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Abstract

In the Bohemian Forest, moraines were dated demonstrating glaciation in the Late Glacial. Evidence of older
glaciations, which authors of numerous studies assume to have occurred, is lacking. We suggest that the
allometric development of the size and shape of glacial cirques may prove the occurrence of older glaciations.
We conducted detailed field research at two glacial cirques. These cirques were classified as a slope cirque
and a schrundline cirque according to their shape, with different degrees of development. Structural-geological
conditions are essential for the shape and development of cirques. Considering the allometric development of
cirques, the investigated cirques must have developed over a period of at least 300 ka and, thus, during more
than one glacial cycle.
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INTRODUCTION

Over the last twenty years, detailed geomorphological research with absolute dating of
moraines (REUTHER 2007, MENTLIK et al. 2010, REUTHER et al. 2011, MENTLIK et al. 2013)
has been carried out in the formerly glaciated areas of the Bohemian Forest. The results
provide evidence of glacial activity in the Late Glacial, but do not provide data that would
indicate older glaciations. Thus, for the Pleistocene glaciation of the Bohemian Forest, the
fundamental question of glacier activity during older cold periods (which has been documented
in other Hercynian mountain ranges of Central Europe e.g. the Black Forest, FIEBIG et al.
2004) remains unresolved. In the Bohemian Forest region, this question is particularly relevant
because, especially in the works of German authors (e.g. HAUNER 1980, HAUNER et al. 2019),
older glaciations are not only assumed but are reported to be well beyond the extent of
glaciation linked only to glacial cirques. In formerly glaciated areas, not only accumulation
forms such as moraines, but also erosional forms — especially cirques — provide information
on landscape development (BROOK et al. 2006, BARR & SPAGNOLO 2015).

Previous research in the Bohemian Forest shows that structural-geological conditions and
deflation plateaus from which snow was transported to the cirques were influential for the
formation and development of cirques (MENTLIK 2006, STEFFANOVA & MENTLIK 2007,



MENTLIK et al. 2010, MENTLIK 2016). Therefore, the geological conditions of the cirques
were evaluated as a factor influencing the length of time over which the cirques developed.

In the context of other studies pointing to the allometric nature of cirques (GORDON 1977,
EVANS & COX 1995, BROOK et al. 2006, EVANS 2006, BARR & SPAGNOLO 2015), the aim
of this paper is to infer how long (how many glacial cycles or cold Pleistocene periods) the
development of the two Bohemian Forest cirques may have lasted. Sub-objectives of the
present study are to verify the relationship between the morphology of these cirques and the
geological structure and between the size and position of the deflation plateau and the cirques
development. The size and position of the plateaus may have influenced to the rate of cirques
development. Therefore, the paper summarises the local structural-geological conditions that
have been identified in the Bohemian Forest as essential for the formation and development
of cirques, especially at the sites of Prasilské Lake and Laka Lake (MENTLIK 2006), see
Fig. 1. These findings are supplemented by new results from research carried out at cirques
on the German side of the Bohemian Forest — Kleiner Rachelbach cirque and Grofer
Schwarzbach cirque (Fig. 1).
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Fig. 1. Location of cirques (black arrows) in the Bohemian Forest mentioned in K&izex et al. (2012) and two
areas of interest (red arrows). The orientation of the arrow indicates the orientation of the cirques.



State of Research

On the main Bohemian Forest ridge, which runs NW-SE, there are numerous valleys based
on old tectonic lines, which are oriented N-S (MENTLIK 2016). Glacial cirques formed on
the Czech and German sides of the Bohemian Forest and glaciers were active during the
cold periods of the Pleistocene (REUTHER 2007, KRIZEK et al. 2012, MENTLIK et al. 2013,
VOCADLOVA et al. 2015, HAUNER et al. 2019) in these valleys.

Glacial cirques carry information about the glaciation and about the climate that
accompanied it (HUGHES et al. 2007, MINDRESCU et al. 2010, BARR & SPAGNOLO 2015,
BARR et al. 2019). As with other geomorphological forms, different degrees of cirque
development can be observed (Fig. 2, e.g. from grade 1 representing a marginal cirque to
grade 5 representing a classic cirque; EVANS & COX 1995), which may indicate a different
time period over which the cirque was glacially formed (BROOK et al. 2006, EVANS 2006,
BARR & SPAGNOLO 2015). The degree of development is determined by the morphological
characteristics. Larger and deeper cirques are generally more developed and probably formed
over a longer period of time. Moreover, it is assumed that the cirques develop allometrically
(GORDON 1977, EVANS & COX 1995, BROOK et al. 2006, EVANS 2006, BARR & SPAGNOLO
2015). According to this concept, the morphological characteristics of cirques change at
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Fig. 2. Generalised representation of allometric cirque development in planform (A) and longitudinal profile (B)
with planform development (C) and longitudinal profile development (D) of an idealised cirque in the Ben
Ohau Range, New Zealand (after Brook et al. 2006). Panel A and B after Goroon 1977. The L/W ratios for
particular grades of development in panel A are: gr. 1 =0.40; gr. 2=10.71; gr. 3=1.00; gr. 4 = 1.07; gr. 5 = 1.10.



