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Abstract

Late Quaternary has seen numerous major permafrost expansions and retreats associated with alternating glacial
and interglacial periods as well as stadials and interstadials, the research of which is necessary to understand the
past environmental evolution, but also provides useful analogues for its present-day and future behaviour. However,
observations of permafrost and active-layer phenomena are still limited, and sometimes misleading, even in many
present-day permafrost regions, and naturally less comprehensive evidence is available from areas where permafrost
existed in the past.

The thesis provides comprehensive information on the distribution and morphology of mostly relict patterned
ground and rock glaciers in the High Sudetes Mts. and in the Western and High Tatra Mts., respectively, which are
the most widespread permafrost features that occur in these Central European mountain ranges situated north of the
Alps. It shows that the landforms are closely related to increased severity of climates and/or sparser vegetation at
higher elevations and as such they attest to the environmental conditions, which prevailed there towards the end of
the Last Glacial Period to the early Holocene, but also to their current states. Similar elevation trends in the pattern
morphology are also documented for active sorted patterned ground in the Svalbard archipelago. Nonetheless, these
patterns may also have been forming throughout the Holocene and as such they are not in equilibrium with present-
day climate conditions, also considering the excessively thick active layer caused by recent climate warming, which
has occurred in most permafrost regions in the Northern Hemisphere. It thus calls for a broader use of the pattern
morphology, established at the time of its initiation, in palaeo-environmental reconstructions. However, not all present-
day permafrost regions are currently experiencing its degradation as observations from the Antarctic Peninsula region
indicate that active layer has been cooling and thinning there in recent years.

Conclusively, the thesis provides insights into the past and present dynamics of the examined regions, which
documents that permafrost and active-layer phenomena are valuable measures of Late Quaternary environmental
changes, but it also has notable methodological and genetic implications as well as relevance to concepts of permafrost

landscape evolution.

Keywords: permafrost, active layer, patterned ground, rock glacier, High Sudetes Mts., Western and High Tatra Mts.,
Svalbard archipelago, Antarctic Peninsula region, Late Quaternary
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Abstrakt

V pozdnim kvartéru doslo v disledku stiidan{ glacidlnich a interglacidlnich obdobi i stadiéli a interstadialti k cetnym
roz$ifenim a dstuptim permafrostu, jehoZ vyzkum je nezbytny pro pochopeni vyvoje pfirodniho prostfedi v minulosti,
ale poskytuje cenné informace i z hlediska jeho soucasné a budouci dynamiky. Pozorovani charakteristik a forem
vazanych na permafrost a ¢innou vrstvu jsou vSak stile nedostate¢nd a nékdy také zavadéjici i v mnoha oblastech se
soucasnym vyskytem permafrostu a mnohem méné informaci je k dispozici z regiond, kde se permafrost nachazel
v minulosti.

Disertacni prace poskytuje ucelené informace o rozsiteni a morfologii prevazné reliktnich strukturnich ptd a ka-
mennych ledovci ve Vysokych Sudetech a Zapadnich a Vysokych Tatrach, jeZ jsou nejrozsifenéjsimi formami
vdzanymi na permafrost, které se v téchto sttedoevropskych pohotich severné od Alp vyskytuji. Je ukédzéno, Ze tyto
tvary reliéfu maji tésnou vazbu na zvysujici se drsnost klimatickych podminek a ubyvani vegetace smé€rem do vyssich
nadmoftskych vysek a jako takové svédci o piirodnich podminkdch, které zde panovaly ke konci posledniho glacidlu
a na pocatku holocénu, jakoZz i o jejich soucasném stavu. Obdobné vyskové trendy v morfologii strukturnich ptd jsou
dokumentovény také pro aktivni tfid&né strukturni pidy na souostrovi Spicberky. I tyto tvary se viak mohly vyvijet
v pribéhu celého holocénu a jako takové nejsou v rovnovéze se soucasnymi klimatickymi podminkami, i s ohledem
na neimérné mocnou ¢innou vrstvu zptisobenou recentnim oteplovanim klimatu, k némuz doslo ve vétsin€ oblasti
s vyskytem permafrostu na severni polokouli. Z toho diivodu prace nabada k SirSimu vyuZiti morfologie strukturnich
pid, utvofené v obdobi jejich vzniku, pro paleoenvironmentdlni rekonstrukce. Nicméné ne ve vSech oblastech se
soucasnym vyskytem permafrostu aktudlné dochazi k jeho degradaci, jelikoZ pozorovani z regionu Antarktického
poloostrova indikuji, Ze v poslednich letech zde dochazelo ke sniZovani teploty a mocnosti ¢inné vrstvy.

Zéavérem lze konstatovat, Ze disertacni prace pfispéla k lepSimu pochopeni minulé i soucasné dynamiky zkou-
manych oblasti, coz ukazuje, Ze charakteristiky a formy vdzané na permafrost a ¢innou vrstvu jsou cennymi indikatory
pozdné kvartérnich zmén prirodniho prostfedi. Vysledky vSak maji také znacny metodicky a geneticky aspekt, jakoz

i vyznam pro obecné koncepty vyvoje oblasti s vyskytem permafrostu.

Kli¢ova slova: permafrost, ¢innd vrstva, strukturni piidy, kamenny ledovec, Vysoké Sudety, Zapadni a Vysoké Tatry,

Spicberky, Antarkticky poloostrov, pozdni kvartér
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1 Introduction

Permafrost is a layer of ground, the temperature of which remains at or below 0 °C for at least two consecutive
years, but normally, it is absent at the ground surface as it is superimposed by a near-surface zone termed as the
active layer where temperature rises above 0 °C in summer (van Everdingen, 2005). Globally, it is estimated that
permafrost underlies ca. 19.1-24.7 million km? (14-19 %) of the exposed land surfaces mainly in polar, sub-polar,
and alpine regions of the Northern Hemisphere having markedly negative mean annual air temperature (Zhang et al.,
2008; Gruber, 2012; Obu et al., 2019a,b,c). Nonetheless, permafrost is not invariable and everlasting, as its name
might suggest, but in reality it is among the Earth system components that are most sensitive to climate forcings
(Riseborough er al., 2008; Burn, 2013). Indeed, the Quaternary has seen numerous major permafrost expansions and
retreats associated with alternating glacial and interglacial periods as well as stadials and interstadials. For instance, it
is estimated that the maximum permafrost extent of the Last Glacial Period (LGP) achieved up to ca. 40 % larger area
than at present in the Northern Hemisphere (Lindgren er al., 2016) and occurred 25-17 ka, which has recently been
referred to as the Last Permafrost Maximum (LPM) (Vandenberghe ef al., 2014). The last major permafrost expansion
took place in the Younger Dryas (12.9—-11.7 ka), but then it degraded rapidly and has largely retreated to its current
extent at the latest during the early Holocene (Vandenberghe, 2001). However, it is now dramatically declining in
most present-day permafrost regions due to recent climate warming (Harris ef al., 2009; Romanovsky ef al., 2010;
Biskaborn et al., 2019).

Seasonal and annual temperature variations within the uppermost permafrost and especially recurrent freezing and
thawing of the active layer stimulate numerous thermally- and gravity-induced processes, mostly related to water—ice
volume changes, that cause frost weathering, ground deformations, and/or mass displacements, which, if acting long
enough, result in the development of a variety of distinctive landforms and subsurface structures that are collectively
termed as permafrost features. Some of the most common features in present-day permafrost regions are various kinds
of patterned ground and rock glaciers, which, along with their distinctive surface morphology and frequently large
dimensions, predetermines them to be among the best and most abundantly preserved features in former permafrost
environments as well. As such, patterned ground and rock glaciers are well suited for exploring past and present
permafrost extents and associated temperature conditions (Barsch, 1996; Ballantyne, 2018).

