 
transitioned into a downwasting mass of dead ice. The primary cause of 
disintegration may predominantly be attributed to the disconnection 
from the accumulation area; however, this positive feedback is amplified 
by the role of meltwater, often leading to incised canyon formation 
resulting in collapse structures, and accelerated melting from pro- and 
supraglacial lake formation. Additionally, a reduction in ice-flow ve-
locity has resulted in increased circular tension collapse structures in 
low-velocity areas, primarily at the glacier terminus (Stocker-Wald-
huber et al., 2017), with these collapse structures often resulting in the 
ponding of meltwater which can drive further disintegration due to a 
reduced surface albedo. Similarly, the influence of meltwater and debris 
cover on rapid de-icing has also been observed under continuous 
permafrost conditions in the high Arctic. For example, Lukas et al. 
(2005) described the development of instabilities such as steep frontal 
slopes and collapse of englacial meltwater channels which triggered self- 
reinforcing cycles of enhanced surface debris removal and ablation 
(termed the “cycle of degradation”). Hence, whilst it is clear that the 
primary drivers of disintegration are a lack of glacier replenishment, it is 
apparent that debris remobilisation and meltwater pooling or incision 
play a significant role in amplifying the rate and extent of glacier 
degradation. 

In contrast to the above examples, the Upper Zemmgrund glaciers 
show no evidence of large debris bands, debris flows or rockfall deposits, 

Table 2 
Changes in glacier surface area from 1850 to 2021 at Schwarzensteinkees, Hornkees and Waxeggkees glaciers. Dates with an asterisk next to them indicate that data for 
these dates were obtained from the Austrian Glacier Inventories. Error margins are specified for each year mapped.  

Year Area (km2) Area change (km2) Area change (km2 yr− 1) % Change from previous area Ice cover change since LIA (LIA = 100 %) 

Schwarzensteinkees Glacier (including Mörchnerkees) 
2021 (±0.23) 2.94 − 0.10 − 0.05 − 3.29 % 37.03 
2019 (±0.005) 3.04 − 0.31 − 0.08 − 9.25 % 38.29 
2015 (±0.005) 3.35 − 0.59 − 0.15 − 14.97 % 42.19 
2011* 3.94 − 0.11 − 0.02 − 2.72 % 49.62 
2005 (±0.28) 4.05 − 0.04 − 0.02 − 0.98 % 51.01 
2003 (±0.004) 4.09 − 0.28 − 0.07 − 6.41 % 51.51 
1999* 4.37 − 0.63 − 0.02 − 12.60 % 55.04 
1969* 5.00 − 2.94 − 0.02 − 37.03 % 62.97 
LIA* 7.94    100.00  

Hornkees Glacier 
2021 (±0.15) 2.29 − 0.06 − 0.03 − 2.55 % 40.32 
2019 (±0.003) 2.35 − 0.37 − 0.09 − 13.60 % 41.37 
2015 (±0.003) 2.72 − 0.23 − 0.06 − 7.80 % 47.89 
2011* 2.95 − 0.14 − 0.02 − 4.53 % 51.94 
2005 (±0.24) 3.09 0.07 0.03 2.32 % 54.40 
2003 (±0.003) 3.02 − 0.26 − 0.06 − 7.93 % 53.17 
1999* 3.28 − 0.69 − 0.02 − 17.38 % 57.75 
1969* 3.97 − 1.71 − 0.01 − 30.11 % 69.89 
LIA* 5.68    100.00  

Waxeggkees Glacier 
2021 (±0.14) 2.42 − 0.05 − 0.03 − 2.02 % 47.92 
2019 (±0.002) 2.47 − 0.17 − 0.04 − 6.44 % 48.91 
2015 (±0.02) 2.64 − 0.60 − 0.15 − 18.52 % 52.28 
2011* 3.24 0.10 0.02 3.18 % 64.16 
2005 (±0.19) 3.14 − 0.10 − 0.05 − 3.09 % 62.18 
2003 (±0.002) 3.24 − 0.10 − 0.02 − 2.99 % 64.16 
1999* 3.34 − 0.56 − 0.02 − 14.36 % 66.14 
1969* 3.9 − 1.15 − 0.01 − 22.77 % 77.23 
LIA* 5.05    100.00  
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with debris cover showing very little increase over time (Table 4). It is 
possible that either the glaciers in the Upper Zemmgrund have not yet 
reached a disintegration scenario, or that the diagnostic symptoms of 
glacier disintegration may vary widely due to factors such as strong 
topographic controls on debris cover (see Section 5.2.2), and therefore 
the Upper Zemmgrund and other cleaner ice glaciers may not mirror the 
characteristics of a debris-covered glacier's demise. Of the three glaciers, 
Hornkees may be the most at risk from disintegration in the near term 
due to rapid downwasting over a small ice fall where the glacier snout 
extends down to the valley floor. Following mapping, the development 
of a circular tension fault at the snout of Hornkees in 2020 provides 
evidence of a roof collapse over an englacial or subglacial meltwater 
channel, which does appear to follow the characteristic patterns of 
glacier degradation observed elsewhere (Lukas et al., 2005; Le Heron 
et al., 2022). 

