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Abstract: The paper outlines the character of high-mountain lakes and their catchments in the High Tatra
Mountains (Western Carpathians), highlighting the differences between subalpine and alpine zones based
on a comprehensive dataset consisting of 29 sites in this area (1490-2195 m a.s.l). The analysis
encompasses 35 attributes categorized into five groups: (1) geographic location and lake characteristics, (2)
morphometric characteristics of the lakes, (3) morphometric characteristics of the catchments, (4) land
cover of the catchments, and (5) geology and mineralogy of the bedrock in the catchments. The observed
characteristics of the study area, as well as the distinctions between subalpine and alpine sites, are shaped
by their morphogenesis during the glacial period, subsequent geomorphological activity following
deglaciation, and the elevation gradient, which indicates specific bioclimatic and vegetation conditions.
The dataset and description of the study area's nature thus update and complement older data regarding lake
characteristics and non-detailed catchment data based on modern methods (RS and GIS) coupled with field
research. This forms a basis for future limnological studies.
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systems (GIS)

1. INTRODUCTION

High-altitude  lakes serve as  vital
environmental features within the landscape, as they
collect water and materials from their surrounding
catchments. The unique characteristics of these
systems render them highly sensitive to the impacts
of anthropogenic pollution and climate change
(Mosello et al.,, 2002; Adrian et al.,, 2009).
Comprehensive data sets detailing the attributes of
these lake-catchment systems—including geographic
location, morphometry, vegetation cover and
structure, soil quantity, and the geology and
mineralogy of the bedrock—are essential for
conducting thorough limnological studies (Berg et al.,
2005; Liu et al, 2022). This information is
incorporated into global databases, such as
HydroATLAS, which encompasses the properties of
lakes (LakeATLAS) and their respective catchments

(BasinATLAS), with a specific focus on lakes with
areas exceeding 10 hectares (Lehner et al., 2022).
The parameters of the Tatra Lake catchments
have not yet been thoroughly determined. For
instance, land cover has been assessed using
planimetry based on 1:25,000 resolution aerial
photographs alongside field observations (Kopacek et
al., 2000, 2004a; b). According to Kopacek et al.,
(2000), the maps employed to verify vegetation type
proportions (with scales of 1:10,000 and 1:25,000)
inadequately distinguished between sparse sub-alpine
meadows and bare rock, resulting in only a rough
estimation of vegetation density within the
catchment. They emphasized the necessity for more
precise digitized terrain and vegetation models. In the
research conducted by Kopacek et al., (2017), land
cover characteristics were derived from aerial
imagery with a spatial resolution of 0.9 m using the
Iso Cluster Unsupervised Classification technique.
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The delineation of catchment morphometrics
was either unavailable or based on imprecise mapping
(with large scale) and determinations in challenging
terrain.  Subsequently, these parameters were
calculated mathematically. For example, the relief
slope was roughly estimated by taking the difference
between the maximum and minimum altitude within
the catchment and dividing it by the catchment's
length. This length was computed from the area of the
catchment, approximated as the height of an isosceles
triangle, under the assumption that high-altitude
catchments generally exhibit this shape, with the lake
positioned at its apex angle (Kopacek et al., 2005).

In relation to the morphometric properties of
the lakes, limnological studies conducted in the Tatra
Mountains draw on data collected by Gregor and Pacl
(2005), which encompasses measurements taken
between 1961 and 1964. These researchers emphasize
that accurate data are essential for assessing the
ongoing changes within the lakes and their immediate
environments, which are influenced by both natural
processes and environmental changes.

The rapid advancements in remote sensing
(RS) and geographic information systems (GIS) are
particularly suited for the detailed and precise
investigation of processes and transformations within
high mountain regions—such as geomorphological
dynamics, vegetation patterns, and snow and ice
coverage. Despite their remarkable nature, these areas
often remain the "last white spots on maps" (as noted
in studies of the Tatra Mountains by Faltan &
Banovsky, 2004; Kaczka et al., 2015; Kapusta et al.,
2018; 2021; Hrivndkova et al., 2024). However,
interpreting this data can be challenging due to
shading from the relief and cloud cover (Kapusta et
al., 2021; Hrivnakova et al., 2024). Consequently, it
is essential to complement the analysis with spatial

identification = and  thorough field surveys
accompanied by photographic documentation.
Photointerpretation of lake and catchment

characteristics (morphometry, land cover) based on
digital orthophotos, supported by field survey, is an
established method in high mountain research
(Camarero et al., 2009). This approach has also been
applied in the study of a comparable high mountain
lake area in the Carpathians, specifically in the
Retezat Mountains of Romania (Necsoiu et al., 2016).

There is an increasing demand for high-quality,
accurate, and detailed statistical data and spatial
maps, which are crucial for wvarious analyses,
syntheses, models, and assessments.

The objective of this study is to develop an up-
to-date quantitative dataset that includes detailed
geomorphometric-vegetation characteristics of 29
selected high-altitude lakes and their catchments in

the High Tatra Mountains, using modern methods (RS
and GIS) in combination with a field survey. Based
on this dataset, the study aims to provide a
comprehensive description of the nature and current
status of these lake-catchment systems (in Carpathian
Mountains), highlighting the anticipated differences
in individual characteristics between the subalpine
and alpine zones. This foundation will support further
research on their impacts and changes over time.

2. MATERIALS AND METHODS
2.1. Study area

The High Tatra Mountains (49°48'-49°51'N,
19°51'-20°03'E), a geomorphological part of the Tatra
Mountains (Western Carpathians), extend along the
border between Poland and Slovakia. Covering an
area of 341 km?, it is recognized as the smallest
mountain range in the world, distinguished by its
typical high mountain relief shaped by glacial activity
and a unique climate. The high-altitude landscape
rises above the tree line, starting at approximately
1500 m above sea level and culminating at
Gerlachovsky stit, the Carpathians's highest peak,
which stands at 2,655 m (Luknis, 1973; Gregor &
Pacl, 2005; Engel et al., 2015; Makos, 2015).

The glacial lakes found in the Tatra Mountains,
known as 'pleso' (or 'staw' in Poland), represent the
most recent natural formations influenced by glacial
activity (Gregor & Pacl, 2005). The low permeability
of the crystalline bedrock facilitates the presence of
these lakes (Catalan et al., 2006). Data on the total
number of Tatra lakes fluctuate due to their seasonal
variations and gradual disappearance. Over 80% of
the glacial lakes are located in the High Tatra Mts.,
attributable to the more extensive glaciation of this
area. Estimates suggest there are approximately 170
to 230 lakes situated above 1300 m on the Slovak
side, with the majority—over 85%—found in the
high mountain region, particularly within the alpine
zone at elevations of 1800 to 2200 m (Gregor & Pacl,
2005; SLS, 2012; Kapusta et al., 2018; 2021;
Kopacek et al., 2019).