Most present-day permafrost regions have experienced one of the globally fastest temperature rises over the past
few decades (Harris et al., 2009; Romanovsky ef al., 2010; Biskaborn et al., 2019), which has triggered permafrost
degradation and active-layer thickening over large areas, and it is expected to continue and affect wider areas in
the near future (Chadburn e al., 2017). As a result, this will also highly impact landscape and ecosystem dynamics,
hydrological and biogeochemical cycling, and/or human infrastructure throughout permafrost regions (e.g. Ping et al.,
2015; Hjort et al., 2018; Lafreniere & Lamoureux, 2019). Besides, carbon emissions released due to the permafrost
decay are believed to further accelerate the warming through a positive feedback mechanism, which is likely to bring
even more dramatic changes that may have globally significant repercussions (Schuur ef al., 2015). Notwithstanding
the uncertainties in the current permafrost projections, it is assumed that its future areal losses under the most extreme
climate-warming scenarios could reach the same order of magnitude as in the post-LPM period (cf. Lindgren et al.,
2016; Chadburn et al., 2017). The Late Quaternary permafrost and climate evolution can thus be seen as an analogy
to what is happening now in most present-day permafrost regions because of the climate warming and as such it can
tell us what its consequences might be. Research of permafrost and active-layer phenomena is thus necessary to assess
the Late Quaternary climate and landscape dynamics across both past and present-day permafrost regions, to forecast
their future changes as well as to improve the adaptation strategies to counter the negative impacts of associated
environmental adjustments. However, it is of the utmost importance for non-permafrost regions as well because many

of the changes are likely to have global consequences.

Yet, despite considerable efforts, observations are still either lacking or limited, and sometimes misleading, even
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in many present-day permafrost regions, and naturally less comprehensive evidence is available from areas where
permafrost existed in the past. Consequently, the information remains sketchy and far from conclusive in many aspects
as local or regional permafrost and active-layer dynamics may substantially differ from those at continental or global

scales.

2 Objectives

The main objective of the thesis is thus to obtain new primary data on some of the poorly investigated permafrost
and active-layer phenomena in mostly past permafrost landscapes of selected Central European mountain ranges
situated north of the Alps as well as in present-day permafrost environments of the Svalbard archipelago and the
Antarctic Peninsula region where most of the Czech permafrost and active-layer research has taken place in recent
years. Specifically, research of mostly past permafrost landscapes is mainly oriented on the comprehensive cross-
border mapping and analysis of the distribution and morphology of the most widespread permafrost features that occur
there, that is, patterned ground and rock glaciers, and their interpretation in terms of past and potential present-day
permafrost occurrences and associated temperature conditions (Paper I, Paper II, Paper 111, and Paper 1V). Research
of present-day permafrost regions is mainly focused on the analysis of the distribution and morphology of patterned
ground, their developmental rates, chronology, and relation to present-day environmental conditions, which have
implications for reconstructions of past permafrost environments (Paper V). Also, it concentrates on the long-term
monitoring and modelling of the thermal regime and thickness of the active layer, which is critical for assessing the
regional contrasts of climate-change impacts on this important component of the cryosphere (Paper VI and Paper VII).
Beside the new or amended information about the past and present permafrost and climate evolution in the study areas
and putting it into broader research and/or regional contexts that complement the mosaic of existing knowledge, it also
seeks to develop and/or implement novel observation procedures and methods as well as to bring new perspectives that
increase the reputation of past and present permafrost and active-layer phenomena as indicators of Late Quaternary

environmental changes.

3 Study areas and methods

The research targeted past permafrost landscape of the High Sudetes Mts. (Paper I, Paper II, and Paper III) and
a currently marginal permafrost area of the Western and High Tatra Mts. (Paper 1V), Central Europe, as well as
present-day permafrost regions of the northern Billefjorden, Svalbard archipelago (Paper V), and Amsler Island and
James Ross Island, Antarctic Peninsula region (Paper VI and Paper VII) (Figure 1). Collectively, these areas cover
a wide range of climate conditions that form a transition between past and present permafrost environments.

Numerous methods were employed for data collection and analysis, of which most were done by the author
himself to the extents indicated for individual publications (see List of publications included in the thesis). These
included (i) terrain and/or remotely-sensed mapping of past and present sorted and non-sorted patterns as well as rock
glaciers; (ii) determining their topographic attributes from digital elevation models; (iii) and measuring their surface as
well as subsurface morphology and internal structure in situ or using aerial photographs and digital elevation models;
(iv) collecting ground samples and determining their physical properties, such as texture, bulk density, moisture
content, thermal conductivity, or volumetric heat capacity; (v) measuring air and ground temperatures; (vi) active-
layer thickness modelling using analytical solutions; (vii) interpreting geophysical measurements; (viii) statistical
analysis; (ix) extensive literature searching aimed at putting results into broader research and/or regional contexts;
(x) and interpreting and synthesizing of results. The GIS works were done in ArcGIS 10 (Environmental Systems
Research Institute), whereas the computations were mostly elaborated in STATISTICA 9 (StatSoft) and Mathcad 14
(Parametric Technology Corporation).
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Figure 1. Location of the study areas in the (A) Northern and (B) Southern Hemisphere, and their positions (orange rectangles)
within the (C) Central Europe, (D) Svalbard archipelago, and (E) Antarctic Peninsula region. Global topography (A, B) is based
on the Global Multi-resolution Terrain Elevation Data 2010 dataset (Amatulli ef al., 2018) and global-scale shapefiles available
at Natural Earth (https://www.naturalearthdata.com). Regional maps are based on other data obtained from the (C) CGIAR
Consortium for Spatial Information (http://srtm.csi.cgiar.org/srtmdata), (D) Norwegian Polar Institute (https://geodata.npolar.no),
and (E) Antarctic Digital Database (https://www.add.scar.org).

4 Results, discussion, and conclusions

Comprehensive cross-border mapping of mostly relict sorted and non-sorted patterns above the alpine timberline in
the High Sudetes Mts., first carried out by Paper I, resulted in one of the few such detailed maps ever published, which
depicts the actual areas of the patterned ground and not just its presence or absence within predefined gridcells of
hundreds of meters or kilometres (cf. Niessen et al., 1992; Hjort & Luoto, 2006; Feuillet et al., 2012). It confirmed that
the patterns are the most widespread permafrost features that occur there (cf. Krizek, 2007, 2016). Also, it indicated
that the most symmetrical patterns, such as sorted polygons and circles or peat and earth hummocks, tend to be
situated on flat or gently-inclined surfaces of higher elevations, whereas the least symmetrical ones, such as sorted
and non-sorted stripes, usually occur on steeper slopes of lower elevations. Likewise, sorted patterns tend be located
at somewhat higher elevations as compared to non-sorted patterns. Generally, it largely mirrors the distribution of

slope inclinations within the region that is characterized by extensive summit plateaus surrounded by much steeper
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slopes, but at the same time it indicates the existence of a typical mountain patterned-ground zonation associated with
increased severity of climate conditions and sparser vegetation at higher elevations (cf. Harris, 1982; Niessen et al.,
1992; Hjort & Luoto, 2006; Feuillet e al., 2012) towards the end of the LGP when most of the patterns supposedly
originated (Sekyra & Sekyra, 1995; Traczyk & Migon, 2000; Sekyra er al., 2002). Given the patterns extend over
a narrow range of elevations of ca. 1260-1555 m asl, it implies their high sensitivity to climate and environmental
variables as well. Moreover, the latter also translates into the pattern morphology as Paper II revealed that sorted
polygons tend to be better developed at higher elevations because of more severe and longer-lasting microclimates
suitable for their development there. Specifically, these promoted shallower freeze-thaw depth (~active layer) and
more numerous freeze-thaw cycles of higher intensity, which resulted in polygons having smaller diameters and higher
height-to-width ratios as well as better sorting at higher elevations, but were also probably responsible for their partial
reactivation and formation of secondary sorting centres during the colder periods of the Holocene. Besides, Paper 11
suggested that the pattern development probably involves a positive feedback mechanism between morphology and
frost susceptibility that is driven by microclimates.

