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ABSTRACT: Various ice bodies are an important source of paleoenvironmental data, and their study improves
the understanding of present and future environmental conditions. Their changes are an important indi-
cator of climate change. This special issue of Acta geographica Slovenica draws attention to the changing
and disappearing cryosphere across the globe, with an emphasis on the southeastern Alps, and the neces-
sity to conduct research in this field before the ice disappears forever. This paper briefly summarizes the
current body of knowledge on glaciers, permafrost, cave ice, lake and river ice, and snow in the south-
eastern Alps, and it presents the contribution of Acta geographica Slovenica to this research and the main
highlights of all five papers included in this special issue.
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Izginjajoca kriosfera v jugovzhodnih Alpah: uvodnik k posebni izdaji

POVZETEK: Razli¢na ledena telesa so pomemben arhiv paleookoljskih podatkov in njihovo preucevanje
pripomore k boljsemu razumevanju sedanjih in prihodnjih okoljskih razmer. Njihovo spreminjanje je
pomemben kazalnik podnebnih sprememb. S to posebno izdajo revije Acta geographica Slovenica zelimo
opozoriti na spreminjanje in izginjanje kriosfere po svetu, $e posebej pa na obmocju jugovzhodnih Alp,
ter na nujnost raziskav na tem podrocju, preden led za vedno izgine. V ¢lanku je na kratko predstavljeno
znanje o ledenikih, permafrostu, ledu v jamah, ledu na jezerih in rekah ter snegu v jugovzhodnih Alpah,
poudarjen pa je tudi prispevek revije Acta geographica Slovenica k tem raziskavam, kot tudi glavni poudar-
ki vseh petih ¢lankov, ki tvorijo to posebno izdajo.
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1 Introduction

Various ice bodies are an important source of paleoenvironmental data (e.g., Brook and Buizert 2018; Lipar,
Zorn and Perko 2021). Their changes reflect climate change, and their study improves the understanding of
present and future environmental conditions. The existence of ice bodies is under threat and, along with this,
an important source of environmental data. Glaciers in the European Alps alone lost around 50% of their
volume between the end of the Little Ice Age (from approximately 1850) and 1975, about 10% from 1975 to
2000, and an additional 10% from 2000 to 2009 (Kaufmann et al. 2015; Figure 1). Predictions that glaciers
in the Alps will shrink to half their current size by 2050 (Zekollari, Huss and Farinotti 2019) and almost com-
pletely disappear by 2100 are alarming from the viewpoint of preserving the cryosphere and hence an important
»archive« of data on the paleoenvironment. A very revealing piece of information for how fast the global ice
is disappearing is that from 1994 to 2017 the volume of ice on the Earth’s surface decreased by 28 trillion tons,
and that the loss of over two-thirds of ice is connected with atmospheric melting (Slater et al. 2020).

This special issue of Acta geographica Slovenica draws attention to the changing and disappearing cryos-
phere in the southeastern Alps and elsewhere across the globe, and the necessity to conduct research in
the areas that are under threat of soon being left without permanent ice and thus an important source of
data on the past environment. In addition, the publication of the sixtieth volume of the journal (Zorn and
Komac 2010; Cigli¢ et al. 2020) this year provides a good opportunity to highlight its importance in pre-
senting material on the cryosphere in the southeastern Alps (Section 9).

To date, a total of forty-one papers related to the cryosphere have been published in Acta geographi-
ca Slovenica, which is a twelfth of all papers. Most were connected with both Slovenian glaciers (more than
two-fifths of all papers on the cryosphere; see Section 9.1 for references), followed by papers examining
past glaciations (just over a fourth; see Section 9.2 for references), snow and avalanches, and ice and geo-
chemistry (just under a third; see Section 9.3 for references).

MATIJA ZORN

Figure 1: The Pasterze Glacier (Austria), the largest glacier in the eastern Alps, has shrunk by approximately a third since the end of the Little Ice Age
(Kaufmann et al. 2015). The sign shows the edge of the glacier in 1975, and the photo shows its size in 2015.
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2 Glaciers

Acta geographica Slovenica has been covering the developments on glaciers in the southeastern Alps for
several decades. The first papers on this topic were already published in 1955, in the journal’s third vol-
ume (Section 9.1), which means that already in the mid-twentieth century the journal became involved
in what is currently a very topical scholarly discussion on the cryosphere. Most papers on this topic are
connected with studies of the Triglav Glacier (e.g., Gabrovec et al. 2013) and the Skuta Glacier, which the
ZRC SAZU Anton Melik Geographical Institute has been heading ever since 1946. Changes in both glac-
iers reflect climate change, which is one of the reasons that changes in the Triglav Glacier are included in
the environmental indicators that the Slovenian Environment Agency uses to monitor climate change in
Slovenia (Triglav ... 2019).