The study area is part of a broader investigation
that examines the spatiotemporal dynamics of
geomorphological processes in catchments and their
effects on the lakes within the High Tatra Mountains
(Hresko et al., 2012; 2013; 2022; Hrivnakova et al.,
2023; Cajkové et al., 2024). A total of 29 lake sites
and their respective catchments are analysed (see
Figure 1 and 2), situated across 12 valleys above the
forest line (elevations ranging from 1490 to 2159 m
a.s.l.). Among these, 10 lakes are located in the
subalpine zone and 19 in the alpine zone (Table 1).
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Table 1. Geogrthic Eosition Barameters for the 29 High Tatra Mts. lakes used in this studz.

Lake name”

Vys$né Temnosmrecinské pleso
Nizné Temnosmrecinské pleso
Nizné Terianske pleso

Zelené krivanske pleso

Malé krivanske pliesko

Vysné Wahlenbergovo pleso
Okruhle pleso

Capie pleso

Nizné Kozie pleso

Vel’ké Hincovo pleso

LCadové pleso mengusovské
Batizovské pleso

Dlhé pleso pod Gerlachom
Velické pleso

Ladové pleso vo Velkej Studenej doline

Prostredné Sivé pleso

DIhé pleso vo Velkej Studenej doline
Vareskové pleso

Modré pleso

Prostredné Spisské pleso

Cierne pleso kezmarské

Zelené pleso kezmarské

Kolové pleso

Cierne Javorové pleso

Zabie Javorové pleso
Zamrznuté pleso

Litvorové pleso

Zelené pleso kacacie

Vyiné Zabie pleso bielovodské

The nomenclature of the lakes in the Tatra Mountains is not thoroughly covered in scientific publications; we regard Bohus's work (1996) as the definitive and accurate reference. Given the presence of multiple

< g g S s £ = =
S E Valley and its side branch® o & § £ g = S. 2 7%
P = S 23 gh3. g g 338 = = 2
i Es TE 37 ) £ P2 2%
- O = > S - - = > 8 O ==
3F_'§' South orientation Lat Long ALT()
VT 1A Temnosmreginské dolina NW 49.1886617  20.0380892 1719 Sa S No
NT 1B Koprova 49.1925619  20.0296439 1675 Sa S Yes
TE 2 Nefcerska dolina W 49.1697808  20.0131078 1943 A S No
ZK 3A Vazeckd S 49.1594181  20.0075425 2013 A Ss No
MK 3B S 49.1574342  20.0062028 2012 A Ss No
VW 4 Furkotska S 49.1640153  20.0259653 2151 A Ss Yes
OK 5 S 49.1703850  20.0352992 2105 A No No
CA 6 Mlynicka S 49.1680000  20.0363078 2074 A No Yes
NK 7 SW  49.1635242  20.0434531 1940 A Ss No
VH 8 Meneusovska S 49.1791103  20.0594392 1953 A S Yes
LM 9 g Zlomiskova W 49.1632364  20.1063886 1930 A S No
BA 10 Batizovska S 49.1521006  20.1299197 1885 A S Yes
DG 11 Velicka S 49.1657483  20.1440539 1941 A S Yes
VE 12 S 49.1576808  20.1558811 1665 Sa S Yes
LA 13 SE 49.1840039  20.1614250 2061 A Ss No
SI 14 Velké Studend S 49.1844508 20.1749886 2014 A S Yes
DL 15 SE 49.1744481  20.1708289 1895 A S No
VA 16 SE 49.1743061  20.1771806 1833 Sa Ss Yes
MO 17 Mal4 Studend S 49.1922319  20.1856161 2195 A No Yes
PS 18 S 49.1914325  20.1984800 2010 A S Yes
CK 19A Bielei vody kezmarske: Dolina Zeleného plesa E 49.2076167  20.2245908 1576 Sa No Yes
ZE  19B J vody kez ! P E 492095092 202202886 1542  Sa S  Yes
North orientation
KO 20 Kolova dolina SW  49.220365 20.1913656 1561 Sa S No
CJ 21 Javorova Cierna Javorovd dolina SW  49.2138753  20.1710258 1490 Sa S No
7] 22 Zadna Javorova dolina SW  49.1914333  20.1684592 1881 A Ss No
ZA 23 SW  49.1758911  20.1382211 2044 A Ss Yes
LI 24 Biclovodské Litvorova dolina SW  49.1771256  20.1294878 1861 A Ss Yes
KA 25 Kacacia dolina N 49.1773603  20.1168117 1574 Sa S No
7B 26 Zabia dolina bielovodska N 49.1936211  20.0928228 1699 Sa S No

lakes with similar or identical names in the area under study, we clarify their designations by adding a topographic adjective, which is not always included in the official name.

Topographic maps and Lukni§ (1973).

All coordinates used in this study refer to the World Geodetic System, 1984 (WGS84).
The minimum and maximum values are bolded.

Abbreviations: N (north), NW (northwest), S (south), SW (southwest), SE (southeast), W (west), E (east), Sa (subalpine), A (alpine), S (surface outflow), Ss (subsurface outflow), No (no outflow).
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Figure 1. Photo documentation (for land cover analysis) of the studied 29 High Tatra Mts. lake-catchment systems taken
during fieldwork (Hrivnakova & Cajkova, summer season 2022).
‘pl.” (pleso). The higher quality photos of VH, CK and ZE used were taken on different dates.




Czech Republic

Figure 2. Location of Tatra Mts. and study area of 29 lake-catchment systems (map source: Esri Imagery Satellite).
The names of the lakes and detailed information on their geographical location and characteristics are given in Table 1.

2.2. Delineation of lakes and their catchment
areas

A digital elevation model (DEM) with a
resolution of 1 m x 1 m, derived from airborne laser
scanning data using Light Detection and Ranging
(LIDAR) technology from 2022, was utilized to
delineate the study area. This DEM was provided by
the Research Institute of Geodesy and Cartography in
Bratislava. By employing the ArcHydro tools within
the ArcMap environment, we accurately defined the
boundaries of the lakes and their catchments, for
which we computed specific characteristics using
zonal statistics.

2.3. Morphometric and statistical analyses
in ArcGIS and QGIS

The morphometric analysis produced various
parameters for lakes, including area, perimeter, length,
width, and their ratios, as well as for catchments,
encompassing area, ratio to lake, altitude, elevation,
and length. This was conducted within the ArcMap
10.8.1 environment. The slope and aspect of the
catchments were calculated using the Spatial Analyst
tools, and the resulting data was saved in raster format.

2.4. Identification and mapping of land
cover structure

Field survey of the area: The surveyed
locations are situated in rugged high-altitude terrain,
with approximately half of them being accessible via
hiking trails leading to the lakes (see Table 1). During
the summer season of 2022, comprehensive field
surveys were conducted at these study sites from June
to September. The focus was on the spatial
differentiation of land cover classes and the
assessment of geomorphological processes to verify
the accuracy of the existing orthophoto data. The
catchments under study were documented through
photography, with a selection of this documentation
included in Figure 1. The field research was
conducted by the Decision from the District Office in
Presov  (Slovak republic) - Department of
Environmental Protection (OU-PO-OSZP1-
2021/025831-006/SJ) and under the Agreement with
the Administration of the Tatra National Park (ZML-
2022/1-788.191006), which provided the necessary
exemption for the research of the Tatra lakes.