Strikingly, the smaller pattern diameters at higher elevations detected by Paper II for relict sorted polygons in the
High Sudetes Mts. are well consistent with those observed by Paper V for active sorted patterns of similar morphology
in the northern Billefjorden, Svalbard archipelago, as well as on James Ross Island, eastern Antarctic Peninsula re-
gion (Marvanek, 2010), and in other permafrost areas (Kling, 1998). On the other hand, the diameters of active sorted
patterns have the opposite tendency in seasonally frozen ground regions (Holness, 2003; Feuillet e al., 2012). Collec-
tively, it suggests that pattern diameters closely relate to the freeze-thaw depth and that their elevation trends within
a particular geographical area can indicate whether the patterns developed under permafrost or seasonally frozen
ground conditions, or alternatively, at what level the permafrost—seasonal frost boundary was located at that time.
Besides, the summary of available diameter-to-sorting depth ratios of circular and polygonal subaerial sorted patterns
demonstrated that the ratios tend to cluster between values of ca. 3.1-3.8, previously provided by theoretical models
of pattern-ground development (Ray er al., 1983; Gleason et al., 1986; Hallet & Prestrud, 1986; Peterson & Krantz,
2008), which indicates that surface size of the patterns might be reasonably used to estimate their sorting depth with-
out the need for laborious and time-consuming excavations. Given the sorting depth is believed to be representative
of the freeze-thaw depth and thus also of the temperature conditions at the time of the pattern formation (sensu Hallet
& Prestrud, 1986; Ballantyne & Harris, 1994), efforts should be made towards palaeo-temperature reconstructions
utilizing the sorting depth (~freeze-thaw depth) as these could provide more reasonable temperature estimates than
traditional empirical procedures that build on modern air temperatures associated with active sorted patterns (Bal-
lantyne & Harris, 1994; Ballantyne, 2018). Certainly, the latter can be misleading because Paper V also suggested
that many of the patterns examined are probably not in equilibrium with present-day climate conditions and, albeit
manifestly active, may have probably been forming throughout the Holocene, that is, under climate conditions that
may have substantially differed from those of today (cf. Ballantyne & Harris, 1994; Ballantyne, 2018). Also, the
pattern dynamics likely exhibits latitudinal variations because of contrasting insolation budgets that produce distinct
thermal regimes, including the number and intensity of freeze-thaw cycles, which is another complication for the
traditional reconstruction methods because these have typically utilized active high-latitude patterns as analogues for
relict patterns in mid-latitude areas (Ballantyne & Harris, 1994; Ballantyne, 2018).

Given that some of the patterns, such as large-scale sorted polygons and nets, are commonly associated with at
least discontinuous permafrost conditions and the mean annual air temperature <—6 to —4 °C (Goldthwait, 1976;
Washburn, 1980; Grab, 2002; Ballantyne, 2018), their widespread presence in the High Sudetes Mts. attests that
permafrost having up to ca. 1.5-2 m thick active layer extensively occurred there towards the end of the LGP and that
the mean annual air temperature decline was at least —8 to —4 °C at that time. Since the latter denotes the minimal
mean annual air temperature reduction, it is in line with the previously suggested values of ca. —12 to —8 °C for

the summit areas of the High Sudetes Mts. based on other tentative permafrost evidence and glacier mass-balance
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modelling (Czudek, 1986; Chmal & Traczyk, 1993; Heyman er al., 2013), but is also well consistent with the average
mean annual air temperature depressions of at least ca. —8 to —4.5 °C indicated by groundwater data and borehole
temperature logs in the surrounding lowlands (gafanda & Rajver, 2001; Zuber et al., 2004; Corcho Alvarado et al.,
2011). Currently, however, the mountains most likely host no permafrost as Paper [1I demonstrated that it is absent
even within the high-elevated blockfields, the openwork debris of which usually provides one of the most suitable
places for potential permafrost maintenance, but the blockfields have rather low elevation extent and are relatively
shallow there, which hinders the development of seasonally reversing, gravity-driven internal air circulation that could
insulate their interiors and thus produce negative thermal anomalies as compared to the outside air (sensu Delaloye &
Lambiel, 2005; Wicky & Hauck, 2017).

On the other hand, Paper IV, which introduced the very first cross-border inventory of rock glaciers for the Western
and High Tatra Mts., and as such complemented those from other European high-mountain areas, such as the Alps,
the Pyrenees, the Scandinavian Mts., or the Southern Carpathians, suggested that present-day permafrost probably
discontinuously occurs there above ca. 2000 m asl based on the front elevations of intact rock glaciers, but its level
varies locally mainly depending on the slope aspect and surface cover, which is also supported by rare near-subsurface
temperature measurements (e.g. Gadek & Kedzia, 2008; Uxa & Mida, 2016, 2017). Obviously, it is slightly above
the previously proposed average discontinuous permafrost boundary of 1930 m asl based on the elevation of zero
isotherm of mean annual air temperature (Dobinski, 1997, 2004, 2005). Of course, the difference can be partly due
to distinctive methodologies. However, the earlier estimates (Dobinski, 1997, 2004, 2005) were mostly based on air
temperatures from 1985-1989 or 1985-1994 when climate was slightly colder as the mean annual air temperature
has been increasing there at an average rate of 0.02 °C a~! since the 1960s (Zmudzka, 2011; Pribullovi er al., 2013).
Such a warming rate would have elevated the zero isotherm level from 1930 m asl to 2003-2039 m asl in 20-30 years,
assuming the average temperature lapse rate of 0.0055 °C m~! (sensu NiedZwiedz, 1992), or even higher because
the warming accelerated in the 1980s (Zmudzka, 2011), which corresponds well to the fact that near-subsurface
temperatures within the rock-glacier debris tend to be slightly lower than air temperatures there (Uxa & Mida, 2016,
2017). At the same time, it suggests that the higher permafrost limit as compared to Dobinski (1997, 2004, 2005) is
reasonable.

Besides, Paper [V also estimated that the lower boundary of discontinuous permafrost at the Pleistocene—Holocene
transition, that is, when the rock glaciers presumably originated there (Kotarba, 2007; Zasadni et al., 2020), was
around ca. 1400 m asl based on the lowest fronts of relict rock glaciers, and the associated mean annual air temperature
decline was at least —5.4 °C, which is well in line with the temperature depression of ca. —7 to —6 °C based on glacier
mass-balance modelling (Makos ef al., 2013). Similarly, Zasadni et al. (2020) also hypothesized that Younger Dryas
rock glaciers should occur at elevations of 1320-1520 m asl if the mean annual air temperature depression of —5
to —4 °C would be assumed. However, they dated numerically only small rock glaciers at elevations of ca. 1800—
2000 m asl, which formed 11.9-10.4 ka, that is, mostly in the early Holocene (Zasadni et al., 2020) when climate was
already warmer (T6th ef al., 2012), and thus yielded the lower boundary of discontinuous permafrost of ca. 1800 m asl
and the mean annual air temperature reduction as little as —1.6 °C, or —5.3 °C if enhanced annual air temperature
amplitude was considered (Zasadni er al., 2020). Moreover, they assumed tentatively that rock glaciers situated at
lower elevations have emerged prior to the Younger Dryas because they further argued that permafrost disappeared
much earlier at elevations of ca. <1600 m asl based on the presence of a so-called massive rock-glacier front found at
the foot of a rock-avalanche fan at 1620 m asl (Zasadni ef al., 2020) dated at 15.6+0.7 ka (Engel et al., 2015; Panek
et al., 2016). Nonetheless, the latter landform has previously been considered to be solely a rockfall accumulation
(Engel et al., 2015; Panek et al., 2016) and is also not included in the rock-glacier inventory compiled by Paper IV
and as such it is probably of no significance for past permafrost distribution. Also, the mean annual air temperature
reduction is estimated at up to ca. —10 to —9 °C at the time of its origin (Makos, 2015), which would imply that

permafrost extended much lower, and certainly below ca. 1500 m asl as indicated by cryogenic cave carbonates (Zdk
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et al., 2012). Last but not least, it should be noted that there are rock glaciers descending to ca. 1400 m asl in the
Western Tatra Mts., which have indeed been attributed to the Younger Dryas (Engel ef al., 2017), suggesting that the
past lower boundary of discontinuous permafrost and the associated mean annual air temperature decline provided by
Paper [V is plausible.