different rates during their development (EVANS & COX 1995, BROOK et al. 2006, EVANS
20006). The length of a cirque changes more rapidly than its width (BROOK et al. 2006, EVANS
2006, BARR & SPAGNOLO 2015), so more developed cirques tend to be more elongated (L/W
index > 1); see Fig. 2.

By fitting the morphological characteristics of the cirque into the assumed allometric series
(Fig. 2), it is possible to estimate how many glacial cycles it took for the cirque to develop
(EVANS & COX 1995, BARR & SPAGNOLO 2015). BARR & SPAGNOLO (2015) compare the
allometric series of cirque development (Figs. 1A—1B) with the development of cirques in New
Zealand (Figs. 1C and 1D). They then infer the duration of cirque development based on the
length, width, and height of the cirques and their allometric variation (BARR & SPAGNOLO
2015). When using this approach, it must also be considered that cirques do not appear to
develop uniformly over time. It has been found (BARR et al. 2019) that cirques develop most
rapidly at the beginning of their development and then their development slows down (because
according to BARR et al. (2019) a “least resistance” shape is formed, because trapped subglacial
sediment protects the bedrock from erosion).

MENTLIK (2006) presents a possible classification of cirques (Fig. 3A) into three main
morphological types for the Bohemian Forest (division based on HAYNES 1968). The first
type is the slope cirque (Fig. 3), connected with the western flanks of the valley (exposed to
the east), morphologically rather round, characterised by less remodelling and a shorter
expected development time. The second type is the L cirque and the third type is the schrund-
line cirque (Fig. 3). The second and third types are associated with valley closures, are rather
clongated and are characterised by greater remodelling than slope cirques and therefore have
a longer expected development time (MENTLIK 2006). This raises the question of whether
the different morphological types of cirques and hence the predicted rate of development may
be related to structural-geological conditions. This would mean that cirques could develop
over a similar period of time, but their shape or degree of development would be more
influenced by the structural-geological conditions.

The influence of the bedrock structure on the development of cirques has been demonstrated
several times (RAAB 1999, MENTLIK 2006, HUGHES et al. 2007, BENN & EVANS 2010). In
the Bohemian Forest, this influence has been described by VOTYPKA (1979, 1997) for the
Plesné Lake cirque. He showed that the specific arrangement of the joint systems of the
granite determined the formation and shape of the cirque (VOTYPKA 1979, 1997), which is
strongly elongated and well developed (KRIZEK et al. 2012). Evidence for the influence of
the rock structure on the origin and development of glaciation was also investigated in
the Bohemian Forest by MENTLIK (2006), who presented the results of his investigations into
the relationship between the geological structure and the cirque morphology from two sites.
In the Présilské Lake cirque (slope cirque, Fig. 3B), the boundary between granite and
crystalline schists was crucial, because each rock type shows a different fracture system
(MENTLIK 2006, MENTLIK et al. 2010). In the Laka Lake cirque (schrundline cirque,
Fig. 3C) the direction of foliation of the crystalline schists was reported to determine the
course of the cirque wall and is identical here with the valley closure (MENTLIK 2006).
VOCADLOVA (2011) presents the results of geomorphological and geological research at
the Cerné Lake cirque, on the basis of which the Cerné Lake cirque can also be classified as
a schrundline cirque.



In the case of the Bohemian Forest cirques, the schrundline and L cirques seem to be almost
indistinguishable, especially in relation to the observed geological conditions, i.e. the
determination of the cirque wall by the foliation of the crystalline schists. Therefore, we
decided to use only two groups for classification. Table 1 divides the Bohemian Forest cirques
presented in KRIZEK et al. (2012) into slope and schrundline cirques and lists the basic
morphological characteristics of each cirque. Based on Table 1, it is clear that we find
significantly fewer slope cirques in the Bohemian Forest.