Remote sensing of the area: For accurate
mapping and analysis of land cover, aerial images
from 2022, featuring a resolution of 20 cm/pixel,
were obtained from the Geodetic and Cartographic
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Institute in Bratislava (GKU). Land cover features
were identified through image interpretation and
manual vectorization within the QGIS 3.28.7
environment. The percentage contribution of each
landscape feature to the area of the specified
catchments was subsequently calculated.

The result is a vector layer representing 29
catchments, encompassing 10 land cover elements
based on the CORINE (Coordination of Information
on the Environment) nomenclature. The land cover
categories include: (1.4.2) Leisure facilities: high-
mountain huts and hotel objects, (3.1.2) Coniferous
trees with discontinuous canopy, (3.2.1) Sub-Alpine
grasslands: meadows without trees or shrubs, (3.2.2)
Dwarf pine, (3.3.2) Rock walls and rocks, (3.3.2)
Debris screes, (3.3.2) Debris flows, (3.3.5) Snow
fields: snow and firn fields, (5.1.1) Water streams, and
(5.1.2) Water bodies. All classes represent areas
except water streams, which have a linear character.

The identified vegetation structure types
provide data regarding soil quantities in the
catchments (Kopacek et al., 1995). Vegetation cover
serves as an indicator of soil cover extent (Camarero
et al, 2009). For subsequent analyses and
relationships, the cumulative area of land cover
elements—including coniferous trees, sub-alpine
grasslands, and dwarf pine stands—is referred to as
the area with soil cover, as described by Kopacek et
al. (2004a; b). Additionally, the total area of rock
walls, rocks, debris scree, and flows is categorized as
the area with rocks and screes cover, as these areas
contain only mosaically distributed, shallow soils.

2.5. Determination of bedrock geology and
mineralogy

The bedrock properties of the investigated sites
were determined based on the 1:50,000 geological
map SGUDS (2017).

2.6. Further (statistical) analyses

The 35 attributes gathered from the study sites
were organized into five distinct categories, which
were subsequently analysed statistically: (1)
Geographic location and characteristics of the lakes
(Table 1), (2) Morphometric characteristics of the
lakes (Table 2), (3) Morphometric characteristics of
the catchments (Table 2 and Figures 3, 4, 5), (4) Land
cover of the catchments (Table 3 and Figure 6), (5)
Geology and mineralogy of the bedrock in the
catchments (Table 3).

In the results of this study, we utilize these
categories to compare and characterize lakes and their
catchments within both the subalpine and alpine

zones, as well as to explore sites with southern and
northern orientations partially.

To select appropriate analytical procedures, we
conducted normality tests using the Shapiro-Wilk test
and Outlier test to identify any anomalies within the
dataset. Descriptive statistics were employed to
summarize and characterize the lakes and their
catchments,  highlighting  differences  across
vegetation zones and orientations. To evaluate the
relationships between individual attributes and
altitude, we performed Spearman's correlation
analysis along with a permutation test of significance.
Significant linear and exponential relationships were
graphically represented through regression analysis.
The statistical tools utilized for these analyses
included MS Excel (2024) and PAST statistical
software version 5.0.1 (2024).

3. RESULTS AND DISCUSSION
3.1. A dataset of characteristics from 29 sites

The selected morphometric characteristics of
the individual lakes and their corresponding
catchments are detailed in Table 2. Figures 4 through
5 illustrate the spatial variation in elevation, relief
slope, and relief aspect across these catchments.
Additionally, the areal extent (depicted graphically in
Figure 6) and the percentages of land cover features,
soil cover, as well as rock and scree cover within each
study catchment are provided in Table 3. This table
also includes information on the bedrock geology and
mineralogy of the catchments. To better complete the
picture of the character of the study sites, field survey
photographs from the summer 2022 field season are
included in Figure 1.

Table 4 summarizes the results of the
descriptive statistics regarding the characteristics of
the lakes and their catchments derived from these
datasets. Building on this information, the following
section explores the nature of the high-altitude lake-
catchment systems in the High Tatra Mountains and
their relationship with the altitude gradient, as well as
the differences between subalpine (n=10) and alpine
(n=19) sites.

3.2. The nature of high-altitude lake-
catchment systems

The high-altitude numerous lake area of the
High Tatra Mountains (Gregor & Pacl, 2005; SLS,
2012), features the subalpine zone, which ranges from
approximately 1500 m a.s.l. (the lowest studied lake,
CJ, is at 1490 m a.s.l.) to about 1850 m a.s.l. (the
highest studied lake, VA, is at 1833 m as.l.).
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Table 2. Momhometric characteristics for 29 Hi%h Tatra Mts. lake-catchment szstems used in this studz (*Gregor & Pacl, 2005).

LAKE (1) CATCHMENT (c¢)
g- =) .8 o o v
3=} % =}

2 . . E : ) z 5 g £ -
= 22 2 s . F I T T
£ % |5z 2z E; 22 22 22 Rz Ro| 8z 23 E- £- EZ ig E_ i Ps
= S <2 = LE RE 2E STE SE ARE < £ <E ZE <ZE @E & 4 8HE

. A() V) P(l) L) W() R() D() D() A(c) R ALT(c) ALT(c) ALT(c) ELV(c) S(c) As(c) L(o)
Abbreviation .