Obviously, the relict and intact rock glaciers and thus also the past and present discontinuous permafrost limits oc-
cur on average ca. 400-600 and 100-250 m lower than in the Alps and the Southern Carpathians, respectively, which
is attributed to increasing continentality to the east as well as to latitudinal temperature decrease (sensu Dobinski,
2005; Onaca et al., 2017). However, it must be stressed that the deduced permafrost limits should be understood as
tentative because rock glaciers can provide only a first-order evaluation of potential permafrost distribution, which
generally tends to overestimate the permafrost extent at places without debris cover. Ground temperature measure-
ments supplemented by geophysical soundings are thus needed to determine the controls on permafrost existence
there in order to enhance the estimates of its past and present distribution in the mountains as well as to assess its
response to the current climate warming.

Ground temperature measurements should be as long as possible, as illustrated by Paper VII, which examined
one of the longest observations (2006-2016) of thermal regime and modelled active-layer thickness using the Stefan
and Kudryavtsev models in the Antarctic Peninsula region as well as throughout the Antarctica, but the decadal time
series proved to be still too short to capture statistically significant trends. Notwithstanding that, it detected active-layer
thinning that is analogous to other locations around the Antarctic Peninsula and can be mainly attributed to declining
summer temperatures and shortening of the thawing seasons, which started there around 2000 (Turner ef al., 2016;
Oliva et al., 2017), and as such it highly contrasts with what is happening in most permafrost regions in the Northern
Hemisphere where air and ground temperatures as well as active-layer thickness have been steadily increasing over
the past few decades (Harris e al., 2009; Romanovsky et al., 2010; Luo er al., 2016; Biskaborn ef al., 2019). The
Stefan and Kudryavtsev models reproduced the active-layer thickness with lower errors than in most previous studies
and it was their very first successful application in Antarctica after they had been incorrectly utilized by Wilhelm
et al. (2015) and Wilhelm & Bockheim (2016) who modelled unrealistically thick active layers on Amsler Island,
western Antarctic Peninsula region, that exceeded their actual thickness by up to hundreds of percent and basically
excluded the existence of near-surface permafrost there, which gave the false impression of extreme warming and
as such seriously misrepresented the climate state in the region as demonstrated by Paper VI. Both Paper VI and
Paper VII also highlighted some important issues of active-layer and permafrost modelling, including phase changes
and latent heat effects or model parameterizations and corrections, which is useful as the models become increasingly
available not only for permafrost scientists, but also for non-specialists working in permafrost environments.

Clearly, Paper I, Paper II, Paper IV, and Paper V showed that patterned ground and rock glaciers are highly
sensitive to variations in climate and environmental conditions and that these can be preserved and subsequently
deduced even from the Last Glacial to early Holocene features, which has important implications for present-day
permafrost regions, but especially it indicates their high potential for reconstructions of past permafrost environments
that should definitely be further exploited in future investigations. These should be particularly attempted to better
constrain former temperature conditions associated with the patterned ground as well as the rock glaciers and to
thoroughly determine their absolute chronology using numerical dating methods. So far, their age has mostly been
estimated using the knowledge about the regional glaciations and/or palaco-climates, while numerical dating was
virtually lacking because it is tricky due to their complex formation history potentially spanning multiple time periods
and possible reorganization long after they have formed. Fortunately, first numerical dates have recently started to
emerge at least for rock glaciers in the Western and High Tatra Mts. (Engel er al., 2017; Zasadni et al., 2020), but
those for patterned ground in the High Sudetes Mts. will hopefully appear soon as well (Engel ef al., in revision).
Correlations with local mountain glaciations as well as permafrost dynamics in the surrounding lowlands are also

highly desirable to better comprehend the Late Quaternary landscape evolution of these regions as mountain and
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lowland permafrost behaviour probably highly differed both spatially and temporally, but it has not yet been addressed
as most chronological data on past permafrost events in Central European areas situated north of the Alps are still
available almost exclusively only from lowland locations (Isarin, 1997; Huijzer & Vandenberghe, 1998; Czudek, 2005;
Marks et al., 2016). Besides, the monitoring of air and near-subsurface temperatures and/or active-layer thickness,
which has already been established on James Ross Island (Paper VII) and in the High Tatra Mts. (Uxa & Mida, 2016,
2017), should definitely continue in order to extend the time series so that they allow for a more thorough trend analysis
that tells more about the active-layer and permafrost dynamics in these regions and their drivers, which is critical for
assessing the regional contrasts of climate-change impacts on these important components of the cryosphere.
Conclusively, the thesis contributed to a better understanding of the past and present dynamics of the examined
regions, which documents that permafrost and active-layer phenomena are valuable measures of Late Quaternary
environmental changes if observed in detail (Paper I, Paper II, Paper IV, Paper V, and Paper VII) and/or interpreted
carefully (cf. Paper III and Paper VI). Besides, newly introduced approaches, methods, and perspectives as well
as established monitoring networks enhance the breadth of details that can be retrieved from both past and present
permafrost and active-layer phenomena, and thus the thesis outcomes also have notable methodological and genetic
implications as well as relevance to concepts of permafrost landscape evolution. Yet, they should be viewed rather as

partial but important steps that pave the way for follow-up investigations.
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1 Uvod

Permafrost je puda, sediment ¢i hornina, jejiZ teplota dosahuje po dobu dvou a vice po sobé jdoucich let hodnoty
mensi nebo rovné 0 °C. VétSinou se vsak nevyskytuje pfimo na zemském povrchu, nebot’ v jeho nadloZi se obvykle
nachdazi tzv. ¢innd vrstva, kde teplota béhem léta stoupd nad 0 °C (van Everdingen, 2005). Celosvétoveé permafrost
pokryva ca. 19,1-24,7 miliond km? (14-19 %) exponovaného zemského povrchu, a to prevdzné v polarnich, sub-
polarnich a vysokohorskych oblastech severni polokoule, kde se primérné rocni teploty vzduchu pohybuji hluboko
pod 0 °C (Zhang et al., 2008; Gruber, 2012; Obu ef al., 2019a,b,c). Permafrost nicméné neni neménny ani vécny,
jak by jeho ndzev mohl naznacCovat; naopak citlivé reaguje na klimatické zmény (Riseborough er al., 2008; Burn,
2013). Béhem kvartéru tak doslo k Cetnym rozsifenim a dstuptim permafrostu v disledku stfidani glacidli a inter-
glaciald i stadidli a interstadiali. Je odhadovéno, Ze v poslednim glacidlu permafrost na severni polokouli zaujimal
aZ o ca. 40 % vétsi plochu neZ v sou€asnosti (Lindgren et al., 2016), coZ nastalo v obdobi 25-17 ka, které je nyni oz-
nacovano jako tzv. posledni maximum permafrostu (Last Permafrost Maximum [LPM]) (Vandenberghe et al., 2014).
K velkému rozsifeni permafrostu doslo jesté¢ behem mladsiho dryasu (12,9-11,7 ka), od té doby nicméné rychle us-
tupoval a svého stavajiciho rozsahu dosahl nejpozd€ji na pocatku holocénu (Vandenberghe, 2001). V soucasnosti v§ak
dochazi ve vétsin€ oblasti k jeho degradaci v diisledku oteplovani klimatu (Harris ez al., 2009; Romanovsky et al.,
2010; Biskaborn et al., 2019).

Sezoénni a roéni teplotni zmény ve svrchni Casti permafrostu a predevs§im opakované mrznuti a tdni ¢inné vrstvy
vyvolavaji Cetné teplotné ¢i gravitaéné podminéné procesy, ¢asto vazané na objemové zmény vody-ledu, které zpi-
sobuji mrazové zvétravani, deformace a pohyby pidy, jeZ pri delsim piisobeni vedou k vyvoji fady charakteristickych
tvard reliéfu a podpovrchovych struktur, které 1ze souhrnné oznacit jako formy vdzané na permafrost. Jedny z nej-
hojnéji se vyskytujicich forem v oblastech se soucasnym vyskytem permafrostu jsou rtzné typy strukturnich piid
a kamenné ledovce, coZ je spolu s jejich charakteristickou povrchovou morfologii a ¢asto velkymi rozméry predurcuje
k tomu, Ze patii mezi nejlépe a nejvice zachované formy i v oblastech byvalého vyskytu permafrostu. Strukturni pidy
a kamenné ledovce jsou proto velmi vhodné ke studiu byvalého a soucasného rozsifeni permafrostu a souvisejicich
teplotnich podminek (Barsch, 1996; Ballantyne, 2018).