Circular tension cracks have been observed as early as the 1950s (e. 
g., Odell, 1960), and whilst these features alone are not evidence of 
disintegration, their increased prevalence is a result of higher ablation 
rates (Kellerer-Pirklbauer and Kulmer, 2019). The circular tension crack 
at Hornkees subsequently collapsed in 2021, along with an additional 
circular crack closer to the terminus, which merged in 2022 to form a 
supraglacial lake (Fig. 11). The lake appears to have partially drained in 
2022 but could continue to pose a downstream hazard (Fig. 11). The 
collapse of two circular tension cracks within a year suggests that 
Hornkees is undergoing disintegration as no such features were previ-
ously observed across our satellite imagery observation period (1971 to 

2019). The cycle of collapse structure formation observed at Hornkees 
shares similarities with other retreating glaciers (e.g., Gulley and Benn, 
2007; Benn et al., 2017), following a cycle of (1) subglacial or englacial 
cavity development, (2) formation of circular tension features at the 
glacier surface and (3) roof collapse (Fig. 11). However, at Hornkees the 
expansion/growth of a new lake or exposure of pre-existing subglacial 
lake, which does not occur at all collapse sites, reduces the surface al-
bedo, and will likely accelerate retreat at its terminus. Hence, it is clear 
that the Upper Zemmgrund landscape has transitioned away from one of 
active glacial modification to a dying glacier landsystem, despite some 
dissimilarities with the proposed landsystem model, and will eventually 
become primarily dominated by paraglacial processes (Knight and 
Harrison, 2014). 

5.4. Future scenarios 

Observed rates of retreat in the Zemmgrund are broadly consistent 
with Alps-wide trends in glacier retreat when compared to the corre-
sponding size classes in European glacier inventories (e.g., Lambrecht 
and Kuhn, 2007; Gardent et al., 2014; Paul et al., 2020). Across the Alps, 
a westward trend of increasing rates of mass and area loss is apparent 
(Gardent et al., 2014; Sommer et al., 2020), with the Eastern Alps 
documenting lower rates of glacier change and a lower sensitivity to 
changing air temperatures (Braithwaite et al., 2013). For example, be-
tween ~1969 and 2005, glaciers within the 1–5 km2 class in the French 
Alps lost 36.1 % of their area, whereas the Zemmgrund glaciers in the 

Fig. 9. Temporal changes in glacier extent in the Upper Zemmgrund between 1850 and 2021. Moraine dating is assumed to reflect the position of the ice margin at 
the respective date. Data obtained from Pindur and Heuberger (2008) for the ~1890 and ~1920 formed moraines is used to group the moraines identified in the 
result section by this study to their respective locality-wide advances. Glacier extent mapping utilises manually delineated outlines produced by this study for 2003, 
2005, 2015, 2019 and 2021. Data for the 1850, 1969, 1999 and 2011 glacier positions is obtained from the Austrian Glacier Inventory. 
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Eastern Alps range between 19 and 26 % (Gardent et al., 2014). When 
compared within Austria, glaciers between 1 and 5 km2 in the Ötztal 
Alps (− 11.4 %) recorded a lower average retreat rate than the Zemm-
grund (− 13 to 17 %) during the period between 1969 and 99. However, 
this period is complicated by a documented advance in the 1980s, only 
recorded in Hornkees foreland (Fig. 5), and when compared to a period 

of known net retreat (1997–06), glaciers in the Zemmgrund have 
experienced slightly lower rates of retreat than the Ötztal Alps. Similar 
to the proposed explanation for retreat differences between the Western 
and Eastern Alps (Sommer et al., 2020), it is likely that the lower retreat 
rates in the Zemmgrund can be explained by the lack of ice at lower 
elevations and the presence of more sheltered conditions. More broadly, 

Fig. 10. Glacier change in the Zemmgrund (1850 to 2021). Error bars reflect the minimum and maximum possible extents of glacier area at each date. The dotted 
line between 1850 and 1969 represents the broad trend of glacier retreat, with the known periods of glacier advance marked by grey bars. 

Table 3 
Changes in crevassed area from 1971 to 2019 for the Upper Zemmgrund gla-
ciers. The data has been obtained by calculating the number of shapefiles pro-
duced as part of the geomorphological mapping.  

Year Number of crevasses Crevasses (per km2) 

Schwarzensteinkees Glacier  
2019  1992  694.08  
2003  2529  645.15  
1971  2450  522.39  

Hornkees Glacier  
2019  1256  532.2  
2003  1412  455.48  
1971  1458  367.25  

Waxeggkees Glacier  
2019  1296  524.7  
2003  1065  331.78  
1971  703  179.8  

Table 4 
Changes in supraglacial debris cover from 1971 to 2019 for the Upper Zemm-
grund glaciers. The debris cover has been calculated from the geometries of 
supraglacial debris shapefiles produced from the geomorphological mapping.  