In addition to the preglacial relief and geological structure, the formation and development
of the Bohemian Forest glaciers and thus the cirques themselves was influenced by the
deflation (ridge or summit) plateaus above the cirques (STEFFANOVA & MENTLIK 2007,
MENTLIK et al. 2010, MENTLIK 2016). This link has already been described by JENIK (1961)
in the Giant Mountains (Krkonos$e Mts.) and other mountain ranges as an anemo-orographic
system. The importance of deflation plateaus in the Giant Mountains was also described in
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Fig. 3. A) Classification of cirques in Bohemian Forest according to their morphology. B) Morphostructural
predisposition of a slope cirque using the example of Prasilské Lake. C) Morphostructural predisposition of
a schrundline cirque using the example of the Laka Lake cirque. Adapted from MEeNTLiK 2006.



Table 1. Classification of cirques studied by Krizek et al. (2012) into the proposed typology of the
Bohemian Forest cirques with their basic morphological characteristics. Unless otherwise stated (1)
STEFFANOVA & MENTLIK 2007 and 2) this study), data according to Krizek et al. (2012). Italics indicate
cirques for which we know the structural-geological conditions. Bold highlighting indicates cirques for which
structural-geological conditions will be verified. The area of the deflation plateau is not available for every
cirque (marked as missing data).

A — Cirque Area of deflation
Cirque type Cirque name L/W area plateau
(ha) (ha)
Slope Prasilské Lake cirque 1.06' 36.9 17.0!
GroBer Schwarzbach cirque 0.94% 36.82 54.02
Hirschbach II cirque 1.10 16.2 missing data
Average for the slope type 1.03 30.0
Schrundline Laka Lake cirque 1.34 68.9 95.51
Cerné Lake cirque 1.25 86.3 49 6!
Certovo Lake cirque 0.82 71.4 33.7!
Plesné Lake cirque 1.33 53.6 27.8!
Kleiner Arbersee cirque 1.65 148.1 missing data
Grofler Arbersee cirque 0.83 154.5 47.6!
Rachelsee cirque . .
(Altersee + Rachelsee) 0.87 669 66.9'
Kleiner Rachelbach cirque 1.29? 53.22 9.02
Hirschbach cirque 1.07 11.1 missing data
Average for the schrundline type 1.16 79.33

more recent studies (MIGON 1999, PILOUS 2012). Snow transported from a westward
deflation plateau allowed the formation of glaciers even below the regional snowline
(MENTLIK et al. 2010). The westward position of the deflation plateaus is based on the
prevailing westerly winds which are assumed to have existed at temperate latitudes in the
cold Pleistocene periods (ISARIN et al. 1997, FLORINETH & SCHLUCHTER 2000). However,
it is not clear whether the sizes of the deflation plateaus influenced the morphology of the
cirques. To evaluate the relationship between the size of the deflation plateaus and the degree
of cirque development, the sizes of the plateaus (based on STEFFANOVA & MENTLIK 2007
and presented research) for each cirque are listed in Table 1.

Investigated sites

Geomorphological mapping (DUFFEK et al. 2023) and the related analyses of the geological
structure was carried out at two sites of interest (see Fig. 4). One was in the Kleiner Rachelbach
(according to HAUNER et al. 2019) north-facing valley closure with the schrundline type



glacial cirque and the other in the GroBer Schwarzbach (according to HAUNER et al. 2019)
south-facing valley with the slope type glacial cirque, which developed on the eastern slope
of the valley.

Characteristics of the investigated sites

Both study sites are located in the Bavarian Forest National Park. Access to these sites and
the research itself was permitted by the Bavarian Forest National Park Authority, which also
provided us with digital map data (a digital elevation model and a geological map). According
to the 1 : 25 000 geological map (LFU 2021), the sites are mainly made up of gneisses.
A granite lens is shown on the geological map in the Kleiner Rachelbach cirque (Fig. 4A).
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In the GroBer Schwarzbach cirque (Fig. 4B), the prevailing gneiss alternates with granite. The
main tectonic lines are defined in both localities (after HAUNER et al. 2019), which have
a predominantly NNE-SSW direction in the Kleiner Rachelbach locality and NNW-SSE in
the Grofer Schwarzbach locality (Fig. 4).

Remnants of glacial erosional and accumulation landforms with different extents can be
observed at both sites (Fig. 4). The occurrence of infilled lakes of unknown depth lying at the
bottom of the cirques is assumed, suggesting that they have been overdeepened (PFAFFL 1997,
PFAFFL 2010, HAUNER et al. 2019, VONDRAK et al. 2019). The moraine ridges with clear
connections to the cirque (Fig. 4) are estimated to date to the end of the last glacial period
(HAUNER et al. 2019). Extensive glaciation well beyond the defined glacial cirques (Fig. 4)
is assumed by German authors (ERGENZINGER 1967, HAUNER 1980, HAUNER et al. 2019)
at both sites, within which glacial tongues up to 6 km long are proposed. The age of this
glaciation is estimated to date to the penultimate glacial period (HAUNER et al. 2019).