Vétsina oblasti se soucasnym vyskytem permafrostu zaznamenala v poslednich desetiletich vyrazny nérdst teploty
(Harris et al., 2009; Romanovsky et al., 2010; Biskaborn er al., 2019), coZ vyvolalo jeho degradaci a prohlubovani
¢inné vrstvy v rozsahlych regionech, pricemz se oCekava, Ze tento trend bude pokracovat i nadéle a ovlivni dal$i izem{i
(Chadburn et al., 2017). To vyznamné postihne také tamni krajinnou a ekosystémovou dynamiku, hydrologicky a bio-
geochemicky cyklus ¢i technickou infrastrukturu (napft. Ping ez al., 2015; Hjort et al., 2018; Lafreniere & Lamoureux,
2019). Navic se predpokladd, Ze uvoliiovani uhliku z tajictho permafrostu oteplovani klimatu déle urychli v disledku

vvvvvv

dasledky (Schuur er al., 2015). Bez ohledu na nejistoty v soucasnych projekcich vyvoje permafrostu se predpoklada,
7e jeho budouci plo$né ztrity by v nejextrémnéjSich scéndtfich mohly dosdhnout podobného rozsahu jako v obdobi po
LPM (cf. Lindgren ef al., 2016; Chadburn ef al., 2017). Pozdné kvartérni vyvoj permafrostu a klimatu lze proto chédpat
jako jistou analogii toho, co se v soucasnosti odehrava ve vétSin€ oblasti s vyskytem permafrostu vlivem oteplovani
klimatu, a jako takovy ndm muiZze napovédét, jaké mohou byt jeho ndsledky. Vyzkum charakteristik a forem vazanych
na permafrost a ¢innou vrstvu je proto nezbytny pro zhodnoceni pozdné kvartérni dynamiky klimatu a krajiny napfic¢
minulymi i soucasnymi oblastmi s vyskytem permafrostu, pro predvidadni jejich budoucich zmén, ale i pro zlepSeni
adaptacnich opatieni zmirniujicich jejich pfipadné negativni dopady. DileZity je vSak i pro oblasti bez permafrostu,
nebot’ fada zmén miZe mit globalni dopady.

Pfes znacné usili vSak pozorovéni stile zcela chybi nebo jsou nedostatecnd, piipadné zavadéjici, i v mnoha
oblastech se soucasnym vyskytem permafrostu a jeSt¢ méné informaci je pfirozené k dispozici z regiond, kde se

permafrost vyskytoval v minulosti. V disledku toho jsou nase znalosti v mnoha ohledech velmi kusé, coZ souvisi
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i s tim, Ze dynamika permafrostu a ¢inné vrstvy na lokdlni ¢i regiondlni drovni se mize velmi liSit od kontinentalnich

¢i globalnich trendd.

2 Cile

Hlavnim cilem préace je proto ziskat nové primarni tidaje o nékterych Spatné€ prozkoumanych charakteristikach a for-
madch permafrostu a ¢inné vrstvy v oblastech prevdzné byvalého vyskytu permafrostu ve vybranych stfedoevropskych
pohofich severné od Alp, ale i v oblastech soucasného vyskytu permafrostu na souostrovi Spicberky a v regionu
Antarktického poloostrova, do kterych se v poslednich letech soustfedila vétSina Ceskych vyzkumnych aktivit za-
méfenych na studium permafrostu a ¢inné vrstvy. Vyzkum oblasti s pfevazné byvalym vyskytem permafrostu je za-
méfen zejména na komplexni preshrani¢ni mapovéni a analyzu prostorového rozmisténi a morfologie nejrozsitengjsich
forem véazanych na permafrost — strukturnich ptid a kamennych ledovcti — a jejich interpretaci z hlediska minulého
a potencidlng souasného vyskytu permafrostu a souvisejicich teplotnich podminek (Clanek I, Clanek 11, Clanek I11
a Clanek V). Vyzkum oblasti se sou¢asnym vyskytem permafrostu je orientovan na analyzu prostorového rozmisténi
a morfologie strukturnich pid, jejich dynamiky, chronologie a vztahu k soucasnym environmentilnim podminkam,
coZ md vyznam i z hlediska jejich vyuZiti pro rekonstrukce ptirodniho prostfedi v oblastech s nékdej$im vyskytem per-
mafrostu (Cldanek V). Vyzkum se viak zaméfuje i na dlouhodoby monitoring a modelovani teplotniho rezimu a moc-
nosti ¢inné vrstvy, ktery je klicovy pro posouzeni regionalnich rozdilii dopadd klimatickych zmén na tuto dileZitou
slozku kryosféry (Clanek VI a Clanek VII). Kromé novych & upraveni dosavadnich informaci o byvalém a soucas-
ném vyvoji permafrostu a klimatu ve studovanych oblastech a jejich zasazeni do Sir§ich vyzkumnych ¢i regiondlnich
souvislosti, které dopliiuji mozaiku stavajicich znalosti, je cilem prace rovnéz vyvinout a/nebo implementovat nové
metodické postupy a prinést nové pohledy na formy vazané na permafrost, které zvysi jejich vyznam jako indikatort

pozdné kvartérnich zmén piirodniho prostiedi.

3 Zajmové oblasti a metody

Vyzkum smé&foval do oblasti byvalého vyskytu permafrostu ve Vysokych Sudetech (Clanek I, Clanek 1T a Clanek I1T)
a regionu jeho okrajového vyskytu v Zapadnich a Vysokych Tatrach (Cldnek 1V), jakoZ i do mist se sou¢asnou
pfitomnosti permafrostu v prostoru severniho Billefjordenu na souostrovi Spicberky (Clanek V) a na ostrovech Am-
sler a James Ross v regionu Antarktického poloostrova (Clinek VI a Clinek VII) (Obrizek 1). Dohromady tyto
oblasti pokryvaji Siroké rozpéti klimatickych podminek, které tvoii pfechod mezi prostfedimi s minulym a soucas-
nym vyskytem permafrostu.

Ke sbéru a analyze dat byla vyuzita fada metod, z nichZ vétSina byla aplikovana pfimo autorem disertacni prace,
a to v rozsahu deklarovaném u jednotlivych publikaci (viz Seznam publikaci zahrnutych do diserta¢ni prace). Jed-
nalo se zejména o (i) terénni a distancni mapovani minulych a souCasnych tfidénych a netfidénych strukturnich pad
a kamennych ledovcd; (ii) ur€ovani jejich polohovych charakteristik z digitdlntho modelu terénu; (iif) a méfeni jejich
povrchové i podpovrchové morfologie a vnitini stavby in sifu ¢i s vyuZzitim leteckych snimki a digitdlniho modelu
terénu; (iv) sbér ptdnich vzorki a urovani jejich fyzikalnich parametrii, jako je zrnitost, objemova hmotnost, vlihkost,
tepelnd vodivost a objemova tepelnd kapacita; (v) méfeni teplot vzduchu a pldy; (vi) modelovani mocnosti ¢inné
vrstvy pomoci analytickych modeld; (vii) interpretace geofyzikalnich méfeni; (viii) statistické analyzy; (ix) literarni
reSerSe zaméfené na uvedeni ziskanych vysledki do §ir§ich vyzkumnych a regiondlnich souvislosti; (x) a interpretace
a syntézu vysledkd. Prostorové analyzy byly provadény s vyuZzitim software ArcGIS 10 (Environmental Systems Re-
search Institute). Pro statistické analyzy a matematické modelovani byly vyuZito programi STATISTICA 9 (StatSoft)
a Mathcad 14 (Parametric Technology Corporation).
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Obrazek 1. Lokalizace zdjmovych oblasti na (A) severni a (B) jizni polokouli a jejich pozice (oranZové Ctverce) v ramci
(C) stfedni Evropy, (D) souostrovi Spicberky a (E) oblasti Antarktického poloostrova. Globalni mapy (A, B) vychézi z dat
Global Multi-resolution Terrain Elevation Data 2010 (Amatulli ef al., 2018) a globdlnich vrstev dostupnych na Natural Earth
(https://www.naturalearthdata.com). Regiondlni mapy jsou zaloZeny na doplitkovych datech (C) CGIAR Consortium for Spatial
Information (http://srtm.csi.cgiar.org/srtmdata), (D) Norwegian Polar Institute (https://geodata.npolar.no) a (E) Antarctic Digital
Database (https://www.add.scar.org).