max avg (I:¢) avg min max
Fig. 3-5

VT 1A 5.75 415 1082 361 208 1.7 20.0 7.45 118.80 0.05 1958 1718 2373 655 41 200 1295
NT 1B 12.06 1502 2047 720 362 2.0 38.1 12.83 96.12 0.13 1816 1674 2172 497 31 169 1107
TE 2 5.36 872 1007 337 229 1.5 473 15.68 82.24 0.07 2114 1943 2375 432 36 195 1101
ZK 3A 5.14 289 1362 444 163 2.7 29.5 5.62 57.34 0.09 2163 2012 2494 482 38 179 850
MK 3B 0.13 1.6 144 48 38 1.3 2.8 1.07 1.87 0.07 2064 2012 2207 195 31 142 283
VW 4 5.06 392 1236 333 225 1.5 20.6 5.34 31.30 0.16 2223 2151 2414 263 32 195 708
OK 5 0.70 40 365 103 93 1.1 10.2 5.53 11.69 0.06 2175 2104 2328 224 36 169 403
CA 6 2.81 164 1137 249 172 1.4 17.5 5.36 44,54 0.06 2199 2074 2427 353 33 141 739
NK 7 0.69 4.7 577 154 67 2.3 2.3 0.60 41.08 0.02 2097 1940 2411 471 35 232 739
VH 8 19.71 4092 2182 725 371 2.0 54.0 20.40 127.22 0.15 2093 1953 2438 486 33 170 1393
LM 9 2.23 87 753 223 150 1.5 9.7 3.88 80.20 0.03 2167 1930 2535 605 40 234 889
BA 10 3.34 232 894 279 169 1.7 10.5 6.67 242.62 0.01 2153 1885 2654 770 38 172 1993
DG 11 0.60 14 456 184 61 3.0 5.6 2.30 114.84 0.01 2199 1941 2655 714 40 148 1158
VE 12 2.00 46 694 293 97 3.0 4.6 2.04 204.81 0.01 2012 1665 2515 851 40 165 1737
LA 13 1.63 101 523 155 143 1.1 18.0 5.83 13.48 0.12 2125 2061 2378 317 30 164 516
SI 14 1.03 16 715 226 90 2.5 4.8 1.44 40.96 0.03 2147 2013 2456 443 35 171 852
DL 15 0.93 24 789 266 75 35 7.2 2.17 147.00 0.01 2120 1894 2489 594 36 137 2147
VA 16 0.20 1.6 267 98 30 33 1.5 0.57 56.07 0.00 2057 1833 2360 527 39 159 950
MO 17 0.39 43 267 73 71 1.0 4.5 1.07 11.79 0.03 2327 2195 2580 386 43 174 394
PS 18 1.84 50 701 190 149 1.3 4.7 2.66 46.82 0.04 2202 2011 2621 611 35 210 1028
CK 19A 0.26 5.1 244 96 39 24 4.0 1.76 11.83 0.02 1759 1576 2190 615 45 232 505
ZE 19B 1.76 33 803 240 145 1.7 4.5 1.78 278.59 0.01 2027 1540 2631 1091 42 144 2067
KO 20 1.79 11 730 221 123 1.8 1.2 0.59 153.32 0.01 1884 1561 2419 858 42 199 1194
CJ 21 0.66 8.3 634 157 93 1.7 3.2 0.97 304.62 0.00 1906 1490 2515 1025 40 209 2268
7J 22 1.06 61 493 185 86 2.2 15.3 5.34 57.16 0.02 2160 1881 2605 724 39 234 1261
ZA 23 1.09 43 550 206 78 2.6 10.8 3.81 26.40 0.04 2160 2044 2429 385 39 195 653
LI 24 1.83 135 580 171 149 1.1 19.1 7.24 37.46 0.05 2023 1860 2360 499 39 230 559
KA 25 2.46 28 714 200 161 1.2 2.7 1.11 212.00 0.01 1981 1574 2617 1043 44 174 1704
7B 26 9.35 839 1727 538 259 2.1 24.8 8.87 99.71 0.09 1886 1699 2259 560 38 172 1017

. ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________}]
The minimum and maximum values are bolded.
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Figure 3. Spatial distribution of altitude for study 29 lake catchments in High Tatra Mts.

Ascending from this boundary (with the lowest subnival zone. The highest point in the High Tatra
studied lake, LI, at 1861 m a.s.l.) to around 2400 m  Mts. and Slovakia, the peak Gerlachovsky §tit, rises
a.s.l. (where the highest studied lake, MO, reaches to 2655 ma.s.l., representing as the maximum altitude
2195 m a.s.l.), the alpine zone is encountered. The for catchment of the studied lake DIlhé pleso pod
upper sections of the catchments extend into the Gerlachom (DG) (Tables 1, 4, and Figure 3)
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(Moravec, 1992; Skvarenina & Fleischer, 2013). Due  shapes their characteristics and also influences the
to the asymmetric uplift of the mountain range, the nature of their catchments (Table 2, Figure 1) (Luknis,
lakes on the northern side are found at lower 1973; SLS, 2012).

elevations (~185 m). This topographical difference
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Figure 4. Spatial distribution of relief slope for study 29 lake catchments in High Tatra Mts.
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Figure 5. Spatial distribution of aspect relief for study 29 lake catchments in High Tatra Mts.

From a global perspective, these water bodies are
relatively small, with an average area of 3.17 + 4.23
hectares. The largest and deepest lake among those
studied is Vel'ké Hincovo pleso (VH), which spans an
area of 20.4 hectares and reaches a depth of 54.0
meters. This lake is noted for being the largest and

deepest natural lake in Slovakia and within the Slovak
side of the High Tatra Mountains (Tables 2, 4, and
Figure 1) (Gregor & Pacl, 2005). However, the
majority of these water bodies are small, often
seasonal, with areas below approximately 1 hectare
and depths up to around 2 meters. Despite their size,

462



€9

Table 3. Land cover and bedrock characteristics for 29 High Tatra Mts. (lake) catchment used in this study (*SGUDS, 2017).

(CORINE) Land cover classes (coverage / percentage representation)

] Coniferous Sub-Alpine Dwarf pine Soil in Rock walls, Debris screes Debris flows Rocks/screes in Snow fields Water streams & %
.“g‘ ‘q":) trees grasslands catchment rocks catchment bodies? g
151 =] 2
i S (3.1.2) (3.2.1) (3.2.2) (SUM) (3.3.2) (3.3.2) (33.2) (SUM) (3.3.5) (5.1.1.&5.1.2) a
= S ha % ha % ha % ha % ha % ha % ha % ha % ha % ha %
Fig. 6

