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Abstract. The reassessment of the geoecological state of landscape-lake systems (LLS) and their cartographic
modelling employing the methodology of landscape limnology has been conducted. The purpose of this study
was to characterize the essence of the applied methodology and to evaluate the geoecological state of LLS based
on the case study of the Lake Bile basin, Rivne Natural Reserve, Ukraine and to develop cartographic models of
the aquatic complex and its catchment as an information basis for the integrated management of water and land
resources of LLS and sustainable nature management. The results obtained from the field instrumental research
conducted within the Bile Lake basin were used for substantiating the use of laboratory methods and QGIS soft-
ware, for producing the catchment land use map and assessing the geoecological state of the basin, for developing
the bathymetric model of the reservoir and determining hydrological and hydrochemical parameters, for analyz-
ing the lithological composition of the rocks of the exploratory well, elucidation of the genesis of the reservoir,
for the first-time production of landscape maps of the natural-aquatic complex and water catchment, and for
establishing landscape-metric characteristics of the lake-basin system. The degree of the anthropogenic load on
landscape complexes in the 100-meter zone around the lake was assessed. The performed research showed that
the conceptual foundations of landscape limnology, as a modern transdisciplinary scientific direction, are an inno-
vative and effective tool for assessing the geoecological state of LLS, and scientifically supporting the integrated
management of its water resources and sustainable nature management.

Keywords: landscape limnology, lake basin; lake genesis; bathymetric map; hydrochemical state of the lake; natural
aquatic complex, geoecological assessment; landscape maps
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INTRODUCTION as consumers of ecosystem services (Schallenberg et
al. 2013; Xu et al. 2018; Sterner et al. 2020). From

Among the objects of the nature reserve fund a paleo-geographical point of view, lakes are a kind
(NRF), lakes stand out as being of particular inter- of “window” through which the climate of past eras
est to the scientific community and ordinary citizens  can be studied, and landscapes as a whole can be re-
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constructed. Lakes regulate the hydrological regime
of the landscape, affect the mineralization of natural
waters, level microclimatic changes in arid natural
complexes; they accumulate fresh water and create
special conditions for the life of aquatic organisms.
Resort zones, tourist and recreational facilities, com-
mercial fishing farms, ecological and national parks,
nature reserves, etc. are established near lakes.

The Volyn Polissia physical-geographical region
includes a number of nature reserves (Rivne, Cher-
emske), national parks (Shatsk, Prypiat-Stokhid, No-
bel, Radzivil Pushcha, Tsuman Pushcha), regional
landscape parks and lower-level NRF facilities with
dozens of lakes within their territories. Such objects
are inventoried, their monitoring observations are
conducted in individual reservoirs, and their ecologi-
cal passports are developed in accordance with the
Chronicles of Nature, which are kept by research sec-
tors of nature reserves and national parks.

Rivne Nature Reserve was established in 1999.
Now, the total area of the reserve is 42,288.7 hec-
tares (Decree dated August 14, 2014 N 264... 2015).
Its territory includes four areas, namely Lake Bile,
Perebrody, Syra Pohonia and Somyne. In the diverse
reserve landscape, a number of lakes (Somyne, Kr-
ysyne, Bile) and wetland complexes stand out.

It should be noted that some territories of Rivne
Nature Reserve are included in the Ramsar sites list,
i.e.. UA-1402: Perebrody Peatlands (12,718 ha),
UA-2274: Syra Pogonia Bog (9.926 ha), UA-2275:
Somyne Swamps (10.852 ha), UA-2281: Lake Bile
and Koza Berezyna Mire (8,036.5 ha), (Wetlands...
2022).

This research considers lakes not just as objects
of hydrography or hydrology, but as complex natu-
ral formations with their own genesis, evolutionary
development, functioning and subsequent ecosys-
tem transformation. Integrative studies at the junc-
tion of landscape science, landscape ecology (For-
man, Godron 1986; Richling, Solon 1998; Turner et
al. 2001; Miller et al. 2002; Hrodzynskyi, Savytska
2008; Chmielewski 2012; Hrodzynskyi 2014; Hess,
Tasa 2017; Gergel, Turner 2017) and limnology (Im-
berger, Patterson 1990; Wetzel, Likens 1991; Horne,
Goldman 1994; Wetzel 2001; Choinski 2007; Ku-
mar 2005; I1’in 2008a, b; Sethi, Kulkarni 2011; Cole,
Weihe 2015; Oakenfold 2017; Evans III 2021) are
considered to be landscape limnology studies. Today,
they show sufficient theoretical and methodological
potential for development and application in geoecol-
ogy and sustainable nature management.

In landscape science (Herenchuk et al. 1975), a
lake is considered to be a complex aquatic tract (ag-
ua-tract), a component of the morphological structure
of the landscape. It should be noted that this view
mainly applies to small lakes with different types
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of bottom sediments, in which the lake basin “cuts
through” various geological rocks of both Quaternary
and pre-Quaternary origin. To emphasize the geo-
complex approach to the lakes, landscape scientists
suggested using the term natural aquatic complex.
Back in the 1960s, the concept of the natural aquatic
complex (NAC) was substantiated by N. Solntsev
for the units of physical-geographical zoning of the
ocean, as analogues of land landscapes, which gave
impetus to the development of the conceptual founda-
tions of inland NACs (rivers, lakes, reservoirs, etc.)
studies (Martyniuk 2008).

In the 1990s, based on the complex field studies
of the Volyn Polissia region, we justified the use of
landscape method for lake research (Martyniuk 1998)
and developed the landscape-limnological model of
the lake-basin system (Martyniuk 1999).

The morphological structure of the lake NAC de-
pends on peculiarities of the lake basin genesis, its
geomorphological structure, elevation levels of the
adjacent landscapes’ relief, sedimentation processes
in the reservoir, etc. Considering the lake basin from
the landscape positions, it is possible to distinguish
the morphological units of the NAC of a lower rank —
aquatic sub-tracts (aqua-sub-tracts).