Year Debris cover (km2) Debris cover as a percentage of glacier area 

Schwarzensteinkees Glacier exc. Mörchnerkees  
2019  0.18 6.45 %  
2003  0.07 1.75 %  
1971  0.04 0.88 %  

Hornkees Glacier  
2019  0.08 3.42 %  
2003  0.12 3.87 %  
1971  0.1 2.58 %  

Waxeggkees Glacier  
2019  0.04 1.48 %  
2003  0.07 2.10 %  
1971  0.04 0.91 %  
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the effect of glacier hypsometry can be seen in other rapidly changing 
latitudes, for example, trends of increasingly negative mass balance in 
Svalbard have been linked to lower elevation glaciers (Nuth et al., 
2007), and variation in ice cap outlet retreat rates show similar trends in 
mainland Norway (Andreassen et al., 2020). Ultimately, it is easy to link 
broad trends of increased temperature to growing vulnerability of 
glacier ice at higher elevations, however, our work in the Zemmgrund 
demonstrates that uniform climate change within a single valley does 
not always result in a uniform style of retreat between neighbouring 

glaciers. 
Future landscape evolution in the Upper Zemmgrund can be antici-

pated from long-term observations of past changes. A best-case estimate 
of glacier longevity based upon linear extrapolation of glacier retreat 
rates between 2015 and 2021 would predict the disappearance of 
Schwarzensteinkees in 43 years, Hornkees in 55 years and Waxeggkees 
in 66 years, without accounting for further projected climatic warming. 
This remains in accordance with a high-emission scenario (RCP8.5), 
which predicts the Alps will be primarily ice-free by the end of the 21st 

Fig. 11. The evolution and collapse of circular tension crack structures at Hornkees terminus from Planet SuperDove imagery (resolution of 3 m) (Planet Team, 
2017). (A) Imagery of the tension crack in 2020 during the summer before its collapse. (B) The collapse of two circular tension crack structures on Hornkees, with the 
larger supraglacial pond corresponding with crevasse patterns seen at Hornkees terminus in the 2019 mapping (Fig. 5). (C) Continued growth of the two supraglacial 
ponds (D) The expansion of the two ponds to form a larger lake close to the terminus, although the water level has slightly decreased implying a potential drainage 
event. (E) The last documentation of the lake before winter, with the lake appearing to have not drained. (F) A high-resolution 2022 orthophoto showing the 
collapsed circular tension structure. 
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century, with the ELA projected to exceed the maximum elevation of 92 
% of European Alpine glaciers (Zekollari et al., 2019; Žebre et al., 2021). 
The effect of glacier retreat on hydrology is already evident in the Upper 
Zemmgrund from the reduction in meltwater channel width, implying a 
reduction in discharge. Consistent with other regions in the Alps, the 
Zemmbach River is likely to trend towards peak discharge earlier in the 
year (Haeberli and Hohmann, 2008). The Zemmbach River is partly 
diverted to feed the Schlegeis Reservoir, and therefore reduced glacier 
melt input could directly impact both hydropower generation and 
freshwater availability. In addition, the growing influence of paraglacial 
processes presents additional hazards, notably an increased risk of mass 
movements from unconsolidated scree slopes and lateral moraines, 
thaw-out of permafrost in fractured rock masses (e.g., Krautblatter et al., 
2013) and the damming of proglacial lakes (Knight and Harrison, 2014; 
Zanoner et al., 2017). In the case of the Zemmgrund, the biggest im-
plications of glacier retreat will most likely lead to a reduction in river 
discharge, increased sediment supply, and flooding due to run-off on 
surfaces not yet colonised by vegetation. 

6. Conclusion 

Using a multi-method approach that incorporated satellite imagery, 
aerial orthophotos, digital elevation models, together with archival 
photography, artwork and cartography, we investigated the retreat of 
three neighbouring glaciers in the Upper Zemmgrund, Austria. With this 
combined record and informed by local field observations, we collated 
detailed geomorphological maps of both glacier forefields and glacier 
surface features to reconstruct the rate, extent, and dynamics of glacier 
retreat since the Little Ice Age (LIA) maximum ~1850. We find that 
glacier surface area in the Upper Zemmgrund has decreased by 59 %, 
from an LIA maximum of 18.7 km2 to 7.7 km2 in 2021, driven primarily 
by increasing summer temperatures. Together with collapses at the 
proglacial margin, no evidence of any glacier advance since the 1980s, 
development of circular tension cracks, and minor increased surface 
debris cover by area (+2.3 %; 1971–2019) suggest a general transition 
towards glacier disintegration in the area. However, we find significant 
variability in intra-catchment retreat rates because of locally varying 
characteristics, such as hypsometry and glacier size that are important 
factors which must be accounted for in regional predictions of glacier 
retreat. Nonetheless, at current rates of retreat, the Upper Zemmgrund is 
likely to be ice-free within 40–60 years. Ongoing glacier retreat will 
have important implications for hazard management and green energy 
production in the region, and potentially a decline in freshwater avail-
ability following glacier recession. This study demonstrates the value of 
a multi-method approach to mapping glacier recession and provides a 
blueprint readily adaptable to other contexts globally. 
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