Even up until recently it was assumed that the two glaciers in their present shape formed during the
Little Ice Age (Gabrovec et al. 2014), but the latest research indicates that they may have persisted through-
out the entire Holocene (Lipar et al. 2021).

Changes in glaciers in the southeastern Alps and elsewhere around the globe are connected with ris-
ing temperatures (Figure 2). In the area of the Triglav Glacier in the Julian Alps (southeastern Alps), at an
elevation of approximately 2,500 m, the average annual temperature between 1961 and 2018 rose by a full
2.03°C (Figure 3; Hrvatin and Zorn 2020).

3 Permafrost

Due to their geographical location and elevation, the southeastern Alps, including the Slovenian Alps, only
have marginal permafrost areas. Because no research on permafrost in Slovenia has (yet) been conduct-
ed, its dimensions can only be inferred indirectly from the temperature and partly from geomorphological
conditions. Based on the average annual temperature of 0 °C, which in the southeastern Alps is typical at
an elevation between 2,400 and 2,500 m, it can be assumed that permafrost is possible at the highest ele-
vations of the Julian Alps (northwest Slovenia) and the Kamnik-Savinja Alps (northern Slovenia). However,
because the high mountains in the southeastern and Slovenian Alps are predominantly composed of car-
bonate rock and karstified, so that in the summer rainwater can percolate through the rock, it is also less
likely that permafrost has remained frozen there since the last ice age (Vrhovec 2004).

According to Boeckli et al. (2012), who designed the Alpine Permafrost Index Map, the country with
the most permafrost in the Alps is Switzerland, followed by Italy, Austria (Figure 4), France, and Germany.
Slovenia and Liechtenstein only have negligible areas of permafrost. In the Alpine countries, areas of per-
mafrost are believed to be larger than areas covered in glaciers; they are estimated to cover up to 3% of
the entire Alps, but only from 0.1 km? to 25.7 km? in Slovenia.
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Figure 2: The warming stripes show global temperature change between 1850 and 2019 (Show . ... 2020). According to the World Meteorological
Organization, 2015—2019 was the warmest five-year period on record, and 2010—2019 was the warmest decade on record. Since the 1980s, each
successive decade has been warmer than any preceding decade since 1850 (Hawkins 2020; WMO Statement . . . 2020).
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Figure 3: Average annual temperature trend at the Kredarica temperature station in the Julian Alps (southeastern Alps) at 2,513 m, 1961-2018. Between
1961 and 2018, the average annual temperature rose by 2.03 °C (Hrvatin and Zorn 2020).

MATIJA ZORN

Figure 4: The Ddsen Rock Glacier in the High Tauern (Central Austria; Kellerer-Pirklbauer, Lieb and Kaufmann 2017) contains a permanent ice body.
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However, many remnants of permafrost from previous environmental conditions can also be found
in the southeastern Alps (Gabrovec et al. 2014; Colucci et al. 2016a; Triglav Cekada et al. 2016). Certain
karst caves can feature active patterned ground likely related to seasonal frost heaving (Gams 1971; Obu
et al. 2018; Oliva et al. 2018; Mihevc and Urbanci¢ 2019), and on the surface, such as the western side of
Mount Triglav, effects of permafrost on sediments can be seen (Sifrer 1963; Gabrovec et al. 2014).

In deep karst depressions, strong temperature inversion is related to the cave climate, which in turn
influences surface landforms. Mihevc (2015, 2018) found patchy permafrost in these depressions due to
subterranean air circulation through karst.

In the Alps, problems with permafrost disappearing due to climate change are primarily manifested
in an increasing rockfall trend (Vrhovec 2003, 2004; Noetzli, Hoelzle and Haeberli 2003; Gruber, Hoelzle
and Haeberli 2004; Bodin et al. 2015), but a great deal of high-mountain infrastructure (Haeberli et al.
2010; Hock et al. 2019) and hence tourism is also under threat (Urbanc and Pipan 2013; Ritter, Fiebig and
Muhar 2012). It is estimated that due to global warming 10% of the infrastructure in the French Alps is
characterized by a high risk of destabilization (Duvillard, Ravanel and Deline 2015).