Such aquatic sub-tracts consist of littoral, sublit-
toral, profundal zones, which are distinguished by
lithological-geomorphological factors, and the pelag-
ic ones, which are distinguished by the thermal het-
erogeneity of the water bodies of the reservoir. The
upper level of the lake NAC is occupied by aquatic
facies (aqua-facies), which are structural components
of the aquatic sub-tract. They are distinguished by the
micro-relief of the lake basin, the physical and geo-
chemical processes that develop in the lake, the com-
position and size of bottom sediments, the species
diversity of plant communities (surface and under-
water), the peculiarities of the temperature regime in
the warm season of the year (Kovalchuk, Martyniuk
2015; Martyniuk 2015).

The development of landscape limnology stud-
ies in the USA is driven by research contributions of
Webster et al. (1996), Soranno et al. (1999), Martin,
Soranno (2006), Soranno et al. (2009, 2010), Fergus
et al. (2017), etc. The main methodological structure
employed by American landscape limnologists is
the triadic concept of the lake freshwater ecosystem
functioning, the ecosystem of the catchment area and
the anthropogenic factor, i.e. economic activity. Each
of the components of such a structure has a set of
natural (precipitation, drain flow, groundwater feed-
ing the lake; glaciation history during the Quaternary,
geological rocks, configuration and relief, catchment
area soils) and anthropogenic (national environmen-
tal policy, land use, road infrastructure, ecosystem
value, etc.) elements that are hierarchically organized
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and interact in different spatial dimensions — from re-
gional to local. According to this concept, the land-
scape-limnological study of the ecosystem is aimed
at learning the peculiarities of the chemical, physical
and biological state of the lake as a local level object
of such a structure (Soranno et al. 2010).

Limnological studies of recent years reflect only
certain aspects of the complex landscape and limno-
logical approach to the study of lakes. They are re-
lated to: 1) zonal regulation of the protection areas of
the Olsztyn Lake basin, taking into account the slope
coefficients of the relief (Haku¢-Btazowska, Cymer-
man 2011); 2) restoration of lake shores based on
landscape ecology (Boromisza et al. 2014); 3) assess-
ments of the ecological consequences of hydromor-
phological loads on European lakes (Poikane et al.
2020) and assessments of the ecological state of lakes
in natural parks whose watersheds are located at dif-
ferent geomorphological levels (Paszteleniec, Kutyta
2015); 4) changes in water resources under the influ-
ence of natural and anthropogenic factors (Choinski
et al. 2016); 5) natural and anthropogenic conditions
of fluctuating lake water levels (Nowak, Ptak 2019);
6) assessments of anthropogenic pollution of lakes
based on the content of heavy metals in bottom sedi-
ments (Ignatavicius et al. 2022); 7) correlations be-
tween water quality in reservoirs and land use within
the watershed basin (Dumitran ez al. 2020; Cesoniené
et al. 2021); 8) monitoring of the lake water quality
according to the data of RSE (Cigzkowski ef al. 2022;
Fesiuk et al. 2022). Such a variety of approaches is
natural since the development of landscape science
and limnology is based on different fundamental con-
cepts. At the same time, most of the above-mentioned
publications are united by a common problem, i.e.,
the study of the geoecological conditions of the res-
ervoirs themselves, or their catchments, or the cor-
relation between the quality of water masses and the
nature management implemented in their basins.

In landscape science, the mapping of natural ter-
ritorial complexes is well-developed (Miller et al.
2002), while in limnology, in our opinion, the atten-
tion paid to the mapping of lake NACs, except for
the bathymetric one, is insufficient. A strong point
of limnology is the synthesis of ecosystem processes
occurring in the reservoir with the further justifica-
tion of the aquatic ecosystem “health condition”. It is
obvious that the principle of the complementarity of
sciences has a potential for the fruitful development
of landscape limnology in the transdisciplinary direc-
tion.

The purpose of the study was to characterize the
essence of the applied methodology and to assess
the geoecological state of the landscape-lake system
(LLS) (based on the case study of the basin of Lake
Bile, Rivne Natural Reserve, Ukraine) and to create

cartographic models of the aquatic complex and its
catchment as an information basis for the integrated
management of water and land resources of the LLS
and sustainable nature management.

STUDY AREA AND SITE DESCRIPTION

This lake is part of the Biloozersskyi massif of
Rivne Nature Reserve (Ukraine) and is situated in the
Nyzhnostyrskyi district of the Volyn Polissia region
(Fig. 1).

The basin of Lake Bile belongs to the landscape of
upland interfluves of water-glacial sands with a close
occurrence of chalky marls. In 1984, the lake became
part of Lake Bile landscape reserve of national im-
portance and in 1999 — part of Rivne Nature Reserve
(Hryshchenko 2008). The Lake Bile reserve territory
together with the lake itself is an important structural
node of the eco-network of Central-Eastern Europe,
the formation of which is a priority direction of the
Pan-European strategy for the protection of biotic
and landscape diversity. Human economic activity,
primarily, the drainage reclamation conducted in the
1960s and 1980s, and the recreational development
(the rehabilitation and health complexes) of the terri-
tory, have led to the balance disturbance in Lake Bile
basin landscape complexes. The lake is situated in
the 30-km zone of the Rivne NPP, and the landscapes
of the catchment area suffered from the technogenic
effects of the accident at this NPP (Chumak et al.
1992).

Being highly vulnerable to climate changes, lakes
react to them by disrupting functional relationships
both in reservoirs themselves and within their catch-
ment areas (Woolway et al. 2020).

The analysis of average monthly temperatures
(2010-2019) in January and July at the Varash
weather station, which is located 18 km southeast of
Lake Bile, showed that the average January tempera-
ture during this period was -3.73 °C, and the average
July temperature was +20.56 °C. During the ten-year
period, the average annual temperature at the weather
station was 9.20 °C (Fig. 2). The last 7 years in the
Volyn Polissia area were quite dry.