VT 1A 0.00 0.0 16.34 13.8 1.50 1.3 17.84 15.1 5489  46.2 36.46  30.7 382 32 95.17  80.1 0.00 0.0 5.79 49 | A
NT 1B 0.00 0.0 28.48 29.6 14.01 14.6 4249 442 2323 242 18.12 18.9 0.14 0.2 4149 433 0.00 0.0 12.13 126 | A
TE 2 0.00 0.0 5.38 6.5 0.06 0.1 5.44 6.6 36.59 445 32.65 397 2.16 2.6 7140  86.8 0.00 0.0 5.41 6.6 | A
ZK 3A 0.00 0.0 2.89 5.0 0.00 0.0 2.89 5.0 3142 5438 17.05  29.7 086 1.5 4933 86.0 0.00 0.0 5.13 89 1A
MK 3B 0.00 0.0 0.19 10.2 0.00 0.0 0.19 102 040 214 1.10 58.8 0.05 2.7 1.55 829 0.00 0.0 0.13 69 1 A
VW 4 0.00 0.0 0.81 2.6 0.00 0.0 0.81 2.6 11.22 359 14.14 452 0.07 0.2 2543 813 0.00 0.0 5.06 162 | A
OK 5 0.00 0.0 1.09 9.4 0.00 0.0 1.09 94 4.05 347 562 48.1 0.19 1.6 9.86 844 0.04 03 0.70 60 | A
CA 6 0.00 0.0 2.90 6.5 0.00 0.0 2.90 6.5 19.63  44.1 1836 41.2 083 1.9 38.82 872 0.01 0.0 2.81 63| A
NK 7 0.00 0.0 3.02 7.3 0.00 0.0 3.02 7.3 1720 419 19.51 475 0.67 1.6 3738  91.0 0.00 0.0 0.69 1.7 A
VH 8 0.00 0.0 16.41 12.9 0.15 0.1 16.56  13.0 52.03 409 3449  27.1 428 34 908 714 0.00 0.0 19.87 156 | A
LM 9 0.00 0.0 5.11 6.4 0.01 0.0 5.12 6.4 39.74 495 30.11 375 2.88 3.6 7273 90.6 0.14 02 2.23 281]8B
BA 10 0.00 0.0 11.32 4.7 1.33 0.6 12.65 53 12238 504 10043 414 323 13 226.04 93.1 039 02 3.54 15]8B
DG 11 0.00 0.0 6.32 5.5 0.00 0.0 6.32 5.5 66.61  58.0 3484 303 6.47 5.6 107.92 939 0.00 0.0 0.61 05| AB
VE 12 0.00 0.0 25.03 12.2 11.81 5.8 36.84  18.0 13342 65.1 30.62  15.0 1.77 0.9 165.81  81.0 0.00 0.0 2.06 1.0 | B,D
LA 13 0.00 0.0 1.03 7.7 0.00 0.0 1.03 7.7 393 29.1 582 432 1.07 8.0 10.82 803 0.00 0.0 1.63 121 | A
SI 14 0.00 0.0 2.72 6.6 0.00 0.0 2.72 6.6 2094  51.1 14.14 345 215 52 3723 90.8 0.00 0.0 1.03 251 A
DL IS5 0.00 0.0 13.83 9.4 2.04 1.4 1588 108 5236 35.6 68.78  46.8 871 59 129.85  88.3 0.13 0.1 1.02 07 1A
VA 16 0.00 0.0 4.79 8.6 2.07 3.7 6.86 123 32,57 58.1 1521 271 1.07 1.9 48.85  87.1 0.00 0.0 0.35 06 | A
MO 17 0.00 0.0 0.11 0.9 0.00 0.0 0.11 0.9 7.58 643 277 235 094 7.9 1129 957 0.00 0.0 0.39 331 A
PS 18 0.00 0.0 5.71 12.2 0.38 0.8 6.09 13.0 2726 582 1048 224 1.02 22 3876 82.8 0.09 02 1.89 40 1 A
CK 19A 0.00 0.0 1.05 8.9 1.37 11.6 242 205 729 61.6 1.64 139 021 1.8 9.14 773 0.00 0.0 0.26 221 ¢C
ZE 19B 0.00 0.0 15.81 5.7 33.86 122 49.67 179 15243 547 63.83 229 936 34 225.62  81.0 1.30 0.5 1.88 0.7 | AC
KO 20 0.00 0.0 21.06 13.7 1936 12.6 4042 263 83.53 545 19.13 125 844 55 111.10 725 0.00 0.0 1.79 12]cC
CJ 21 138 05 2298 7.5 79.07  26.0 103.43 340 139.1 457 56.51 18.6 465 1.5 20026 65.8 026 0.1 0.66 02 | AC
VAl 22 0.00 0.0 3.21 5.6 0.00 0.0 3.21 5.6 2729 477 2373 415 1.77 3.1 5279 923 0.09 02 1.06 191 A
ZA 23 0.00 0.0 1.57 5.9 0.00 0.0 1.57 5.9 13.12  49.7 9.82 372 0.74 2.8 23.68 89.7 0.07 02 1.09 411 AB
LI 24 0.00 0.0 4.82 12.9 0.00 0.0 482 129 19.85  53.0 9.63 257 132 35 30.80 822 0.00 0.0 1.84 49 | AB
KA 25 0.00 0.0 29.45 13.9 6.55 3.1 36.00 17.0 122.17 576 40.10 189 10.63 5.0 17290 815 065 03 2.46 12]B
ZB 26 0.00 0.0 21.45 21.5 7.10 7.1 28.55 28.6 49.87 500 1135 114 0.58 0.6 61.80  62.0 0.00 0.0 9.35 94 1 A

. ___________________________________________________________________________________________________________________________________________________________________________}]
The minimum and maximum values are bolded.
a) Difference (5.1.1. and 5.1.2.) and A(l): within some catchments, in addition to the lake surface itself, there are also water streams as (visible) surface inflows / outflows, or smaller water bodies — ponds.
In the catchment areas of the three lakes (VE, DL and ZE) there are Leisure facilities (1.4.2.) (or their components), mountain huts and a hotel, their areas are not shown in the table: Mountain hotel Sliezky dom near VE
=0.11 ha, Zbojnicka Chalet near DL = 0.10 ha and The Cottage at Zelené pleso (ZE) = 0.11 ha.
*Geological and mineralogical structure (of bedrock): A (biotic to bi-sedimentary granodiorites and granites), B (biotitic tonalites to granodiorites), C (porphyritic granites with notable pinkish-red K-feldspar outgrowths),
and D (paralurites and migmatites).



they hold significant ecological value (Gregor & Pacl,
2005; SLS, 2012; Hamerlik et al, 2014).
Additionally, these smaller lakes are more susceptible
to anthropogenic and climatic influences (Kopacek &
Stuchlik, 1994; Svitok et al., 2021).

The observed morphometric characteristics of
the lakes indicate the influence of glacial processes in

(1) )

their formation (Hresko et al., 2012). In the subalpine
zone, the water surfaces of lakes, formed by the
obstruction of outflowing water due to moraine
deposits of glaciers, are larger (3.63 + 4.10 ha).
Additionally, their coastal lithological zones are more
rugged, with an aspect ratio of 2.1 + 0.6 (Luknis,
1973; Gregor & Pacl, 2005; SLS, 2012; Ktapyta et al.,

*

o mm

D Catchment boundary
Land Cover (CORINE)
- Leisure facilities (1.4.2.)
- Coniferous trees (3.1.2.)
- (Sub)Alpine grasslands (3.2.1.)
Bl Dwarf pine (3.2.2.)

- Rock walls, rocks (3.3.2.)
- Debris screes (3.3.2.)

[l Debris flows (3.3.2.)

[ ] snow fields (3.3.5.)

—— Water streams (5.1.1.)

- Water bodies (5.1.2.)

A

Figure 6. Spatial distribution of land cover characteristics for study 29 lake catchments in High Tatra Mts.
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Table 4. Summary (descriptive) statistics for selected 29 study lake-catchment characteristics of the High Tatra Mts.