4 Vysledky, diskuse a zavéry

Komplexni preshrani¢ni mapovani prevazné reliktnich tfidénych a netfidénych strukturnich ptid ve Vysokych Sude-
tech nad horni hranici lesa, poprvé provedené Clinkem I, vydstilo v jednu z mala takto detailnich map, kterd vy-
obrazuje skute¢né hranice aredli strukturnich ptd a nikoliv pouze jejich pfitomnost ¢i nepfitomnost v rdmci ¢tvercové
sité o velikosti oka ve stovkach metrd az prvnich kilometri (cf. Niessen ez al., 1992; Hjort & Luoto, 2006; Feuillet et
al., 2012). Mapovani potvrdilo, Ze strukturni ptidy jsou nejrozsifenéj$imi formami vdzanymi na permafrost, které se
zde vyskytuji (cf. Kiizek, 2007, 2016) a rovnéz ukazalo, Ze nejvice symetrické tvary, jako tfidéné polygony a tiidéné
kruhy nebo raselinné a ptidni kopecky, se nachazeji prevazné na plochych ¢i mirné uklonénych povrsich vyssich nad-
motskych vysek, zatimco méné symetrické vzory, jako tfidéné a netfidéné pruhy, se obvykle vyskytuji na ponékud
strméjsich svazich a v nizsich nadmotskych vyskach. Ddle bylo zjiSt€no, Ze tfidéné strukturni pidy se vyskytuji ve

vyssich nadmotskych vyskach oproti netfidénym strukturnim pidam. To do zna¢né miry odrazi rozloZeni sklonu
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svahd v alpinském bezlesi, které je charakterizovano rozsahlymi vrcholovymi ploSinami obklopenymi strméj$imi
svahy, zaroven to vSak poukazuje na existenci charakteristického vyskového usporadani strukturnich pid, jez odrazi
zvySujici se drsnost klimatickych podminek a ubyvéani vegetace smérem do vyS$Sich nadmotskych vySek (cf. Harris,
1982; Niessen et al., 1992; Hjort & Luoto, 2006; Feuillet er al., 2012) ke konci posledniho glacidlu, kdy vétsina zdej-
Sich strukturnich pud pravdépodobné vznikla (Sekyra & Sekyra, 1995; Traczyk & Migon, 2000; Sekyra er al., 2002).
Vzhledem k tomu, Ze strukturni pidy se vyskytuji v pomérné izkém vyskovém rozpéti ca. 1260-1555 m n. m., to
ale také indikuje jejich vysokou citlivost na zmény klimatickych a environmentalnich podminek. To se promita také
do morfologie strukturnich pid, jelikoz Clanek 1T zjistil, Ze tfid&né polygony byvaji 1épe vyvinuté ve vyssich nad-
morskych vyskach, protoze zde byly po del$i dobu vystaveny drsnéj$im klimatickym podminkdam. Ty zptsobily, Ze
hloubka mrznuti a tidni (~Cinnd vrstva) zde byla mél¢i a cykly mrznuti a tani byly Cetnéjsi a intenzivnéjsi, coz vedlo
k vyvoji mensich, vice vyklenutych a 1épe vytiidénych tiidénych polygoni ve vyssich nadmotskych vyskach, zaroven
to ale také pravdépodobné zpusobilo jejich ¢asteCnou reaktivaci a tvorbu sekundarnich center tfidéni béhem chlad-
n&jsich obdobi holocénu. Kromé toho Clanek II dale naznaiil, Ze vyvoj tiidénych strukturnich pid pravdépodobné
zahrnuje pozitivni zpétnou vazbu mezi jejich morfologii a mrazovou susceptibilitou substratu, kterd je ovlivnéna
mikroklimatickymi podminkami.

Je pozoruhodné, Ze mensi rozméry strukturnich ptd ve vy$§i nadmoiské vysce zjisténé Clankem I v pifpadé re-
liktnich tfidénych polygonti ve Vysokych Sudetech jsou konzistentni s pozorovanimi Clinku V v piipadé aktivnich
tifidénych strukturnich pid podobné morfologie v oblasti severniho Billefjordenu na souostrovi Spicberky, jakoZ i na
ostrové Jamese Rosse v regionu vychodniho Antarktického poloostrova (Marvanek, 2010) i v jinych oblastech se
souCasnym vyskytem permafrostu (Kling, 1998). Naopak rozméry aktivnich tfidénych strukturnich pid vykazuji
opacny trend v oblastech se sez6nné zmrzlou ptidou (Holness, 2003; Feuillet er al., 2012). To dohromady ukazuje,
Ze velikost strukturnich ptd tzce souvisi s hloubkou mrznuti a tani a Ze jeji vySkové trendy v urcité oblasti mohou
naznacovat, zda se strukturni pady vyvinuly v podminkdch permafrostu, nebo sezénné zmrzlé pudy, pripadné v jaké
nadmoiské vysce se hranice mezi permafrostem a sezé6nné zmrzlou pidou v dobé jejich vzniku nachdzela. Souhrn dos-
tupnych hodnot pomért povrchové velikosti a hloubky tfidéni u kruhovych a polygondlnich tfidénych strukturnich pad
navic ukazal, Ze tyto maji tendenci shlukovat se mezi hodnotami ca. 3,1-3,8, diive predikovanymi teoretickymi mode-
ly vyvoje strukturnich pad (Ray er al., 1983; Gleason et al., 1986; Hallet & Prestrud, 1986; Peterson & Krantz, 2008),
coz indikuje, Ze povrchova velikost strukturnich pid by mohla byt vyuZita pro odhad jejich hloubky tfidéni bez nut-
nosti pracného a ¢asové ndro¢ného hloubeni kopanych sond. Vzhledem k tomu, Ze hloubka tfidén{ je reprezentativni
pro hloubku mrznut{ a tdn{ a tim padem také pro teplotni podminky v obdobi{ vyvoje strukturnich pud (sensu Hallet &
Prestrud, 1986; Ballantyne & Harris, 1994), mélo by byt snahou zaméfit se na paleoteplotni rekonstrukce vyuZivajici
hloubku tfidéni (~hloubku mrznuti a tanf), protoZe ty by mohly poskytnout hodnovérné;jsi odhady teploty neZ tradi¢ni
empirické metody, které vychézeji ze soucasnych teplot vzduchu v mistech vyskytu aktivnich tfidénych strukturnich
pid (Ballantyne & Harris, 1994; Ballantyne, 2018). Ty totiz mohou byt zavad&jici, jelikoz Clinek V rovnéz poukazal
na to, Ze vétsina jim analyzovanych strukturnich ptd pravdépodobné neni v rovnovaze se souc¢asnymi klimatickymi
podminkami a, byt’ jsou zjevné aktivni, pravdépodobné se vyvijely béhem celého holocénu, tedy v podminkdch, které
se mohly podstatné liSit od téch soucasnych (cf. Ballantyne & Harris, 1994; Ballantyne, 2018). Dynamika strukturnich
pid se navic také pravdépodobné lisi v riiznych zemépisnych Sitkdch vlivem rozdilti v soldrn{ insolaci, coZ generuje
odlisné termédlni reZimy, vCetné rizného poctu a intenzity cyklli mrznuti a tani, a tim ptredstavuje dalsi komplikaci pro
empirické rekonstrukce, které obvykle vyuZzivaji aktivni strukturni pidy z vysokych zemépisnych $itek jako analogy
pro reliktni tvary ve stfednich zemépisnych Sitkdch (Ballantyne & Harris, 1994; Ballantyne, 2018).