A series of glaciations in the Quaternary period
had a noticeable influence on the development of
the landscape in the region, and hence the genesis of
Lake Bile. During the glaciation, the lowlands of the
Volyn Polissia region were a periglacial zone of gla-
cial meltwater accumulation in the form of large lake
basins and streams that deposited a mass of sandy ma-
terial. Under the influence of melting glacial waters,
swamp-lake natural complexes were formed in low-
lying areas. The erosive and hydrodynamic activity of
the glacier, primarily of the Dnieper glacier (290-240
thousand years), significantly transformed the relief
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Fig. 1 Localization of Lake Bile basin in the scheme of physical and geographical zoning of Volyn Polissia. Physio-
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Fig. 2 Dynamics of average monthly and average annual temperatures recorded at the Varash weather station (based on
the materials of the automatic weather station NAWS-301 ACKPC of the Rivne nuclear power plant)

of the sedimentary cover, which lifted the Upper Cre-
taceous deposits close to the daytime surface in some
areas. All further development of landscapes took
place under the influence of excessive wetting of the
territory. A ridge-hilly relief was formed on the raised
sand massifs before they were covered by vegetation.
An important feature of the landscapes of the Volyn
Polissia region is their insufficient drainage, which
contributes to the wide spread of swamps, primarily,
the lowland ones (Zubkovych, Martyniuk 2020). Such
a general overview of the formation of landscapes al-
lows assessing the paleo-geographic conditions in
which the erosion-hydrographic network and lake ba-
sins of the Volyn Polissia region were formed.
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RESEARCH METHODOLOGY AND
METHODS

The methodological base of this study consists of
the basin approach in geography (Horton 1945; Ko-
valchuk, Pavlovska 2008; Samoilenko, Ivanok 2015;
Kashiwaya 2017; Kovalchuk, Kovalchuk 2018; Ko-
valchuk et al. 2020; Shit et al. 2022) and the concept of
“lake-catchment area” in limnology (Oldfield 1977).
The study is based on the materials of the field land-
scape limnology research performed within the Lake
Bile basin in 2019-2021. The following methods were
employed in this study: the method of «key areas» of
landscape science (Herenchuk et al. 1975), soil profil-



ing at reference points within the catchment area (Lyko
et al. 2019), general limnology methods (Imberger,
Patterson 1990; Cole, Weihe 2015; Oakenfold 2017,
Evans III 2021), and methods of landscape and geo-
graphical mapping (Miller et al. 2002). Bathymetric
surveying of lakes is one of the most time-consuming
and mandatory components of landscape and limno-
logical studies. This fact is also confirmed by other sci-
entists’ (Giuliani ef al. 2019; Paul et al. 2019; Muhtadi
et al. 2020; Chormanski et al. 2021; Simpson et al.
2021; Hamilton et al. 2022; Yang et al. 2022) stud-
ies related to the bathymetric survey of different water
bodies in terms of depth, area and natural-geographical
location. In August 2020, high-precision echo sound-
ing with the geodetic surveying of the water section
was carried out on Lake Bile. We used a Hummingbird
597ci HD sounder, which was fixed on the transom
of a 2-seater boat with an electric drive. The develop-
ment of the bathymetric model of Lake Bile involved
the correction of echograms aimed to specify and cor-
rect the depth values in the areas where the bottom was
covered with algae and silted with fine fractions. Inter-
polation between track points was performed using the
TIN method. The obtained bathymetric model served
as the basis for assessing the hydrological parameters
of the reservoir, which is a prerequisite for the analysis
of the lake basin genesis and the subsequent develop-
ment of the landscape map of the lake’s NAC.

Analyses of soil samples collected from the
catchment, bottom sediments, and lake water were
performed in certified laboratories (hydro-chemical
analyses of water were performed in the respective
laboratories of the National University of Water and
Environmental Engineering (Rivne), and geochemi-
cal analyses of soils and bottom sediments — in the re-
spective laboratories of the Rivne Branch of the State
Institution «Soils Protection Institute of Ukrainey).
The data on pre-Quaternary rocks within the catch-
ment area and adjacent parts of the lake basin were
taken from the materials of the Rivne Geological Ex-
ploration Expedition (Rivne GEE).

Indicators of diversity and complexity of land-
scape structures reveal an important aspect of the
cartographic model of the lake-basin system (LBS).
Although the arsenal of landscape indicators is quite
large (Hrodzynskyi 2014), only those that are the
most informative in assessing the complexity of the
morphological structure of landscape complexes (ter-
ritorial and aquatic) of LBS were selected and used in
our study. They are as follows:

The average area of the contour (or landscape se-
lection), S,

S, =S (1)

where S, is the area of the studied territory (lake ba-
sin, aquasub-region, aquafacies or geotope), n is the

number of landscape contours within the studied ter-
ritory.

The index of fragmentation of landscape contours
(1,,) is calculated as the ratio of the number of land-
scape contours (7) to the area (S) of the object under
study:

I, =ns @)

This index shows the number of landscape con-
tours within the LBS (the number of water bodies,
aquafacies within the NAC or other morphological
units of the catchment).

The index of landscape complexity (/, ) is defined
as the ratio of the number of landscape contours (n)
to the average area (S,) of the morphological units of
the lake basin system:

1 =n/s, 3)

L

The index of landscape fragmentation (/, ) reflects
the ratio of the average area of landscape allocations
(S,) to the area of the species (S) of the NAC or ter-

ritorial catchment complexes (Domaranskyi 2006):
I, =1-S/S 4)

Graphic materials were made using QGIS and
ReefMaster Software. The quantitative assessment of
the diversity and complexity of LLS structures was
made using QGIS analysis tools. Such quantitative
indicators of the LLS landscape structure are essen-
tial for conducting monitoring observations and mak-
ing comparisons between the landscape structure and
diversity of other LLS of Volyn Polissia.

RESULTS

Based on the field research materials and using
1:10000 topographic maps and the digital relief model
(based on SRTM data), which was developed apply-
ing QGIS software (Fig. 3a), we defined the surface
catchment area of Lake Bile that makes 9.17 km?.