4 Cave ice

Changes in the volume of ice in the southeastern Alps can be observed not only in the glaciers, but also in
ice caves (Mihevc 2018; Carey et al. 2019). Permanent ice in caves is also a form of permafrost. In the cave
register of Slovenia, permanent ice is reported in over 550 caves (Mihevc 2018), which are not limited only
to the high mountains. Most of them have an entrance at an elevation between 1,000 and 2,400 m. With
regard to the southeastern Alps, Colucci et al. (2016b) report that the climate thresholds for ice caves include
amean summer air temperature < 13 °C and a mean winter air temperature < —2 °C. In the southeastern Alps,
some caves also exhibit relict permafrost and cryotic conditions in the rock (Colluci and Guglielmin 2019).
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Figure 5: The main ice gallery in Snezna Cave.
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Just like surface glaciers, »cave glaciers« are indicators of climate change. With regard to the Jura Mountains
between Switzerland, France, and Germany, Luetscher, Jeannin and Haeberli (2005, 982) report that the
»equilibrium line altitude of ice caves is believed to have increased several hundred metres« over approx-
imately the past quarter of the twentieth century.

In Slovenia the most studied ice caves are Paradana Cave, Snezna Cave, and the Triglav Shaft. Paradana
Cave (western Slovenia; entrance at 1,135 m) has an estimated ice volume of about 8,000 m?. There have been
documented gains and losses of ice since 1950, with an increased loss since 1986 (Mihevc 2018). Snezna Cave
(northern Slovenia; entrance at 1,514 m) has about 4,000 m? of ice. Observations of the cave ice date back to
1980, when the ice and snow at the entrance melted and allowed entrance into the cave. Since then, the vol-
ume of snow and ice at the entrance has dropped, and the level of ice in the main ice gallery (Figure 5) dropped
more than 1 m (Mihevc 2018). The discovery of the Triglav Shaft (northwest Slovenia; entrance at 2,377 m)
is also connected to climate change because its entrances were covered by the Triglav Glacier until the early
twentieth century (Gams 1961; Ti¢ar et al. 2018). Very recently, the geochemistry of ice and stable isotopes
from these ice caves were studied by Carey et al. (2019, 2020). The results show that the ice in the caves orig-
inates from local precipitation modified by the addition of Ca** and HCO, from the dissolution of the local
bedrock, and that the isotopic profiles are similar to those of other ice caves in central and eastern Europe.

Ice caves represent the smallest portion of the terrestrial cryosphere because the largest cave ice bodies
generally have a volume of up to 150,000 m? (Kern and Persoiu 2013). The ice in caves preserves environ-
mental archives because it contains proxies such as chemicals, pollen grains, and macrofossils (Persoiu and
Lauritzen 2018; Persoiu and Onac 2019). However, the complexity of ice in caves is greater and less under-
stood compared to surface ice (Lipar, Zorn and Perko 2021). Because ice caves occur at lower elevations and
lower latitudes than glaciers generally do, they provide a unique paleoenvironmental source in those regions.

Lake and river ice

In addition to a reduction in permanent ice, global warming and the subsequent warming of standing and
running inland waters also reduce the number of days in winter when lakes and rivers are covered in ice.
From 1918/19 to 1929/30, ice appeared on Lake Bohinj (the Julian Alps, elevation: 526 m) 54.6 days a year
on average, from 1961 to 1990 it appeared 50.6 days, and from 1991 to 2001 only 30.9 days (Frantar 2004;
Frantar and Uhan 2005). According to the United States Environmental Protection Agency, which uses
lake ice as a climate change indicator, the lakes are generally freezing later than they did in the past and
show a trend toward earlier ice breakup in the spring (Climate ... 2020). For the northern hemisphere,
Magnuson et al. (2000, 1743) showed for ice on lakes and rivers (Figure 6) that in the period from 1846

Figure 6: Ice on the Drava at Ptuj (east Slovenia). The 1766 votive
painting was commissioned by the residents of Ptujas an act of grat-
itude to the town’s patron saints for protecting the bridge against
the ice jam. This threat is also reported in the sources later on, such
asin the second half of the nineteenth century, when the blocks of
ice were over a meter thick (Kolar 2019).
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to 1995 »changes in freeze dates averaged 5.8 days per 100 years later, and changes in breakup dates aver-
aged 6.5 days per 100 years earlier.« Somewhat downstream from Slovenia, where the Drava River forms
the border between Hungary and Croatia, ice freezes approximately nine days later and breaks up approx-
imately ten days earlier than in 1875. The duration of ice-cover on the Drava River decreased by fourteen
days on a century average, and the number of total ice-affected days decreased by thirty-one days on a cen-
tury average (Takdcs and Kern 2015).