Vzhledem k tomu, Ze vznik n€kterych strukturnich pud, jako velkych tfidénych polygond ¢i siti, je obvykle spo-
jovén s pfitomnosti alespoti nesouvislého permafrostu a primérnou ro¢ni teplotou vzduchu <—6 az —4 °C (Goldth-
wait, 1976; Washburn, 1980; Grab, 2002; Ballantyne, 2018), jejich hojny vyskyt ve Vysokych Sudetech svéd¢i o tom,

Ze permafrost s ¢innou vrstvou o mocnosti az ca. 1,5-2 m se zde ve velké mife nachdzel ke konci posledniho glacidlu
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a ze sniZzeni praimérné ro¢ni teploty vzduchu tehdy dosdhlo alespori —8 az —4 °C. Vzhledem k tomu, Ze se jedna
o minimdln{ sniZen{ teploty, je tento odhad v souladu s diive uddvanymi hodnotami ca. —12 az —8 °C zaloZenymi na
jinych charakteristikach a formach vazanych na permafrost a modelovani hmotové bilance ledovcti (Czudek, 1986;
Chmal & Traczyk, 1993; Heyman et al., 2013) a rovnéZ je konzistentni i s minimélnim poklesem teploty ca. —8
a7 —4,5 °C rekonstruovanym z podzemnich vod a teplotnich profild z hlubokych vrti v okolnich niZindch (Safanda
& Rajver, 2001; Zuber et al., 2004; Corcho Alvarado et al., 2011). V soucasnosti se v§ak ve Vysokych Sudetech
pravd&podobné Z4dny permafrost nenachézi, jelikoz Clanek III potvrdil jeho absenci i ve vysoko poloZenych ka-
mennych mofich, kterd obvykle poskytuji viibec nejvhodnéjsi prostfedi pro jeho potencidlni uchovani, avsak zdejsi
kamennd mote maji spiSe maly vertikalni rozsah a navic jsou pomérné mélka, coZ brani rozvoji vnitini cirkulace
vzduchu a tim padem i vytvoreni negativnich teplotnich anomalii vici okolnimu vzduchu (sensu Delaloye & Lam-
biel, 2005; Wicky & Hauck, 2017).

Naopak Cléanek IV, ktery pfedstavil prvni komplexni pfeshrani¢ni mapu kamennych ledovcl v Zapadnich a Vyso-
kych Tatrdch, a jako takovy doplnil obdobné, dfive provedené vyzkumy z jinych evropskych pohofi, jako Alp,
Pyreneji, Skandindvského pohoii ¢i Jiznich Karpat, naznacil, Ze permafrost se zde pravdépodobné nesouvisle vysky-
tuje i dnes v nadmoiské vysce nad ca. 2000 m n. m. soudé dle polohy Cel intaktnich kamennych ledovct. Jeho
vyskyt se nicméné vyznacuje znacnou prostorovou variabilitou podminénou zejména orientaci viic¢i svétovym strandm
a charakterem krajinného pokryvu, coZ potvrzuji i ojedinéld podpovrchova teplotni méfeni (napf. Gadek & Kedzia,
2008; Uxa & Mida, 2016, 2017). Tato droveri je mirné nad dfive navrZzenou primérnou nadmoiskou vyskou nesou-
vislého permafrostu v hladin€ 1930 m n. m. vychdazejici z polohy nulové izotermy primérné ro¢ni teploty vzduchu
(Dobinski, 1997, 2004, 2005) byl zaloZen na teplotdch vzduchu z let 1985-1989 ¢i 1985-1994, kdy bylo klima mirné
chladnéjii, nebot’ primérna teplota vzduchu zde od 60. let 20. stoleti rostla v priméru o 0,02 °C rok~! (Zmudzka,
2011; Pribullova et al., 2013). Za piedpokladu vertikalniho teplotniho gradientu 0,0055 °C m~! (sensu Niedzwiedz,
1992) by tak béhem 20 az 30 let doslo ke zvySeni tirovné nulové izotermy z 1930 m n. m. na 2003 az 2039 m n. m.
nebo dokonce vyse, nebot’ oteplovéni v 80. letech 20. stoleti jesté zrychlilo (Zmudzka, 2011), coz dobfe odpovida
skuteénosti, Ze podpovrchové teploty v kamennych ledovcich zde byvaji v priméru mirné nizsi nez teploty vzduchu
(Uxa & Mida, 2016, 2017). Zaroven to ale také ospravedliuje vySe poloZenou troven spodni hranice nesouvislého

Clanek IV dle polohy &el reliktnich kamennych ledovci déle uréil, Ze spodni hranice nesouvislého permafrostu
se zde na prelomu pleistocénu a holocénu, kdy kamenné ledovce pravdépodobné vznikly (Kotarba, 2007; Zasadni
et al., 2020), nachazela okolo ca. 1400 m n. m. a souvisejici pokles primérné roc¢ni teploty vzduchu tehdy dosahl
alespont —5,4 °C, coz je v dobrém souladu s hodnotami ca. —7 az —6 °C zaloZenymi na modelovani hmotové bi-
lance ledovct (Makos er al., 2013). Podobné Zasadni er al. (2020) uvazovali, Ze mladodryasové kamenné ledovce
by se mély nachéazet ve vyskovém rozpéti 1320-1520 m n. m. za predpokladu sniZeni primérné rocni teploty vz-
duchu —5 aZ —4 °C. Nicméné uvedeni autofi numericky datovali pouze malé kamenné ledovce ve vyskach ca. 1800—
2000 m n. m., které vznikly 11.9-10.4 ka, tedy pfevdzné az na pocatku holocénu (Zasadni er al., 2020), kdy jiz
bylo klima ponékud teplejsi (Toth er al., 2012), v disledku ¢ehoz stanovili spodni hranici nesouvislého permafrostu
ca. 1800 m n. m. a sniZeni teploty —1,6 °C, nebo —5,3 °C pfi uvaZovani zvySeni rocni amplitudy teploty vzduchu
(Zasadni et al., 2020). Déle ptedpoklddali, Ze kamenné ledovce v niZ§ich nadmofskych vyskach vznikly v obdobi pred
mlad$im dryasem, pro coZ argumentovali tim, Ze permafrost ve vyskach ca. <1600 m n. m. udajné zmizel mnohem
drive dle pfitomnosti tzv. rozsdhlého ¢ela kamenného ledovce na bazi akumulace skalniho ficeni v 1620 m n. m. (Za-
sadni et al., 2020) datovaného do doby 15,6£0,7 ka (Engel ef al., 2015; Panek et al., 2016). Nicméné tato akumulace
je jinymi studiemi povaZovdna vyhradné za produkt skalniho ficeni (Engel ef al., 2015; Panek et al., 2016) a neni
zahrnuta ani v mapé kamennych ledovci publikované Cliankem IV a jako takovd tedy pravdépodobné nemé zadny

v v

vyznam z hlediska nékdejStho rozsifeni permafrostu. Pokles teploty v obdobi jejtho vzniku je navic odhadovén na
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ca. —10 az —9 °C (Makos, 2015), coz by implikovalo, Ze permafrost se tehdy nachazel mnohem nizZe a urcit¢ pod
hranici ca. 1500 m n. m., jak nazna¢uji data z kryogennich jeskynnich karbonati (Zik ez al., 2012). V neposledni
fad€ je nezbytné zminit, Ze kamenné ledovce v Zdpadnich Tatrach datované do mladSiho dryasu sestupuji do vysky
ca. 1400 m n. m., coz ukazuje, Ze spodni hranice permafrostu, jakoZ i pokles primérné ro¢ni teploty vzduchu
stanovend Clankem IV je opodstatnéna.