No. of Lake-Catchment systems (n) 29
Abberviation Units
LAKE CHARACTERISTICS Average £ SD (min - max)
Vegetation zone Summary Correlation
Geographic position Subalpine Alpine All sites with
altitude
Is
Altitude ALT(l) m | 1633 +103 (1490 - 1833) | 1995 + 94 (1861-2195) | 1870 + 199 (1490 - 2195) |
Morphometric characteristics
Area A ha 3.63+4.10 (0.20 - 12.06) 2.93+4.38 (0.13-19.71) 3.17+4.23 (0.13-19.71) -0.06
Volume V() 10° m? 289 + 506 (1.6 - 1502) 349 £ 930 (1.6 - 4092) 328 £799 (1.6 - 4092) 0.11
Perimeter P(l) m 894 + 582 (244 -2047) 775 +£468 (144 -2182) 816 +503 (144 -2182) -0.09
Lenght L(l) m 292 +200 (96 - 720) 240 + 151 (48 - 725) 258 £ 168 (48 - 725) -0.11
Width W(l) m 152+ 102 (30 - 362) 136 £79 (38-371) 141 £ 86 (30-371) -0.03
Ratio = L(1):W(1) R(1) m 2.1+0.6 (1.2-3.3) 1.9+0.7 (1.0-3.5) 1.9+£0.7 (1.0-3.5) -0.28
Depth - maximum D(1) max m 10.5+12.7 (1.2-38.1) 155+ 14.3 (2.3-54) 13.8+13.8 (1.2 -54.0) 0.33
Depth - average D(1) avg m 3.80+4.32 (0.57-12.83) 537+497 (0.60 - 20.40) 4.83+4.74 (0.57 -20.40) 0.20
CATCHMENT CHARACTERISTICS
Morphometric characteristics
Area A(c) ha 153.58 £95.16 (11.83 -304.62) 64.00 +59.09 (1.87 -242.62) 94.89 + 83.86 (1.87 -304.62) *%-0.70
Ratio = A(1):A(c) R (I:i¢) m 0.03 £0.04 (0.00-0.13) 0.06 +0.05 (0.01-0.16) 0.05+0.05 (0.00 - 0.16) * 0.56
Altitude - average ALT(c) avg m 1928 +£96 (1759 -2057) 2153+ 66 (2023 -2327) 2076 + 133 (1759 -2327) ** 0.83
Altitude - maximum ALT(c) max m 2405+ 165 (2172 -2631) 2466 + 119 (2207 - 2655) 2445 + 137 (2172 - 2655) -0.03
Altitude - minimum ALT(c) min m 1633 +103 (1490 - 1833) 1995 + 94 (1860 - 2195) 1870 + 199 (1490 - 2195) ** 1.00
Elevation = ALT(c) max-min ELV(c) m 772 +£229 (497 - 1091) 471 £ 167 (195 - 770) 575 +237 (195 -1091) **.0.85
Slope - average S(c) ° 40+4 (31 -45) 36+3 (30-43) 38+4 (30 -45) *-0.56
Aspect - average As(c) ° 182 +27 (144 - 232) 184 +32 (137 - 234) 183 +30 (137 - 234) -0.17
Lenght L(c) m 1385 + 547 (505 - 2268) 930+ 502 (283 -2147) 1087 + 554 (283 -2268) ** -0.64
Land cover characteristics (CORINE)
Percentage of catchment area covered by
Sub-Alpine grasslands 3.2.1. 13.5+7.2 (5.7-29.6) 73+32 (0.9-12.9) 94+57 (0.9 -29.6) *-0.47
Dwarf pine 3.2.2. 9.8+73 (1.3-26.0) 02+04 (0.0-14) 35+6.2 (0.0 -26.0) **.0.83
Soil coverage SUM 23.4+99 (12.3-442) 74+34 (0.9-13.0) 129+9.9 (0.9-442) **.0.76
Rock walls, rocks 33.2. % 51.8+11.6 (24.2-65.1) 455+10.8 (21.4-64.3) 477+11.3 (21.4-65.1) -0.30
Debris screes 33.2. 19.0+6.3 (11.4-30.7) 38.0+9.7 (22.4 - 58.8) 314+125 (11.4 -58.8) ** (.64
Debris flows 33.2. 24+1.8 (0.2-5.5) 34+22 (0.2-8.0) 3.1+2.1 (0.2-7.9) 0.12
Rocks/screes coverage SUM 73.2+£13.1 (43.3-87.1) 86.9+59 (71.4-95.7) 82.1+11.0 (43.3-95.7) * 0.49

Bedrock geology and mineralogy are not included in the table. The characterization is based on the presence of the following groups: A (biotic to bi-sedimentary granodiorites and granites), B (biotitic tonalites to
granodiorites), C (porphyritic granites with notable pinkish-red K-feldspar outgrowths), and D (paralurites and migmatites). This information is included in Table 3. Bold numbers indicate statistical significance, with p-
values of <0.05, <0.01*, and <0.001** (as determined by permutation tests). SD denotes standard deviation.



2016), predominantly consisting of gravel and
pebbles, as noted in field observations (Hamerlik &
Bitusik, 2009). The volume of these lakes is relatively
small, measuring 289.10° + 506.10° m®, with an
average maximum depth of 10.5 £ 12.7 m, and an
average depth of 3.80 + 4.32 m (Tables 2, 4 and
Figure 1). Higher-elevation lakes in the alpine zone
tend to be smaller water bodies (2.93 + 4.38 ha) with
simple shapes, either round or elliptical (aspect ratio
1.9 £ 0.7). Their basins, formed in glacially created
kettles, drop steeply, making them more voluminous
(349.10° + 930.10° m?) and deeper (with an average
maximum depth of 15.5 + 14.3 m and an average
depth of 5.37 = 4.97 m). The nearshore areas of these
lakes are shallow and relatively undeveloped (Tables
1, 4 and Figure 1) (Luknis, 1973; Gregor & Pacl,
2005; SLS, 2012; Ktapyta et al., 2016).

The studied alpine lakes Okrtihle pleso (OK),
Modré pleso (MO), and DLadové pleso vo Velkej
Studenej doline (LA) serve as typical examples,
characterized by their nearly perfect round shape
(aspect ratio 1:1). Despite their relatively modest
surface areas—0.70 ha, 0.39 ha, and 1.63 ha,
respectively—these lakes are notably deep, with
maximum depths of 10.2 m, 4.5 m, and 18 m. In
contrast, the subalpine lakes Kolové pleso (KO) and
Zelené pleso kacacie (KA) are shallow, recording
maximum depths of just 1.2 m and 2.7 m. However,
they are larger at 1.79 ha and 2.46 ha, respectively
(Table 2 and Figure 1). The numerous
geomorphological processes occurring in this
mountain range, which have been active since de-
glaciation and are influenced by contemporary climate
change, play a crucial role in the siltation of these lakes
due to materials washed in from their surrounding
catchments (Hresko et al., 2012; 2013; 2022; Kapusta
etal., 2010; 2021). These processes contribute not only
to the gradual filling of the lake basins but also to
altering their shapes. For instance, the elongated forms
of lakes DIhé pleso (DG and DL) and Zabie Javorové
pleso (ZJ) are attributed to significant silting occurring
from one side (refer to Figures 1, 6) (Luknis, 1973;
Cajkova et al., 2022; 2024).

The relief and lake catchments of the High
Tatra high-altitude region are characterized by steep
slopes averaging 38 + 4°, along with substantial
elevation changes averaging 575 + 237 m (Tables 2,
4, and Figures 3, 4). This area is predominantly
composed of rocky ridges and blocks, which account
for approximately 47.7 £ 11.3% of the landscape,
ranging from 21.4% to 65.1% at studied lakes (Tables
3, 4, and Figures 1, 6) (Luknis, 1973; Nemcok et al.,
1994; Zasadni & Klapyta, 2009). The only vegetation
present consists of bryophytes and lichens
(dominated by Rhizocarpon species, Acarospora

oxytona and Dermatocarpon luridum) (Voluscuk,
1994; Kietek et al., 2006; Skvarenina & Fleischer,
2013).

The geological bedrock of most lakes in the
Tatra Mountains is primarily composed of low-
permeability rocks, which contribute to their
prevalence (Catalan et al., 2006). The geology in the
study area is characterized by biotic to bi-sedimentary
granodiorites and granites across 23 study
catchments. In the eastern region, porphyritic granites
with distinct pinkish-red K-feldspar outgrowths are
observed in the catchments of CK, ZE, CJ, and KO
(Table 3). Additionally, a minor presence of
paragneiss and migmatites was recorded in the
catchment of lake Velické pleso (Table 3) (Nemcok et
al., 1994; Bezak & Majcin, 2013). The granitic massif
is extensively fractured by fault zones, resulting in
various types of screes and debris flows, which we
have also identified within the studied lake
catchments (Table 3 and Figure 6).