METHODOLOGY

Morphological analysis of the glacial cirques

Morphological characteristics were previously determined for both sites by KRIZEK et al.
(2012). A LIDAR digital elevation model was not available for this research and the
conclusions were not verified by detailed field mapping. Therefore, using field research and
the data presented (DUFFEK et al. 2023), the basic morphological characteristics (length (L),
width (W), height (H) L/W index, area (A) of both cirques were recalculated (Table 1) after
FEDERICI & SPAGNOLO (2004), BARR & SPAGNOLO (2015), CHANDLER et al. (2018). The areas
of the deflation plateau were calculated for both sites (Table 1) as well. The deflation plateaus
were defined, as at the other sites in the Bohemian Forest (after STEFFANOVA & MENTLIK
2007), as the higher plateau lying west of the cirque with a slope of 0—12°.

Morphostructural analysis
Three types of joint systems are assumed to be important for geomorphological forms
(AHNERT 1996, JAROS & VACHTL 1992):
1) in intrusive rocks (especially granites) contraction joints formed during cooling of
magma — SQL joint systems as defined for granites by CLOOS (1925);
2) in crystalline schists, compression joints formed by lightening according to the
predispositions of the rock — mostly metamorphic foliation;
3) and also tectonic joints on crystalline schists, the formation of which is associated with
tectonically determined movements of the Earth’s crust.

MENTLIK (2006) used the following procedure in the Prasilské Lake cirque to determine the
influence of the morphological structure on the origin and development of the cirque:

1) the main morphostructural lines prevailing in the area were identified — morpho
lineaments were defined (MINAR et al. 2011), which included direct rock boundaries,
direct parts of watercourses, predominant fault directions — lines of significant length
were included.

2) Fault directions were analysed:

a) for intrusive rocks;
b) for crystalline schists.



ad a) For intrusive rocks, the directions of all joints were measured to determine the
directions of the SQ joint systems formed during cooling and thus contraction
of the intrusive body.

ad b) For crystalline schists, a distinction was made between potentially tectonic
joints (with inclinations of 75° to 90°) and compressive joints, where their
formation was assumed to be related to the lightening of the rock (in the cas
of crystalline schists, the opening of joints in a direction consistent with the
metamorphic foliation).

3) the directions of the rock outcrops were measured (directions perpendicular to their
fall line). It is assumed that rock outcrops preferentially form on joints or other faults
by complete separation of one part of the rock mass. Therefore, the directions of rock
outcrops should correspond to some of the morphostructural directions mentioned
above on both granites and crystalline schists.

Our research followed the above methodology at both study sites. The main tectonic directions
presented in HAUNER et al. (2019) were analysed and taken as the main directions of the
morpho lineaments. Furthermore, the directions of the available rock outcrops and joint
systems were analysed. For joints, the inclination and direction were measured with
a geological compass. In order to distinguish tectonic joints (according to AHNERT (1996)
and JAROS & VACHTL (1992) joints associated with pressure tectonics) the joints with slopes
greater than 75° were measured and evaluated separately (as in MENTLIK 2006).

RESULTS

Kleiner Rachelbach cirque

The Kleiner Rachelbach cirque was formed in a valley closure in an approximately N—S
direction. The orientation of the cirque axis is NNE. The cirque has a significant length over
width ratio (L/W = 1.63) (Fig. 5) and corresponds to the schrundline cirque type (Fig. 3). The
cirque is linked to a higher deflation plateau, which is relatively small by Bohemian Forest
standards (only 9 ha, see Table 1), and is ridge-like in character.

More than 200 joints were analysed in the Kleiner Rachelbach cirque, which is mainly
composed of gneiss. Granites were not recorded during the detailed field survey, which
contradicts the information on the geological map (see Fig. 4A). Compression joints based
on the foliation of metamorphites have one predominant direction WNW-ESE (Fig. 5). The
same direction was found for the tectonic joints, but also a direction perpendicular to it
(NNE-SSW). Both of these joint directions determine the formation of rock outcrops with
a predominant direction of NNE-SSW.

The rock outcrops in the cirque wall are strongly linked to the rock foliation. Outcrops that
are perpendicular to the direction of the foliation (NNE-SSW, analogous to the faces of layers
in sedimentary rocks) and then outcrops with directions that correspond directly to the foliation
(WNW-ESE) predominate. Moreover, the NNE-SSW direction corresponds to the main
tectonic lineaments (and thus the predominant directions of tectonic faults) presented in
(HAUNER et al. 2019), which seem to have been crucial for the formation of the entire valley.