The northern, western and eastern boundaries of
the catchment area clearly coincide with the oro-
graphic barriers around the lake, represented by sand-
banks and dunes. In the southern part, a stream from
a small lowland swamp drains water into the lake.
The length of the water divide line in the catchment
area is 14.9 km. The assessment of the catchment area
land structure showed that 50.0% of it is occupied by
the lake, 0.11% — by melioration canals, 0.72% — by
paved roads, 0.4% — by open sands, 5.77% — by wet-
lands and meadows, 0.69% — by residential lands, and
42.3% — by forests (Fig. 3b). In accordance with the
methodology (Martyniuk et al. 2020), the ratio of the
anthropogenically transformed lands (ATL) to the
ecologically stabilizing lands (ESL) is ATL — 1.53%/
ESL — 98.47%. Accordingly, the coefficient of eco-
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Fig. 3. Land structure model of the Lake Bile basin

nomic development K, of the catchment area can be
defined as the ratio of the area of the anthropogeni-
cally transformed lands (§,,,) to the area of the eco-

logically stabilizing lands (S, ):

_SATL  13.982 ha
ED SESL  902.675 ha

=0.015 (5)

The geo-ecological state of the catchment area ac-
cording to the structure of land use has benchmark
indicators, and the level of economic development of
the catchment area is very low.

The landscape structure of the Lake Bile catch-
ment area is represented by 10 natural-territorial com-
plexes (NTC), including the complex aquatic tract of
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the lake (Fig. 4). The hierarchy of the NTCs in the
legend is presented from the “oldest” to the “youn-
gest” according to the age of the tracts.

The largest part of the catchment area is occupied
by the NTCs of undulating interfluve sections, which
are anthropogenically modified by recreational com-
plexes and equipped beaches (24.82%). According
to the frequency of occurrence with nine local areas,
the NTCs of gently slanting (6—10°) watershed slopes
are distinguished, their area is 15.69%. A total of 27
tracts were identified, the average area of NTC being
33.95 ha.

The assessment indicators of NTCs in the Lake
Bile catchment area are given in detail in Table 1.
The most vulnerable to climatic changes and to eco-

Table 1 Estimates of natural territorial and aquatic complexes of the Lake Bile watershed

Index of the ’:)ecim lex Share of the type Number of type Share of the total | Average area of the
of tracts, n t}%pe ha P area of the total area outlines area type, ha
1 8.380 0.91 2 7.41 4.190
2 143.808 15.69 9 33.33 15.979
3 9.440 1.03 6 22.22 1.573
4 220.243 24.03 1 3.70 220.243
4a 7.249 0.79 3 11.11 2,416
5 2,720 0,30 2 7.41 1.36
6 37.807 4.12 1 3.70 37.807
7 26.373 2.88 1 3,70 26.373
8 1.895 0.21 1 3.70 1.895
9 458.743 50.05 1 3.70 458.743
Total 916.657 100.0 27 100.0 33.950
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Fig. 4 Landscape structure of the Lake Bile catchment.
1. High-rising ridges and uplands with abrupt (10-15°)
slopes covered with oak-pine and pine-shrub-lichen for-
ests on sod-hidden-podzolic and sod-light-podzolic sandy
slightly gravelly soils. 2. Declivious (6-10°) slopes ad-
jacent to watershed, covered by birch-pine and oak-pine
blackberry-green moss forests on sod-podzolic sandy
and sandy loam slightly gravelly soils. 3. Low hills with
slanting (3—6°) slopes, covered by birch-oak-pine black
and green moss forests on sod-light podzolic, sometimes
clayey, sandy and sandy loam soils. 4. Undulated parts of
the interfluve, covered by birch-pine black and green moss
forests on sod-light podzolic clayey and sod-clayey sandy
and sandy loam soils. 4a. Undulated parts of the interfluve,
anthropogenically modified by recreational complexes and
equipped beaches. 5. Small local closed depressions, cov-
ered by Eriophorum-Sphagnum and shrub-motley grass —
green moss communities, sometimes with coppices of Bé-
tula nana and Salix on meadow swamp and marshy thin
soils. 6. Marshed depressions, covered by Eriophorum-
Carex-Sphagnum communities with rarefied forests of A/-
nus and Pinus L. on marshy medium-thick and thick soils,
partially drained. 7. The lake terrace with low sandy ram-
parts, covered with birch-pine-alder small forests and bog-
heather and sedge-herb-sedge communities on meadow
poorly developed silty sandy and sandy loam and mead-
ow-swamp soils. 8. Straightened channels of small water-
courses. 9. An oval-shaped lake basin of the karst genesis
covered by sapropels with various types of underwater and
surface macrophytes on water-glacial sands, underlain by
upper cretaceous rocks

Fig. 5 Bathymetric map of Lake Bile

nomic activity are the NTCs, marked with indexes
5-8; in particular, local closed depressions, water-
logged complexes, lake terraces, stream beds. At the
same time, the above-mentioned NTCs (n 5-6, 8) are
important stabilizers of the hydrological regime in the
catchment area.

According to the digital mapping data, the area of
the water mirror is 458.7 hectares. The length of the
lake is 2.862 km, the maximum width is 2.234 km,
and the average width is 1.6 km. The length of the
coastline is 8.431 km. According to the geodetic sur-
vey data, the water’s edge mark is 157.64 m above
the sea level (according to Baltic Height System),
which is 1.14 m higher than the water’s edge mark on
topographic maps. Echo sounding data showed that
the maximum depth of the lake is 26.8 m, the average
depth being 9.37 m. The volume of water is 42932.9
thousand m*. The generated bathymetric model of the
lake basin with the isobaths interval of 1.0 m is shown
in Fig. 5.

This model shows that the south-eastern part of
the basin is the deepest. The lake has three karst
sinkholes with depths of more than 20.0 m. The geo-
graphic coordinates of the maximum depth (26.8 m)
of the lake, which was recorded during the bathymet-
ric survey, are N 51°29'285" E 25°45'595". Among
deep karst depressions, there is a raised relief with
two small elevations. The calculated hydrographic
coefficients (indentation of the coastline, lake length,
capacity, openness, depth) and indicators of the
“lake-catchment area” system, which complement
the morphological and morphometric parameters of
the reservoir, are presented in Table 2.