Reliktni i intaktni kamenné ledovce a tim pddem také minuld i soucasnd spodni hranice nesouvislého permafrostu
se v pruméru nachazeji o ca. 400-600 m niZe neZ v Alpéach a o ca. 100-250 m niZe neZ v Jiznich Karpatech, coz je
dano vySsi kontinentalitou a nizZ§imi teplotami danymi vyS$$i zemépisnou Sifkou (sensu Dobiriski, 2005; Onaca ef al.,
2017). Je vSak tieba podotknout, Ze odvozené spodni hranice permafrostu by mély byt chapany jako predbézné, jelikoz
kamenné ledovce umoziuji spiSe orientacni odhad potencidlniho rozsifeni permafrostu, ktery ma tendenci nadhod-
nocovat jeho vyskyt v mistech nepokrytych kamennou suti. Podpovrchova teplotni méfeni doplnénd geofyzikalnim
prizkumem jsou proto nezbytnd pro stanoveni zdejsich zakonitosti vyskytu permafrostu, coZ pomiZe zlepsit odhady
jeho minulého i soucasného rozsifeni a pripadné zhodnotit jeho reakci na soucasné oteplovani klimatu.

Teplotni méfeni by méla byt co mozna nejdelsi, jak ukazuje Clinek VII, ktery analyzoval jednu z nejdelsich
casovych fad (2006-2016) teploty vzduchu a ptidy a modelované mocnosti ¢inné vrstvy pomoci Stefanova a Kudryavt-
sevova modelu v oblasti Antarktického poloostrova i celé Antarktidé, ale i desetiletd fada se ukdzala jako pfiliS kratkd
na to, aby zachytila statisticky vyznamné trendy. Navzdory tomu vSak bylo zaznamendno ztencovani ¢inné vrstvy
podobné jinym lokalitdim v okoli Antarktického poloostrova, které bylo zptisobeno predevsim klesajicimi letnimi
teplotami vzduchu i piidy a zkracovanim sezony tani, k Cemuz v oblasti dochdzi priblizné od roku 2000 (Turner et
al.,2016; Oliva et al., 2017) a jeji dynamika se tak znacné lisi od vétSiny oblasti s vyskytem permafrostu na severni
polokouli, kde teploty vzduchu a pidy a mocnost ¢inné vrstvy béhem poslednich desetileti vytrvale stoupaji (Harris
et al.,2009; Romanovsky et al., 2010; Luo et al., 2016; Biskaborn ez al., 2019). Analytické modely pouZité pro odhad
mocnosti ¢inné vrstvy reprodukovaly jeji tloustku s menSimi chybami neZ ve vét§iné predchozich studii. Navic to
byla jejich vibec prvni dspé$nd aplikace v Antarktidé poté, co byly chybné vyuZity dvéma pfedchozimi studiemi
(Wilhelm er al., 2015; Wilhelm & Bockheim, 2016), které modelovaly nerealisticky mocné ¢inné vrstvy na ostroveé
Amsler v zdpadni Casti regionu Antarktického poloostrova, jez nadhodnocovaly skute¢né hodnoty aZ o stovky pro-
cent a tim v podstaté vylucovaly pfitomnost piipovrchového permafrostu, coz vyvoldvalo mylny dojem extrémniho
oteplovani a jako takové siln& zkreslovalo skute&ny stav klimatu v regionu, na coZ poukézal Clinek VI. Clinek VI
a Clanek VII také upozornil na nékteré dilezité aspekty modelovani permafrostu a &inné vrstvy, vetnd fazovych
zmén a vlivu latentniho tepla nebo parametrizaci a korekci modeld, cozZ je uZitecné, jelikoZ tyto modely jsou stale
vice dostupné nejen pro vyzkumniky zabyvajici se permafrostem, ale i pro odborniky z jinych disciplin, ktefi pracuji
v oblastech s vyskytem permafrostu.

Clanek I, Clanek 11, Clanek IV a Cldnek V prokézal, Ze strukturni pady a kamenné ledovce jsou velmi citlivé na
zmény klimatickych a environmentdlnich podminek a Ze tyto podminky mohou byt zpétné rekonstruovény i z forem
vzniklych béhem posledniho glacidlu ¢i raného holocénu, coZ mé velky vyznam pro oblasti se soucasnym vyskytem
permafrostu, zejména to vSak ukazuje na jejich znacny potencidl pro rekonstrukce pfirodnich podminek v oblastech,
kde se permafrost vyskytoval v minulosti a které si jednoznacné zaslouZzi dalsi vyzkum. Ten by mél byt orientovan

N e

zejména na presnéj$i odvozeni teplotnich podminek spojenych se vznikem strukturnich pid i kamennych ledovci
a na jejich ditkladné Casové zarazeni pomoci metod numerického datovani. Dosud bylo jejich staif pouze odhadovano
s vyuzitim znalosti o mistnim zalednéni a/nebo paleoklimatu, zatimco absolutni datovani prakticky zcela chybélo,
a to i kvili potencidlnim nepfesnostem v ddsledku jejich mozného polycyklického vyvoje ¢i morfologickych zmén
dlouho po jejich vzniku. V posledni dobé se nicméné zacala objevovat numericka data alespoi pro kamenné ledovce
v Zéapadnich a Vysokych Tatrach (Engel e al., 2017; Zasadni et al., 2020), prvni data pro strukturni pady ve Vysokych
Sudetech by se vSak rovnéz méla brzy objevit (Engel ef al., in revision). Velmi Zadouci je také jejich korelace s lokal-

nimi horskymi zalednénimi a dynamikou permafrostu v okolnich niZinach, aby bylo moZné 1épe pochopit pozdné
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kvartérni vyvoj krajiny v téchto regionech. Chovani permafrostu v hordch a niZinach se totizZ pravdépodobné velmi

A

lisilo jak prostorove, tak Casove, avSak tato problematika dosud nebyla téméf fesena, jelikoZ vétSina chronologickych
dat z forem véazanych na permafrost ve stfedoevropském prostoru severné od Alp stile pochdzi téméf vyhradné
z nizinnych oblasti (Isarin, 1997; Huijzer & Vandenberghe, 1998; Czudek, 2005; Marks ef al., 2016). Monitoring
teploty vzduchu a pidy a/nebo mocnosti &inné vrstvy, s nimz bylo zapo&ato na ostrové Jamese Rosse (Clinek VII)

a ve Vysokych Tatradch (Uxa & Mida, 2016, 2017), by rovnéz mél pokracovat, aby se prodlouZily dosavadni ¢asové

v,

fady a bylo tak mozné provést diikladné;jsi analyzu trendi, kterd vice napovi o dynamice Cinné vrstvy a permafrostu
v téchto oblastech a faktorech, které ji ovliviiuji, coZ je nezbytné pro posouzeni regiondlnich rozdilti dopadi klima-
tickych zmén na tyto ddleZité slozky kryosféry.

Zéavérem lze konstatovat, Ze disertani prace pfispéla k lepSimu pochopeni minulé i soucasné dynamiky zkou-
manych oblasti, coZ dokldda, Ze charakteristiky a formy vdzané na permafrost a ¢innou vrstvu jsou cennymi indik4-
tory pozdn& kvartérnich zmén piirodniho prostfedi, jsou-li podrobné analyzovény (Clanek I, Clanek 11, Cldnek IV,
Clanek V a Clinek VII) a spravné interpretovany (Clanek 111 a Clanek VI). Nové zavedené metodické postupy a nové
pohledy na formy vidzané na permafrost, jakoZ i nové vybudované observacéni sité kromé toho zvysuji §ifi informact,
které 1ze z minulych a soucasnych charakteristik a forem vdzanych na permafrost a ¢innou vrstvu ziskat, a proto
maji vysledky prace také znacny metodicky a geneticky aspekt, jakoz i vyznam pro obecné koncepty vyvoje oblasti
s vyskytem permafrostu. Pfesto by se na né mélo pohlizet spisSe jako na dil¢i, ale dulezité kroky, které pfipravuji padu

pro navazujici vyzkum.
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