Grof3er Schwarzbach cirque

The GroBler Schwarzbach cirque is not linked to the valley closure, but it was formed on an

east-facing slope (Fig. 6) and the orientation of its main axis is SE. The shape of the cirque is

circular, with a slight predominance of width over length (L/W = 0.87). The cirque is linked

to a higher deflation plateau of 54 ha, which has a summit character — the flat top of the

Steinfleckberg Mountain.

Almost 200 joints were analysed in the GroBer Schwarzbach locality, which is mainly

composed of gneiss alternating with granites. The alternating granites here do not form

continuous geological bodies (Fig. 4B) and their occurrence is not tied to one particular part

of the cirque. The joint system of the crystalline schists (about 160 fractures were analysed)

and the joint system of the granite (only 30 fractures were found) were evaluated separately.

Fracture directions on the granites were analysed only to allow comparison with the directions

of the granitic rock outcrops (n = 10).
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The diversity of the rock structure and the crossing of the different joint systems can be
seen in the cirque (Fig. 6). The directions of the measured joints on the granites (N—S and
E-W) form a typical SQ joint system and correspond to the directions of the granitic rock
outcrops (N-S and E-W). The prevailing gneiss is characterised by a distinct joint
pattern that is conditioned by foliation. The directions of the compression joints are
NW-SE and NNW-SSE. The same predominant directions (NW—SE and NNW-SSE) can
be observed for the tectonic joints, complemented by directions perpendicular to these
(ENE-WSW).

The predominant direction of the rock outcrops is perpendicular to the main direction of
the gneiss foliation, which corresponds to the main dominant direction of the fractures on the
crystalline schists. As with the previous site, these are rock outcrops on the faces of layers
and, less commonly rock outcrops with directions (NNW—SSE) occurring in the foliation
direction (Fig. 6).
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DiscussIoN

Comparison and discussion of the relationship between the structural-geological
conditions and the morphology of the two cirques and their relation to the Bohemian
Forest context

The results show that the two researched localities differ in their structural-geological
characteristics. At the Grofler Schwarzbach site, a higher diversity of rock structure and thus
crossing of different joint systems and a higher frequency of joints can be observed in the
slope cirque. A similar analogy can be found in the Prasilské Lake cirque (MENTLIK 2006,
MENTLIK et al. 2010), which also has a low L/W index (L/W index = 1 according to
MENTLIK 2006). In contrast, at the Kleiner Rachelbach locality in the schrundline cirque we
do not find similar geological features and the cirque is oriented perpendicular to the main
direction of the joints. A similar analogy can be found at the Laka Lake or Cerné Lake sites
(MENTLIK 2006, VOCADLOVA 2011). Both of these cirques are oriented perpendicular to the
main direction of the gneiss foliation (MENTLIK 2006, VOCADLOVA 2011) and are also more
elongated in character (L/W index = 1.34 for the Laka Lake cirque and 1.25 for the Cerné
Lake cirque; after KRIZEK et al. 2012).

These Bohemian Forest cirques (and probably all cirques) can thus be divided into two
categories based on their structural-geological conditions and morphology: slope cirques
with a more circular shape (typical of the Prasilské Lake cirque and the GroBer
Schwarzbach cirque) and a lesser degree of allometric development (according to EVANS
& COX 1995), and schrundline cirques with an elongated triangular shape (typical of the
Laka Lake cirque and the Kleiner Rachelbach cirque) and a greater degree of allometric
development (according to EVANS & COX 1995). The results of our two cirque investigations
and the analysis of previously published papers (VOTYPKA 1979, 1997, MENTLIK 2006,
STEFFANOVA & MENTLIK 2007, MENTLIK et al. 2010, VOCADLOVA 2011, KRIZEK et al.
2012) show that:

1) Cirques in the Bohemian Forest originated in association with westward deflation
plateaus with different surface areas. Slope cirques are linked to the eastern slopes and
the westerly situated plateaus. Schrundline cirques are linked to valley closures with
westerly situated plateaus. Because the GroBler Schwarzbach slope cirque is
connected with a larger deflation plateau than some schrundline cirques (Table 1), it
can be hypothesised that larger deflation plateaus did not condition the formation
of more developed schrundline cirques. This is supported for selected Bohemian
Forest schrundline cirques by the weaker correlation of the L/W index or cirque area
with deflation plateau area (STEFFANOVA & MENTLIK 2007).