The genesis of the reservoir is an important issue
in landscape limnology analysis. The geological ex-
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Table 2 Morphometric and hydrological characteristics of Lake Bile

*EZ H,, P, B, L, W . W, L C C
km m m m km km km km t len.
4.58 157.64 9.37 26.8 2.862 2.234 1.600 8.431 1.112 1.789
Vlaky AS’ VVinﬂur. **’ layer:
cap. op. Cao thousand m’ A km? thousand m’ D ava? 1M1 mm
0.350 0.489 0.056 42932.9 0.620 1.616 1003.5 0.023 42.784 5801

*Area (F); absolute height of the water level (4, ); maximum (%, )and average depth (4, ,); length (L); maximum (W, )and average
(W) width; length of the shoreline (/); coefficients of: shoreline unevenness (C,); lake lengthening (C, ); capacity (C,, ); openness
(Cup‘); depth (C dep.); lake volume (¥, ); area index (4); specific catchment (4S); volume of inflow water from the catchment (W, , );

conditional water exchange (a,, ); specific water exchange (da
annual runoff module, dm?/s*km? — 4.3.

wat.

ploration well drilled 0.9 km northeast of Lake Bile
made it possible to determine the lithological compo-
sition of rocks of the Anthropocene and pre-Quater-
nary deposits (Fig. 6).

Grey, sandy soils with plantroot remnants dominate
the 0-0.3 m depth interval. Light grey, fluvio-glacial,
fine- and medium-grained sands with a yellowish tint
and with the inclusion of quartz gravel grains prevail
in the depth interval of 0.3—5.0 m. The depth interval
from 5.0 to 14.0 m, is dominated by glacio-lacustrine
grey loamy sands with a large number of shell frag-
ments of freshwater fauna. Some sections of the core
(up to a depth of 8.0 m) contain seeds of marsh flora.
In the 8.0-12.0 m depth interval, the colour of loamy
sands changes from dark grey to greenish, and there
are no fragments of shells and seeds found therein.
The horizon of the core at a depth of 12.0-14.0 m is
represented by brownish-grey loamy sands with a lot
of humus. The core in the depth interval 14.0-15.5 m
is composed of moraine loamy sands, with lenses of
multi-grained sand cemented with marly material;
there are fragments of flint (3.0-5.0 cm in diameter).
Grey, dense marls with a cracked structure are domi-
nant in the depth interval 15.5-60.6 m.

Undoubtedly, the area of the underground basin,
with which the feeding of the lake is associated, is
much larger than the surface catchment area. The
difference between the absolute mark of the explo-
ration well 2196 and the water’s edge of Lake Bile
is 1.06 m. It means that from the absolute mark of
141.08 m (or 16.56 m from the water’s edge mark),
the Upper Cretaceous sediments of the Turonian lay-
er lie in the lake basin. Thus, the feeding of the lake
relates to the artesian waters of the Upper Cretaceous
horizon. A dense distribution of the considerably
sized (4-14 cm) flint fragments washed out from the
Upper Cretaceous horizon is observed in the littoral
zone of the lake, especially in the north-eastern part
of the reservoir (Fig. 7).

Bottom sediments of Lake Bile are represented by
sands and loamy sands, sandy-muddy, organic-clayey
sapropel deposits. The geochemical analyses of the
bottom sediment samples (0—0.3 m) collected from the
south-eastern part of the lake littoral zone showed that
the content of nitrogen (N) in percentage on dry matter

20

); water storage level on the catchment surface (4

influx
). ¥**The average

layer-

m B.2196
160, -tz T

158.7 op
: 158.4

158,
156,
154
152,
150
148
146,
144

L |l

R e

| (e

AT AT

140, | |

‘ | (e

A AN RS

R

138 pavaal [ Kot

A | | e

| (B

aard) (B

136 e (e

| (e

RSB LT T

| e

134 &

L TLTE T T

T T T
132

Fig. 6 Geological well 2196 (H — 158.7), 0.9 km northeast
of Lake Bile (based on the materials of the Rivne Geological
Survey Expedition). 1 — ehl — Holocene climatolite. The soil
is grey, sandy, with plant root remains; 2 — f; ts — Tiasmyn-
skyi climatolite. Fine- and medium-grained fluvio-glacial
sands with inclusions of quartz gravel grains; 3 — Ig, kd —
Kaidatskyi climatolite. Dark grey limno-glacial loamy sands
with fragments of shells and whole shells of freshwater
fauna; 4 — g, dn — Dniprovskyi climatolite. Glacial moraine
loamy sands with lenses of fine-grained sand cemented by
marly material; 5 — K.t — Upper Cretaceous of the Turonian
stage. Marl is grey, dense, cracked



Fig. 7 Fragments of siliceous rocks in the littoral zone of
Lake Bile (photo by V. Martyniuk)

basis is 0.49%, and 0.41% in natural matter. The mass
fraction of total phosphorus (P,0,) in natural matter is
0.22%, and in dry matter — 0.26%. The content of total
potassium (K,0) in a dry matter sample is 0.45% with
the same content of K,O in natural matter.

The temperature regime of the lake is heterogene-
ous, especially in the warm season of the year (April
15 — October 15); sometimes this chronological range
can shift depending on the timing (early or (late) of
spring and autumn. It is during this period that ther-
mal stratification is clearly evident in the lakes of the
Polissia region (Martyniuk et al. 2018). During the
exploration of the lake, the thermocline phenomenon
was discovered at a depth of 8.0-12.0 m (Fig. 8). In
this depth interval, the water temperature sharply
changes from 18.1 °C to 9.1 °C. Thus, the epilimnion
zone of the lake stretches up to the depth of 8.0 m, the
metalimnion zone ranges from the depth of 8.0 to that
of 12.0 m, and the hypolimnion zone from the depth
of 12.0 m to that of 26.8 m.