6 Snow and river discharge

In addition to glaciers (Huss 2011) and cave ice, snow is also an important factor for freshwater storage
in high-mountain karst areas of the southeastern Alps. In the spring and early summer, snow feeds many
springs, but changes are also observed in the hydrological regime. In the Slovenian Alps, the annual num-
ber of days with snow cover from 1961 to 2018 saw a statistically significant decrease by 31 to 56 days, or
by 22% to 67% at elevations between approximately 500 and 1,000 m (Figure 7). The exception is the high-
mountain station on Mount Kredarica, where the decrease is less than 3%.

The consequences can be seen in the annual river discharges, in which, however, the afforestation of
the mountainous (cultural) landscape (Gabrovec, Bi¢ik and Komac 2019) and the resulting increased evap-
otranspiration must also be taken into account. The minimum annual discharge trends and the mean annual
discharge trends in rivers in the southeastern Alps are decreasing; the latter are mostly between 10% and
25% (Figure 8). The maximum annual discharge trends are also decreasing for some rivers. Lower snow
quantity and higher winter temperatures are changing the discharge regimes (Hrvatin and Zorn 2020).

From 1961 to 1990, Slovenian Alpine rivers were characterized by a distinctive snow-rain discharge
regime (Hrvatin 1998). Because of snow retention, the discharge was the lowest in the winter and the main
discharge maximum occurred in the spring due to melting snow. A secondary minimum followed in the
summer, and after that a secondary maximum due to autumn rain.

From 1991 to 2018, the autumn discharge maximum exceeded the spring maximum for most moun-
tain rivers, and the summer minimum has already become very close to the winter one. Because of the
reduced volume and duration of snow cover and increasingly pronounced evapotranspiration, there has
been a noticeable decrease in the discharge in late spring and early summer, and a discharge increase between
October and December, implying that, because of the rising temperatures and thus less snowfall and more
rainfall, winter in the mountains is »running late« (Table 1; Hrvatin and Zorn 2017, 2020).

In future climatic and hydrological conditions of the Alps, the glacierized basins might contribute 55
to 85% less water to streamflow runoff by the end of the twenty-first century (Huss 2011), and substan-
tial reduction is especially expected for the summer (Weber et al. 2010). Water scarcity will affect not only
the Alps, but also their densely populated surroundings (Nared, Razpotnik Viskovi¢ and Komac 2015).
The population in the Alps is approximately fourteen million (Price et al. 2011), but also taking into account
their immediate surroundings this number increases to approximately seventy million (Which ... 2020).
Hydrological changes are already so pronounced (e.g., Gibson 2020) that Alpine countries are formulating
common strategies against water scarcity (Water Management ... 2011). In addition, the importance of Alpine
rivers’ discharge as a source of hydroelectric power must also not be overlooked (Razani et al. 2018).

With regard to snow in the Slovenian Alps, avalanches are by far the most studied phenomena (e.g.,
Gams 1955; Pavsek 2002; Volk Bahun 2020) and they were already presented in the third volume of Acta
geographica Slovenica (see Section 9.3). In Slovenia, a few studies have examined snow cover in relation
to water accumulation (Ogrin 2005; Ogrin and Ortar 2007), but research on the isotopic composition of
snow is still in its infancy, as is also the case with ice (e.g., Vreca et al. 2013).