2) Both types of cirques are probably formed in relation to specific structural-geological
conditions, which are reflected in their morphology:

a) Slope cirques (e.g., the Prasilské Lake cirque and the Grof3er Schwarzbach cirque)
are linked to more varied geological conditions, and therefore they are probably
less abundant in the Bohemian Forest (Table 1). These cirques are conditioned by
the boundaries of different rocks (granites and crystalline schists) with different
joint systems.

b) Schrundline cirques originate in geologically more uniform valley closures linked
to major tectonic lines. Joint directions and associated joint systems were essential
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for the increase in area (in particular in the westward direction). If a cirque
develops predominantly in granite (the Plesné Lake cirque) it is controlled by
a distinctly SQ joint system (VOTYPKA 1979, 1997).

When the morphological characteristics of the two investigated cirques are compared with
published allometric development (GORDON 1977, EVANS & COX 1995, BROOK et al. 2006,
EVANS 2006, BARR & SPAGNOLO 2015), they appear less and more developed respectively.
When we add the times assumed for the origin of the cirque types or shapes (BROOK et al.
2006, BARR & SPAGNOLO 2015), we find that the GroBer Schwarzbach slope cirque
developed over a period of at least 300 ka and the Kleiner Rachelbach schrundline cirque
over a period of 600 ka. However, the completely different structural-geological conditions,
the different sizes of the deflation plateaus and apparently different preglacial relief may
indicate that the cirques could have developed over a similar period of time.

This also suggests that the investigated cirques could not have been formed during a single
glacial cycle, but it is likely that (if we assume the length of one glacial cycle in the Younger
Pleistocene to be about 100 ka) three or more cycles were needed for their formation. This
figure may be influenced by the fact that non-glacial processes (e.g. periglacial and slope
processes) were involved in the development of the cirques.

CONCLUSION

We investigated two types (based on the morphological classification) of cirques that we
have distinguished across the Bohemian Forest: slope and schrundline cirques. Specific
structural-geological conditions were essential for morphological development of these
investigated cirques. The shape of the GroBler Schwarzbach slope cirque is predisposed by
more varied geological conditions (crystalline schists and granite boundaries and their different
joint systems). On the other hand, the Kleiner Rachelbach schrundline cirque is characterised
by a geologically more uniform valley closure. The presence of deflation plateaus to the west
of both cirques appears to be an essential condition for the formation of cirques. However,
the size of the plateaus was probably less important for the cirque morphology itself. The
shapes of the two cirques and consequently the assumed time needed for their development
suggest that both cirques developed during a period of over 300 ka and thus during more than
one glacial cycle.

Acknowledgments. The authors would like to thank the Bavarian Forest National Park Administration for
the loan of the detailed digital elevation model data, geological map and for permitting the research. We are
also grateful to J.M. King for the translation and proofreading. The research was founded by University of
West Bohemia (GRAK 24 DS 01).

REFERENCES

AnNErRT F., 1996: Introduction to Geomorphology. Arnold, 352 pp.

Barr D.I. & Seagnoro M., 2015: Glacial cirques as palacoenvironmental indicators: their potential and
limitations. Earth-Science Reviews, 151: 48-78.

BarrD.IL, Ery C.J., SpagNoLo M., Evans S.I. & Tomkins D.M., 2019: The dynamics of mountain erosion: Cirque
growth slows as landscapes age. Earth Surface Processes and Landforms, 44: 2628-2648.

BENN D. & Evans D., 2010: Glaciers and Glaciation. Routledge, 816 pp.

Brook M.S., KirkBRIDE M.P. & Brock B.W., 2006: Cirque development in a steadily uplifting range: rates of

13



erosion and long-term morphometric change in alpine cirques in the Ben Ohau Range, New Zealand. Earth
Surface Processes Landforms, 31: 1167-1175.

CHANDLER B.M.P,, LoverLL H., BostoN C.M., Lukas S., Barr I.D., Benepiktsson 1.0. & STROEVEN AP, 2018:
Glacial geomorphological mapping: A review of approaches and frameworks for best practice. Earth-Science
Reviews, 185: 806—846.

Croos H., 1925: Einfuhrung in die tektonische Behandlung magmatischer Erscheinungen (Granittektonik) 1.
[Introduction to the tectonic treatment of magmatic phenomena (granite tectonics) 1.]. Das Riesengebirge in
Schlesiens, Bau, Bildung und Oberflachengestaltung. Gebr. Borntraeger, Berlin, 194 pp. (in German).

Durrek V., VocapLova K. & MeNTLiK P., 2023: Morphology of glacial accumulation landforms in two Bohemian
Forest cirques. Silva Gabreta, 29: 83—103

Evans I.S. & Cox N.J., 1995: The forms of glacial cirques in the English Lake District, Cumbria. Zeitschrift
fiir Geomorphologie, 39: 175-202.