Extensive debris screes and flows are prevalent
beneath the rock walls, in saddles, and gullies. Debris
screes comprise 31.4 = 12.5% of the studied
catchment area, ranging from 11.4 to 58.8%, while
debris flows account for 3.1 £+ 2.1%, with a range of
0.2 to 8.0% (Tables 3, 4 and Figure 6). These
formations are composed of sharp-edged materials,
typically the size of gravel, with boulders being a
rarer occurrence. The coarsest materials are located in
the lower sections of the catchments due to
gravitational influences, as confirmed in the field
(Figure 1) (Bezak & Majcin, 2013). Among the most
enormous recorded debris cones are those found
within the catchments of the studied lakes, previously
mentioned in the context of morphodynamic
processes. Noteworthy examples include a 430 m
long debris cone terminating at the shore of the
shallow lake Kolové pleso (KO) and an 800 m long
cone—originating in the Krémdarovovy zl'ab couloir
and ending at the DIhé pleso pod Gerlachom (DG)—
which accounts for its elongated shape (Figures 1 and
6) (Luknis, 1973; éajkové et al., 2022; 2024).

Beneath these extensive relief-forming
processes, a layer of poorly developed soils, primarily
lithosols, and rankers with an acidic reaction and
minimal organic carbon, is only mosaically
distributed, measuring less than 3 cm in thickness
(Kopacek et al., 2006; Kana et al., 2023).

Vegetation, and consequently coarser soil
cover, is notably scarce in the High Tatra Mountains
(Tables 3, 4, and Figures 1, 6) (12.9 £ 9.9%, with
values ranging from 0.9% to 44.2% of the studied
catchments area). Above the upper forest line, dwarf
pine (Pinus mugo) predominates (Voluscuk, 1994;
Skvarenina & Fleischer, 2013), accounting for 3.5 £
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6.2% (from 0.0% to 26.0% of the studied catchments
area). More extensive complexes of sub-alpine
grasslands occur on floodplain cones and near water
streams and lakes, where the substrate is more
conducive to growth (Boltiziar, 2007), representing
9.4 + 5.7% (ranging from 0.9% to 29.6% of the
studied catchments area). These meadows are
primarily composed of grassland communities,
including Juncetalis trifidi, Festuca picturata, Luzula
alpinopilosa, and Calamagrostis villosa, along with
sparse stands of pioneer plant species. Trees are
mainly absent in the high mountain region, with only
occasional spruces recorded (0.5%, found exclusively
in the lake Cierne Javorové pleso catchment - Table 3
and Figure 6), as well as rowan (Sorbus aucuparia)
and Silesian willow (Salix silesiaca) (Volus¢uk, 1994;
Kfegek et al., 2006; Skvarenina & Fleischer, 2013).

Beneath these landscape features lies a coarser
soil layer, ranging from 0.1 to 0.84 m in depth (with
a diameter of 0.45 m). This layer comprises poorly
developed podzols, leptosols and regosols, which
exhibit an acidic reaction but contain a higher organic
carbon content (Kopacek et al., 2006; Kana et al.,
2023).

Due to the low nutrient availability resulting
from inadequate contributions from the substrate and
surrounding catchments, combined with minimal
vegetation and soil coverage, we classify high
mountain lakes as oligotrophic (Sommaruga et al.,
1999) and dimictic, particularly those deeper than 4
m — as indicated in Tables 2 and 4 (Kopacek et al.,
2019).

The proportion of cover formed by rocks and
screes increases significantly (p < 0.01). In contrast,
soil cover diminishes (p < 0.001) with increasing
altitude in the High Tatra Mountains region, as shown

in Table 4 and Figure 7 (Kfecek et al., 2006; Krno et
al., 2000).

The catchments of lower lakes in the subalpine
zone exhibit larger sizes (153.58 + 95.16 ha) and
greater lengths (1385 + 547 m), characterized by
more complex shapes and a higher area-to-lake area
ratio (0.03 £ 0.04) (Tables 2, 4, and Figure 1)
(Kamenik et al., 2001). This region also has a greater
percentage of dwarf pine vegetation, averaging 9.8 +
7.3%, which varies from 1.3% to 26.0% of the studied
catchments area, alongside sub-alpine grasslands that
constitute 13.5 £7.2%, with a range of 5.7% t0 29.6%
of the area examined. Consequently, there is a more
consistent and coarser soil cover, comprising 23.4 +
9.9%, with a similar range of 5.7% to 29.6% of the
studied catchments area (Table 3 and Figure 6) (Ko
et al., 2006). This soil cover serves as a stabilizing
factor for slopes (Boltiziar, 2007; Kopacek et al.,
2017).

The cover composed of rocks and debris
remains significant, accounting for 73.2 £ 13.1% of
the surveyed catchments areas, with values ranging
from 43.3% to 87.1% (Tables 3, 4, and Figure 6). This
indicates the presence of morphodynamic processes,
where water-gravity dynamics are predominant,
particularly due to the greater number of surface
tributaries associated with these types of lakes (Table
1) (Hresko et al., 2013). In contrast, the catchments of
higher alpine lakes situated within karst formations
are generally smaller, averaging 64.00 + 59.09
hectares, possess shorter lengths with a simpler
morphology (930 + 502 m), and exhibit a more
balanced area-to-lake ratio (0.06 = 0.05) (Tables 2, 4,
and Figure 1) (Kamenik et al., 2001). The typical
steep high mountain terrain (Lukni$ 1973; Nemcok et
al., 1994; Zasadni & Klapyta, 2009), along with

(CORS R
45 3

w B
« o

w
o

Soil in catchment (%)
[
W

1400 1500

1600

1700 1800 1900 2000 2100 2200 2300

~_
5
N

0
R*=0.29*

90

80

70

60

Rocks / screes in catchment (%)

50

o

40

1400 1500 1600 1700 1800 1900 2000 2100 2200 2300

Lake Altitude (m a.s.l.)

Figure 7. Relationships for study High Tatra Mts. lake-catchment systems (n=29) between percentage catchment cover
with (a) soil (underlying Coniferous trees, Sub-Alpine grasslands and Dwarf pine) (picture of the subalpine lake KA)
and (b) rock / scree areas (picture of the alpine lake OK) versus lake altitude [m)].

Solid lines show regressions, R? is the coefficient of determination, both relationships are significant (p < 0.01%; p < 0.001**),
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predominantly unconsolidated rock deposits (where
the proportion of coarser soil cover in the catchments
is only 7.4 + 3.4%, varying from 0.9 to 13.0%),
creates an environment in lake catchments that is
susceptible to erosion and debris-flow formation.
This accounts for 38.0 £ 9.7% (ranging from 22.4 to
58.8%) of the area within the studied catchments,
while debris flows represent approximately 3.4 =+
2.2% (ranging from 0.2 to 8.0%) of the catchment’s
areas (Tables 3, 4, and Figure 6) (Kotarba, 2007;
Hresko et al., 2012; Kapusta et al., 2021; Cajkova et
al., 2024). The characteristics of the high-altitude lake
catchments in the High Tatra Mountains—such as
elevation, morphometry, bedrock, and land cover—
significantly affect the intensity of morphodynamic
processes.