The hydro-chemical composition of Lake Bile wa-
ter by salt content does not exceed the maximum per-
missible concentrations set out for water bodies used
for cultural, everyday use and recreational purposes
(MPCcerp) and for fishing purposes (MPCfp). The
quality of surface water according to salt content is
assigned to the 1% category (class I). A significant de-
terioration of water quality was determined by tropho-
saprobiological indicators, i.e., a 0.9-fold exceedance
of the MPCcerp was recorded by the BOD, indicator,
and the exceedance of the MPCfp by the same indica-
tor was found to be 1.9-fold. Accordingly, by BOD,
water quality belongs to the 5" category (class III).
According to COD (Mn), the MPCcerp was found to
be exceeded 5.1 times, and MPCfp — 3.4 times; water
quality being assigned to the 7" category (class V).
According to the nitrate nitrogen content, the lake
water belongs to the 7% category (class V), according
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Fig. 8 Distribution of water temperature across depth in
Lake Bile (07/08/2019)

to the content of ammonium nitrogen — to the 4 cat-
egory and class III, and according to the phosphate
content — to the 3" category and class II (Table 3).

In the MPCfp block of toxic action indicators,
there is an excess of copper by 9.0 times, zinc — by
4.0 times, and according to the quality of surface wa-
ter, the obtained indicators are assigned to the 1% cat-
egory (class I). The combined ecological assessment
of hydro-chemical indicators of surface water quality
of Lake Bile is I = 1.96, which corresponds to the 2™
category of water class II.

The final document based on the analysis of geo-
components of the lake is a landscape map of Lake
Bile NAC (Fig. 9). Considering the lake as a complex
aquatic tract, the study has identified three aquatic
sub-tracts: littoral-sublittoral, profundal and pelagic.

I. Littoral-sublittoral aquatic sub-tract on al-
luvial sand with various types of surface and sub-
merged macrophytes.

Aqua-facies: 1.1. Shallow-water, abrasion-accu-
mulative sandy, water-lily-sedge-reed associations
with a homogeneous temperature mode.

21



Table 3 Hydrochemical indices of Lake Bile (as of 09/09/2021)

Serial Unit of Measurement | ***Quality categories and
No Index S ”‘MPCCerp **MPC - results water classes
Lake Bile Category ‘ Class
A. Indicator of salt composition

1 ?ggiﬁ‘:ﬁﬁg‘m mg/dm? <1000 <300 113.0

2 | Chloride ions mg/dm? 350 300 5.65

3 | Sulphates mg/dm? 500 100 11.0

Integral index by salt block I = 1.0
B. Tropho-saprobiological indicators

4 |pH pH units 6.5-8.5 6.5-8.5 6.65

5 | Ammonium nitrogen mgN/dm? 0.5 0.5 0.31

6 | Nitrite nitrogen mgN/dm® 33 0.08 0.0

7 | Nitrate nitrogen mgN/dm? 45 40 3.6

8 | Phosphorus phosphates mgP/dm? 3.5 2.14 0.05

Biological oxygen con- <6

9 | ump tgion’ B Ongs mgO,/dm’ (t=20) <3.0 5.6

11 | Suspended substance mg/dm? Ogiljdbgzgg 15 <5.0

12 | Calcium mg/dm’ — 180.0 20.0 — —
13 | Magnesium mg/dm? 50.0 40.0 243

14 | Hydrocarbons mg/dm? 73.2 — —
15 | Rigidity is general m({n(;l/ 7 7 3.0 - -

m
s mmol/ - -
16 | Alkalinity is general dm’ 1.2 - -
17 | Color degrees 80 20 40.0 — —
Integral index by tropho-saprobiological block I, = 3.88
C. Specific indicators of toxic impact

18 | Copper mg/dm? 1.0 0.001-0.01 0.09

19 |Zinc mg/dm? 1.0 0.01 0.04

20 |Iron mg/dm? 0.33 0.1 0.06

21 | Mangan mg/dm? 0.1 0.01 0.001

Integral index by block of indicators of toxic action I.= 1.0
Combined ecological assessment of hydrochemical indicators I = 1.96

Maximum permissible concentrations (MPC) were calculated according to: *Khilchevskyi, Grebin 2022; **Khilchevskyi 2022.
Categories and classes of water quality were calculated according to: ***Romanenko ef al. 1998.

1.2. Sublittoral, abrasion-accumulative, sandy
sedge-cane associations with a homogeneous tem-
perature mode.

II. Profundal aquatic sub-tract on sapropels
formed on alluvial sand.

Aqua-facies: 2.1. Profundal, transient depositions
of sandy-sapropel (0-2.0 m) with sedge-cane associa-
tions with a non-stable temperature mode in the sum-
mer period.

2.2. Profundal, transient depositions of sandy
sapropels on organic-clayey sapropels (1.0-2.0 m)
interspersed with sedge-cane associations with a non-
stable temperature mode in the summer period.

2.3. Profundal, depositions of organic-clayey
sapropel with lenses of carbon sapropels (2.0-5.0 m),
individual floating seaweeds and a nonstable temper-
ature mode in the summer period.
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2.4. Profundal, transient depositions of organic
clay-sapropel (1.0-2.0 m) on the uphill slope of the
hollow basin with individual floating seaweeds and a
non-stable temperature mode in the summer period.

I11. Pelagial, accumulative aquatic sub-tract of
the hollow depths with the deposition of sapropel
on alluvial sands underlain by chalk sediments.

Aqua-facies: 3.1. Pelagial epilimnion up to about
8.0 m deep with a homogeneous temperature mode
in the summer period and with the whole layer being
illuminated.

3.2. Pelagial metalimnion up to 8.0-12.0 m deep
with a sharp temperature jump.

3.3. Pelagial gipolimnion up to 12.0-26.8 m deep
with low temperature (7.5-7.6°C), low illumination
and hydrodynamical stability.