Evans LS., 2006: Allometric development of glacial cirque form: Geological, relief and regional effect.
Geomorphology, 80: 245-266.

ErGENZINGER P., 1967: Die eiszeitliche Vergletscherung des Bayerischen Waldes [The ice age glaciation of the
Bavarian Forest]. Eiszeitalter und Gegenwart (EandG Quaternary Science Journal), 18: 152—168 (in German).

Feperict P.R. & Spagnoro M., 2004: Morphometric analysis on the size, shape and areal distribution of
glacial cirques in the Maritime Alps (Western French-Italian Alps). Geografiska Annaler, Series A,
Physical Geography, 86: 235-248.

FieBiG M., Buiter S.H.J. & ELLWANGER D., 2004: Pleistocene glaciation of South Germany. In: Quaternary
Glaciations Extent and Chronology — Part I: Europe, EHLERS J. & GiBBARD P.L. (eds) Developments in
Quaternary science, 2: 147-154.

FrornetH D. & ScHLUCHTER C., 2000: Alpine Evidence for Atmospheric Circulation Patterns in Europe during
the Last Glacial Maximum. Quaternary Research, 54: 295-308.

Gorpoon J.E., 1977: Morphometry of cirques in the Kintail-Affric—Cannich area of northwest Scotland.
Geografiska Annaler, Series A, Physical Geography, 59: 177-194.

Hauner U., 1980: Untersuchungen zur klimagesteuerten tertidren und quartaren Morphogenese des Inneren
Bayerischen Waldes (Rachel-Lusen) unter besonderer Beriicksichtigung pleistozén kaltzeitlicher Formen
und Ablagerungen [Investigations on the climate-controlled Tertiary and Quaternary morphogenesis of the
Inner Bavarian Forest (Rachel-Lusen) with special emphasis on Pleistocene cold-age forms and deposits].
Regensburger Geographische Schrifien, 14: 198 pp. (in German) and in: Nationalpark Bayerischer Wald,
Wissenschaftliche Reihe, 6: 1-198 Grafenau (in German).

HAUNER U., LEHRBERGER G. & BRUGGER M., 2019: Der Naturraum Bayerischer Wald — Sumava in den Eiszeiten
[The natural region of the Bavarian Forest — Sumava in the ice ages]. Nationalpark Bayerischer Wald,
Wissenschaftliche Reihe, Hefi 20: 1-132 (in German).

Havynes V.M., 1968: The influence of glacial erosion and rock structure on corries in Scotland. Geografiska
Annaler, Series A, Physical Geography, 50: 221-234.

Hucues P.D., GiBBarD J.C. & Woobpwarbp J.C., 2007: Geological controls on Pleistocene glaciation and cirque
form in Greece. Geomorphology, 88: 242-253.

IsariN F.B.R., RENsSEN H. & KosTer A.E., 1997: Surface wind climate during the Younger Dryas in Europe as
inferred from aeolian records and model simulations. Palaeogeography, Palaeoclimatology, Palaeoecology,
134: 127-148.

Jar0$ J. & VAcHTL J., 1992: Strukturni geologie [Structural geology]. Academia, Praha, 437 pp. (in Czech).

JeNik J., 1961: Alpinska vegetace Krkonos, Kralického Snézniku a Hrubého Jesentku: teorie anemoorografickych
systémii [Alpine vegetation of the Krkonose, Kralicky Snéznik and Hruby Jesenik: the theory of anemoorographic
systems]. Nakladatelstvi CSAV, Praha, 409 pp. (in Czech).

Kgrizek M., Vocaprova K. & ENGEL Z., 2012: Cirque overdeepening and their relationship to morphometry.
Geomorphology, 139—140: 495-505.

LFU, 2021: Bayerisches Landesamt fiir Umwelt. Geologische Cirquete 1:25000. Online https://www.lfu.bayern.de/
geologie/geo karten_schriften/dgk25 uab/index.htm (accessed on 5 April 2023).

14



MENTLIK P., 2006: Geomorfologicka analyza a tvorba GmIS okoli Pragilského jezera a jezera Laka na Sumavé
[Geomorphological analysis and creation of GmIS around Prasilské Lake and Laka Lake in the Bohemian
Forest]. Ms., Doctoral thesis, Univerzita Komenského v Bratislavé, Bratislava, 252 pp. (in Czech).

MENTLiK P., 2016: Bohemian Forest: landscape and people on the frontier. In: Landscapes and Landforms of the
Czech Republic, PANEk T. & HRADECKY J., Springer International Publishing AG, 330 pp.