Generally, morphometric parameters like slope
(Table 2 and Figure 4) and orientation (with a
prevailing south-southwest direction of 183 £ 30° in
the studied catchments, as shown in Table 2 and
Figure 5 are critical in determining climatic
influences. This includes solar radiation, which peaks
on southern slopes with an incline of 35°, and wind
patterns, where windward slopes face northwest and
leeward slopes face southeast. These climatic factors
consequently impact precipitation levels and, in turn,
snow cover, which is more prevalent in the northern
regions and on the northwestern slopes (Konéek &
Orlicz, 1974).

The literature (Luknis, 1973; Engel et al., 2015;
Makos, 2015) indicates that the Tatra Mountains are
now fully de-iced; however, remnants of snow fields
from the previous winter may still be present in higher
elevations, particularly in areas where snow has
accumulated (such as from avalanches) or in shaded
locations (including kettles and troughs), as
illustrated in Table 3 and Figure 6 (Boltiziar, 2007).
Notably, four permanent snow firn sites, which
contain snow accumulated over several years, have
also been identified (Luknis, 1973). Three of these
sites are situated within the catchments of the lakes
under study: the DIhé pleso pod Gerlachom (DQG)
located in the Krémarsky zlab couloir at
approximately 2060 m above sea level, which we did
not capture in our aerial photographs (Table 3 and
Figure 6); the Cierne Javorové pleso (CJ) on the upper
terrace of the Cadova dolinka valley (roughly 2150-
2200 m above sea level); and the Zelené pleso
kezmarské (ZE), which displays the highest
proportion of recorded snowfields at 0.5% of its
catchment area, situated in the Medena dolinka valley
(between 2000-2300 m above sea level), also referred
to as the (last) firn glacier (Gadek, 2008).

Most of the lakes in the High Tatra Mountains
exhibit surface outflow, with 16 of the studied lakes

characterized this way (Table 1). In contrast, the
lower-elevation lakes also demonstrate surface
inflow. These characteristics were documented as
linear landscape features (Figure 6) and validated
through field observations. In comparison, the higher-
elevation lakes function as seepage lakes (Kopacek et
al., 2004a; SLS, 2012). This distinction is significant,
as it affects the prolonged retention of pollutants
deposited in lakes that lack outflow (Stuchlik et al.,
2017).

The catchments of the high-altitude lakes in the
High Tatra Mountains do not experience significant
direct anthropogenic pollution, as these areas have
been designated as part of the National Park since the
1950s. Swimming and fishing are prohibited, and
only a limited number of lakes are accessible to
tourists—approximately 40, of which 15 have been
surveyed (Kopacek et al.,, 2004a; Stuchlik et al.,
2006). Nonetheless, specific lake catchments are
accessible to mountaineers and climbers, serving as
sites for outdoor activities. It is important to note,
however, that active geomorphological processes
present natural hazards to these human endeavours
(Korup & Clague, 2009; Knight, 2022). The four
lakes under examination—VE, DL, PS, and ZE— are
also near popular tourist facilities, including a
mountain hotel and huts (Table 3 and Figures 1, 6)
(Bohus, 2007). With proper operation, these facilities
are not expected to currently pose a threat to the lakes
(Hamerlik et al., 2016).

The study completes an overview of the
development, character, and features of high
mountain lake areas within the Carpathian
Mountains, which are found only in the Tatra
Mountains (on both the Slovak and Polish sides) and
the high-altitude regions of the Romanian mountains.
In comparison to the work conducted by Necsoiu et
al., (2016) in the Romanian Retezat Mountains (the
most numerous lake area), which is also the first to
use current high-precision remote sensing techniques,
we can observe similar characteristics in terms of
bedrock geology and, consequently, lake abundance.
The altitude of the treeline impacts the average
altitude of the lakes; however, their morphometric
attributes (including shape, average area, and depth)
are similar across both regions. Notably, the
characteristics of the catchments (area and dominant
land cover) display similar patterns as well, though
the relief of the Tatra Mountains is more pronounced,
with a slightly greater proportion of rocky bedrock,
but similar in controlling aspects of material siltation
by processes from more scree, unconsolidated, and
steeper catchments. In both areas, the orientation of
the mountain range—comprising two main slopes,
south and north—also significantly affects the
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characteristics of these hydric systems as well as
climatic variables. These findings provide essential
background information on the current status, trends,
and evolution of high-altitude lake areas in the
Carpathian Mountains and could contribute to a
deeper understanding of the impacts of environmental
changes.

4. CONCLUSIONS

Based on an extensive dataset detailing the
characteristics of 29 high-altitude lakes and their
catchments, this study updates, refines, and
complements previous or missing data. It provides a
comprehensive description and visualization of lakes
and their catchments situated above the tree line in the
High Tatra Mountains (also in the Carpathian region),
highlighting the distinctions between the subalpine
and alpine zones.

This high-mountain lake environment, located
at elevations exceeding 1500 meters above sea level,
is characterized by small water surfaces of
approximately 20 hectares and depths of around 54
meters. The steep catchments rise to as high as 2655
meters a.s.l., marking the highest point in Slovakia.
The predominant land cover consists of rocky
surfaces and debris, with a minimal proportion of soil
and vegetation, limited to stands of dwarf pines and
sub-alpine grasslands. The central part of the Tatra
Mountains features crystalline bedrock with low
permeability, though the mineral composition varies
across the catchments, which can be categorized into
three distinct groups. A notable characteristic of this
area is the significant presence of screes.

The lower-lying lakes within the subalpine
zone tend to be larger, featuring more rugged
shorelines and irregular shapes. Due to their size,
these lakes are shallower, primarily as a result of
siltation from materials originating in their catchment
areas, which are also larger in proportion to the lake
area and exhibit extended lengths. In contrast, the
lakes situated in the higher alpine zone (above 1850
m above sea level) are smaller, characterized by
simpler, more regular shapes. However, the steep
slopes of their lake basins result in greater volume and
depth. These higher lakes have smaller catchments,
with a more balanced ratio of area to the lake area. As
altitude increases, there is a notable rise in the amount
of rock and debris cover, while soil and vegetation
cover diminish within the high-elevation study area.

The morphometric characteristics of lakes and
catchments are the result of glacial processes during
the Pleistocene glaciation, the activity of
geomorphological processes after de-glaciation, and
the interplay with the altitudinal gradient, which also

determines climatic and vegetation (land cover)
conditions.

Identifying the precise orientation of slopes
within a catchment area is crucial when considering
climate influences. Although the Tatra Mountains
have now fully de-iced, snow and firn fields have
been observed in various lake catchments.

Most of the high-altitude lakes in the High
Tatra Mts. remain inaccessible to tourists, although
there are tourist huts and a hotel near the three lakes
that have been studied.

The findings of this study offer a wvital
quantitative foundation for future limnological
research, which can prove beneficial in areas such as
hydrology, hydrochemistry, and landscape ecology.
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