Table 4 The complexity of NAC territorial structure of Lake Bile

Area of NAC type % of the type area o 2
NAC type ha e /(())f the tot};lf area 3 izg £ - £ R ‘E o £
A g o S S = F g 3 5 o..g
I I 8 | 8 | EE| £ | s% | 553 |%F| B3t
b o b & = & 2 S 285 | 2g| Eo @
I 169.073 36.89 3 30.00 56.358 0.018 0.053 0.667
1.1 16.441 3.59
1.2 152.633 33.30
1I 253.833 55.38 4 40.00 63.458 0.016 0.063 0.750
2.1 83.820 18.29
2.2 73.638 16.07
2.3 85.048 18.55
2.4 11.326 2.47
111 35.451 7.73 7.73 3 30.00 11.817 0.085 0.254 0.667
Total 458.358 | 458.358 100.0 100.0 10 100.0 45.836 0.022 0.218 0.900

*Indices and coefficients were calculated according to the formulas proposed by A. Domaranskyi (2006).

LEGEND

Aquafacies:
600 m

I ][ ]2 o _ 20 a0

I [ 2 22 I 2 I 24
TIT [ 50

Bounds:

(NAC);

- of local NAC (rank aquatic urotshistshe, tract);

-of i d natural-aquati pl

______ of local NAC (ranc aquatic facies, geotop).

Epilimnion

Hypolimnion

30

Fig. 9 Landscape structure of the natural-aquatic complex
of Lake Bile. AB — profile line across the lake; A, m is the
depth of the water layer

The littoral-sublittoral aquatic sub-tract (36.89%
of the total area) includes two types of aqua-facies
with three contours. These are parts of the NAC with
depths reaching up to 5.0 meters. The profundal aquat-
ic sub-tract is the largest in terms of area (55.38%). It

occupies the central part of the lake basin and has four
types of aqua-facies and the same number of land-
scape features. The pelagic aquatic sub-tract (7.37%
of the area) has three types of aquafacies. The dis-
tinction of this aquatic sub-tract is based on the deep
thermal stratification of the NAC. Profile A—B shows
epilimnion (up to 8.0 m), metalimnion (8.0-12.0 m)
and hypolimnion (12.0-26.8 m) aqua-facies. These
areas of the lake NAC correspond to bed depressions,
namely karst sinkholes. The territorial dissection of
the lake NAC is presented in Table 4. There are 10
landscape contours in the NAC, the average area is
45.836 ha, the fragmentation index is 0.022, the com-
plexity coefficient is 0.218, and the landscape frag-
mentation coefficient is 0.9.

DISCUSSION

The methodological approach employed in this
research rests on a number of debatable provisions,
which, although seem to have been resolved long
ago, still demand attention, namely: Should a lake
be treated as an “aquatic ecosystem”, as an “aquat-
ic complex”, or as an “aquatic geo-system?”. All of
them are definitely correct. In limnological works
(Horne, Goldman 1994; Wetzel 2001), which develop
the works by A. Thienemann (1926) and E. Naumann
(1929) using the ecosystem approach (or monocentric
approach according to M. Hrodzynskyi 2014) to the
analysis of limnological processes in water bodies,
the term “aquatic ecosystem” prevails. In studies on
geographic limnology (II’in 2008 a, b) conducted in
post-Soviet countries, the term NAC (or hydro-sys-
tem, aqua-geo-system, limno-geo-system) is mainly
used to emphasize the systemic or complex nature of
the research object.

The concept of NAC emphasizes the lithogenic
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factor (genesis, lithology of bottom sediments, geo-
morphology of the lake basin, etc.), other factors
being considered derivative. In the concept of an
aqua-geo-system and its application to a lake, all
geo-components are viewed as equal; such a geo-
system is polycentric. It is obvious that the integra-
tion of methodological concepts formed by different
geographic-limnological and biological-limnological
schools allows developing unified (or non-contradic-
tory) approaches and their application in the scientific
field of landscape limnology.

The genesis of lakes in the Volyn Polissia region,
including Lake Bile, remains a problematic and de-
batable issue, which is due to the lack of studies on
the stratigraphy of lake basin sediments, radiocarbon
dating, spore-pollen analysis, tectonic features and
lineament structure of the region. Genesis of lakes
in the Volyn Polissia region is partly considered in
works by I. Zalessky (1999), L. Bezusko (Bezusko et
al. 2001), R. Dobrowolski (Dobrowolski et al. 2001).
In our study, attention is focused only on the domi-
nant geological-geomorphogenic process, in particu-
lar, on the denudation-karst process, which most ac-
tively manifested itself in the lake basin formation.
The authors are convinced that the formation of the
Lake Bile basin could not have taken place without
the influence of all geological-tectonic, geomorpho-
logical and climatic factors of the physical-geograph-
ic region of Volyn Polissia. It is the landscape-geo-
graphical approach (Miller et al. 2002) that allows a
comprehensive study of the genesis of the lake, which
is inextricably linked with the paleo-geographical
development of the landscape as a regional unit of
physical-geographical zoning.

The formation of the chemical composition of
Lake Bile proceeds under the influence of natural
and anthropogenic factors, namely: the ingress of
pollutants with precipitation into the water area,
the ingress of various chemical elements and com-
pounds with surface water from the catchment area,
the dissolution of minerals and rocks in the lake ba-
sin, the vital activity of water organisms, recreation-
al activities, etc. The hydrological regime of the res-
ervoir, which depends on seasonal factors as well as
on weather and climatic conditions, plays the main
role in determining the hydro-chemical composition
of the NAC.

The research into the hydro-chemical condition
of Lake Bile water in 2020 revealed a 2.1-fold non-
compliance with standards for the block of tropho-
saprobiological indicators of the MPCcerp BOD, and
a 4.2-fold non-compliance with standards for the in-
dicators of MPCfp. According to the nitrite nitrogen
content, the lake water belonged to the 5" category
(class I1I), according to the phosphate content — to the
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4™ category (class III), and according to COD (Mn) —
to the 6™ category (class IV). In the MPCcerp block
of toxic action indicators, an excess for total iron
was found to be 2.6-fold, and of the MPCfp — 8.5-
fold, but according to its qualitative composition, the
water was classified as belonging to the 1% category
and class I (Gopchak, Yakovyshyna 2020). Increased
concentrations of heavy metals in Lake Bile water in
2000-2009 were discovered by Klymenko and Petruk
(2011). According to the calculations made by these
authors, the quality of water by the content of iron
was classified as belonging to the 4" category, by the
content of zinc — to the 5" category, by that of cop-
per — to the 41 category, and by the content of manga-
nese — to the 4™ category.