MENTLIK P., MINAR J., BRizovA E., LisA L., TABoRik P. & StackE V., 2010: Glaciation in the surroundings of
Prasilské Lake (Bohemian Forest, Czech Republic). Geomorphology, 117: 181-194.

MENTLIK P., ENGEL Z., BRaUCHER R., LEANNI L. & AsTER TEAM, 2013: Chronology of the Late Weichselian
glaciation in the Bohemian Forest in Central Europe. Quaternary Science Reviews, 65: 120—128.

MicoN P., 1999: The role of preglacial relief in the development of mountain glaciation in the Sudetes, with the
special reference to the Karkonosze Mountains. Zeitschr. fiir Geomorhologie N. F., Suppl.-Bd, 113: 33—44.
MINAR J., BIELIK M., KovA¢ M., PLASIENKA D., BArkA 1., StaNnkoviansky M. & ZeyeN H., 2011: New
morphostructural subdivision of the Western Carpathians: An approach integrating geodynamics into targeted

morphometric analysis. Tecnophysics, 502: 158—174.

Minbrescu M., Evans S.I. & Cox J.N., 2010: Climatic implications of cirque distribution in the Romanian
Carpathians: Palacowind directions during glacial periods. Journal of Quaternary Science, 25: 875—-888.
PearrL F.,, 1997: Das Bérnriegel-Cirque und seine Mordnenlandschaft im Nationalpark Bayerischer Wald bei
Finsterau [The Bérnriegel cirque and its moraine landscape in the Bavarian Forest National Park near

Finsterau]. Der Bayerischer Wald, 11: 22-23 (in German).

PrarrL E., 2010: Fragen zum Eiszeitalter im Nationalpark Bayerischer Wald [Questions to the ice age in Bavarian
Forest national park]. Naturwissenschaftliche Zeitschrift diir Niederbayern, 33: 161-166 (in German).

PiLous V., 2012: Zalednéni Jeleniho dolu ve vychodnich Krkonosich ve vztahu k anemo-orografickym systémam
[Glaciation of the Jeleni dul valley in the Eastern Krkono$e Mts and its relation to anemo-orographic systems].
Opera Corcontica, 49: 101-120 (in Czech).

RaaB T., 1999: Wiirmzeitliche Vergletscherung des Bayerischen Waldes im Arbergebiet [Wiirm glaciation of
the Bavarian Forest in the Arber region). Institut fiir Geographie an der Universitdt Regensburg Selbstverlag,
327 pp. (in German).

REUTHER A.U., 2007: Surface exposure dating of glacial deposits from the last glacial cycle. Evidence from the
Eastern Alps, the Bavarian Forest, the Southern Carpathians and the Altai Mountains. Relief" Boden
Palaeoklima, 21: 1-213.

ReuTHER A.U., FIEBIG M., Ivy-Octs S., Kusik P.W., REITNER J.M., JErz H. & HENE K., 2011: Deglaciation of
a large piedmont lobe glacier in comparison with a small mountain glacier — new insight from surface
exposure dating. Two studies from SE Germany. Quaternary Science Journal, 60: 248—269.

STEFFANOVA P. & MENTLIK P., 2007: Comparison of morphometric characteristics of cirques in the Bohemian
Forest. Silva Gabreta, 13: 191-204.

VocapLova K., 2011: Development of Pleistocene glaciation in the Czech part of the Sumava Mts. (Case study
of the Cerné and Certovo Lakes).Ms., PhD thesis, Univerzita Cirquelova v Praze, Praha, 221 pp. (in Czech).

Vocabrova K., PETR L., Zickova P, Kiizexk M., Kkizova L., Hutcamson S.M. & Sosr M., 2015: The
Lateglacial and Holocene in Central Europe: a multi-proxy environmental record from the Bohemian
Forest, Czech Republic. Boreas, 44: 769-784.

VonDRAK D., KoPACEK J., KLETETSCHKA G., CHATTOVA B., SUCHANEK V., TATOSovA J. & Kunes P., 2019:
Lithostratigraphy and age of the Bohemian Forest lake sediments: A first assessment. Geoscience Research
Reports, 52: 75-83.

Vorypeka J., 1979: Geomorfologie granitové oblasti masivu Plechého [Geomorphology of the granite area of
the Plechy Mountain]. Acta Universitatis Carolinae Geographica, 16/2: 55-83 (in Czech).

Vorypka J., 1997: Geomorphological Analysis of the Development of the South-Eastern Sumava Granite Region.
Acta Universitatis Carolinae Geographica, 2: 133—148.

Received: 23 August 2023
Accepted: 18 June 2024

15