7 Papers in the special issue

This special issue adds a regional and global note to research on the cryosphere in the southeastern Alps.
Thus, in addition to three papers examining the two Slovenian glaciers and ice (Carey et al. 2020; Triglav
Cekada and Zorn 2020; Triglav Cekada et al. 2020), there is one paper discussing changes in glaciers in
the southeastern Europe (Gachev 2020) and one paper on Antarctica, which provides a global dimension
to the special issue (Lyons et al. 2020).
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Figure 7: Trends in the annual days with snow cover at the Ratece precipitation station on the northern edge of the Julian Alps (southeastern Alps) at
864m, 1961-2018. The number of days with snow cover decreased by a full thirty-six days or just over a quarter (Hrvatin and Zorn 2020).
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Figure 8: Mean annual discharge trend of the Sava Dolinka River at the Jesenice gauging station on the northeastern edge of the Julian Alps (south-
eastern Alps) with a drainage area of 257.56 km?, 1961-2013. The mean annual discharge trend decreased by just over afifth (Hrvatin and Zorn 2020).
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The paper on Antarctica is featured first and is dedicated to isotopic geochemistry of calcium carbonate
encrustations in soils in Antarctica’s Taylor Valley. These encrustations are important because they pre-
serve records of geochemical, hydrological, and atmosphere processes affecting these soils. The results suggest,
among other things, that the §'*C signature in the encrustations can be used to ascertain the difference
between pedogenic and lacustrine carbonate in the soils studied. In addition, the §'%0 data indicate that
evaporation/sublimation of water, perhaps in thin films, plays a major role in the production of these encrus-
tations (Lyons et al. 2020). Interestingly, also in the southeastern Alps, carbonate deposits recently exposed
due to glacier retreat were studied as possible paleoenvironmental indicators (Lipar et al. 2021).

The second paper deals with geochemical analyses of the glacier ice, cave ice, meltwater (paper cover
figure), and spring water in the southeastern Alps (Carey et al. 2020). This paper is to some extent a con-
tinuation of a paper published a year earlier (Carey et al. 2019). Whereas the 2019 paper is focused on ice
in caves at elevations between approximately 1,100 and 1,500 m, the paper in this special issue presents
data from ice in caves at elevations between 2,350 and 2,450 m. Analyses of ice and meltwater from both
Slovenian glaciers are also included.

The third and the fourth papers continue the journal’s tradition of exploring glaciers in the southeastern
Alps. The paper on the Triglav Glacier is already the tenth such paper published in the journal (see Section
9.1), but the first one to report in detail on changes in its thickness, volume, and mass balance. Previous
papers primarily focused on changes in the glacier’s area. The results show that the Triglav Glacier’s mean
thickness has thinned from approximately 40 m to less than 3 m since the mid-20'" century, and that dur-
ing this period the glacier’s annual specific mass balance was —0.45 m w.e.a™! (Triglav Cekada and Zorn 2020).

The Skuta Glacier is examined for the fifth time in the journal (see Section 9.1), but this is the first
time that its thickness is studied in detail. Although the area of the Skuta Glacier has not changed signif-
icantly over the past half-century, the average elevation of its upper edge has decreased by approximately
40 m. The analyses show that the maximum seasonal snow cover depth at the end of the accumulation
season is important for preservation of the glacier’s thickness (Triglav Cekada et al. 2020).

The fifth (and last) paper in this special issue is also dedicated to very small glaciers and snowfields,
but this time in southeastern Europe in general. Changes in the glaciers and snowfields in the Prokletije
Mountains (Albania) and Durmitor Mountains (Montenegro) show high short-term variations over the past
decade and a downward long-term trend (Gachev 2020), just like the two Slovenian glaciers in the south-
eastern Alps examined. Elsewhere across southern Europe, very small glaciers also survive at very low elevations
(2,000-2,500 m), despite the unfavorable climate conditions. This is primarily the result of high levels of
winter precipitation, which produces large snowfalls, and in some places this snow may last all year round,
sustaining these glaciers even today (Hughes 2014; Hughes and Woodward 2017). On the other hand, the
last three papers in the issue show that, because small glaciers are confined in karst depressions, topog-
raphy and the karst surface also play a vital role in sustaining them. This also agrees with the findings of
other researchers (e.g., Grunewald and Scheithauer 2010) that in the concluding stages of glacial degra-
dation the impact of climate factors shows a relative decrease, whereas the impact of terrain increases.

In the southeastern Alps and elsewhere in southeastern Europe, permanent ice can still be found on
the surface and in caves, which should be taken advantage of as soon as possible to secure the important
paleoenvironmental data that this ice is storing before the data are lost forever.

The editors strives for the papers published in this special issue of Acta geographica Slovenica to not
only serve as records of past research, but also stimulate further research and cooperation in this area.

ACKNOWLEDGEMENTS: The authors acknowledge financial support from The Ohio State University’s
Slovene Research Initiative and the Slovenian Research Agency research core funding Geography of Slovenia
(P6-0101).
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