It is known that Polissia landscapes are character-
ized by high concentrations of total iron, both in wa-
tercourses and reservoirs with slow water exchange.
The natural causes of the entry of iron compounds
into water bodies include the transformation of pri-
mary minerals into secondary at reduced water pH
indicators, which causes the release of ferrous com-
pounds, as well as the leaching of Fe from iron-mag-
nesium nodules, which are contained in the illuvial
horizon of sod-podzolic soils of Polissia landscapes
(Sukhodolska 2017) during the weathering processes
of sedimentary rocks. In addition, Fe compounds can
enter reservoirs with drainage waters of reclamation
systems, etc.

Arrival of other elements and compounds of heavy
metals into Lake Bile is due to the operation of inter-
nal combustion engines of water scooters (motorcy-
cles) and the use of small rescue boats. The operation
of the Rivne NPP, which is located within a 30-km
wide zone around the lake, exerts a significant tech-
nogenic load on the reservoir.

A rather debatable problem that led to a conflict be-
tween the departments of nature use (nature reserves,
recreation, forestry) and nature protection was the al-
location of a recreational area around the lake with a
length of 4.5 km, width of 0.05 km and a total area
of 22 hectares, as well as 22 hectares of water area,
in the protected zone of the lake (Voloshynova et al.
2007). In this regard, the NTCs around the lake are
subject to a noticeable anthropogenic load, especially
during the high season (May—September). During our
research, a 100-meter area around Lake Bile was di-
vided into zones and the degree of anthropogenic load
in three sectors was determined (Fig. 10).

The zone of intensive anthropogenic load accounts
for 16.33%, that of weak load — for 26.89%, and the
anthropogenic load is practically absent in 56.78% of
the area. The northern sector of the coastal zone is un-
dergoing the greatest anthropogenic transformations,
primarily recreational.
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Fig. 10 Zoning of the 100-meter water protection zone
around Lake Bile

CONCLUSIONS

The present study has proved that our conceptual
principles of modern transdisciplinarity in landscape
limnology, which is based on the comprehensive
analysis of the ecological state of landscape-lake sys-
tem (LLS) geocomponents, are both theoretically and
practically innovative and effective in solving prob-
lems of sustainable nature management. Local LLSs
are convenient operational units that can be easily
integrated into the management system of water and
land resources applying the basin principle of nature
management and using modern GIS.

The developed series of cartographic models re-
flects the current geoecological state of the Lake
Bile LLS. They are important when evaluating the
geoecological parameters of the whole LLS and its
individual elements, and in revealing its functional
features. These models act as an information and ana-
lytical basis for planning measures to optimize nature
use and protect water resources from pollution and
their quality impairment. Maps of the spatial and ty-

pological structure of the land areas within the lake
basin, the bathymetric map, the landscape structure of
the catchment and the aquatic complex are especially
important in this respect:

1. Using the land use map, the degree of the eco-
nomic development of the catchment area was as-
sessed as very low. In the future, it is necessary to
monitor spatial changes in the state of the catchment
land and dynamics of the recreational area around the
lake, which will affect the degree of LLS anthropo-
genization.

2. The bathymetric model created by us reveals
the morphological structure of the lake basin relief
and, in combination with other factors, serves as the
basis for determining the genesis of the reservoir.
Lake Bile can act as a representative NAC when ana-
lysing the genesis and evolutionary development of
natural water bodies in the Nyzhnostyrskyi physical-
geographical district of Volyn Polissia. The bathym-
etry of the lake is the basis for creating a landscape
map or its variant, a recreational map (for the needs of
swimming, diving, recreational fishing, boating, etc.)
of the NAC of the lake.

3. The maps of the landscape and morphological
structure of the catchment and the lake itself are im-
portant documents for evaluating geotopes accord-
ing to the degree of evolutionary development and
environmental protection functions: a) environment-
forming; b) environment stabilizers; c) environmental
protection; d) environmental regulators. Landscape
metric characteristics make it possible to establish
the degree of diversity, complexity, fragmentation
of LLS, which are important when comparing it with
other LLS of this region.

4. The zoning model of the 100-meter area around
the lake showed that the level of anthropogenic load
therein is permissible (43.22%). In the future, we
recommend moving recreation facilities outside the
northern sector of the catchment area and regulat-
ing the number of vacationers in this zone during the
summer season.

Evaluation of the water body according to hydro-
chemical parameters showed that according to the
block of indicators of salt composition, the quality of
lake water is excellent; according to trophosaprobio-
logical indicators, its quality is satisfactory, despite
being already polluted, eutrophic; according to indi-
cators of toxic action, the lake water is of excellent
quality, water is very clean. An integral ecological
assessment of the quality of surface waters of the lake
allowed us to evaluate them as “good” according to
the degree of quality, “clean” according to the degree
of pollution, and “mesotrophic” according to the pre-
dominant type of trophicity.

We discovered that the landscape and the geo-
graphical organization of Lake Bile as a protected ob-
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ject caused a departmental conflict at the initial stage
of nature management. The Ramsar lands “Bile Lake
and Koza-Berezyna bog” represent a nature conserva-
tion area of the Rivne Nature Reserve, where the rec-
reation and health centre of the Rivne NPP operates
in the coastal zone of the northern sector of the lake’s
catchment area. Today, it is imperative to develop
such a model of the landscape and basin management
that would make the violation of the environmental
protection regime through recreational activities im-
possible.

We suggest starting a landscape and limnological
monitoring program of the basin system of Lake Bile
and adjacent protected massifs using traditional and
modern methods of remote sensing of the Earth; to
expand the spectrum of geocomponents, primarily
hydrobionts, that must be included into evaluative ob-
servations. Such recommendations are related to the
annals program for reserves and the functioning of
LLS in the 30-km impact zone of the nuclear power
plant. The obtained results, i.e. the geoecological pa-
rameters of the LLS and several created maps, will
serve as the basis for the development of the ecologi-
cal passport of Lake Bile.
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