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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description of
the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as
a global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contributions
are written by leading experts with practical experience in their fields. The Handbook
of Environmental Chemistry grows with the increases in our scientific understand-
ing, and provides a valuable source not only for scientists but also for environmental
managers and decision-makers. Today, the series covers a broad range of environ-
mental topics from a chemical perspective, including methodological advances in
environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include life
cycle analysis, environmental management, sustainable development, and socio-
economic, legal and even political problems, among others. While these topics are
of great importance for the development and acceptance of The Handbook of
Environmental Chemistry, the publisher and Editors-in-Chief have decided to keep
the handbook essentially a source of information on “hard sciences” with a particular
emphasis on chemistry, but also covering biology, geology, hydrology and engi-
neering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of
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“pure” chemistry, including those in industry, business, government, research estab-
lishments, and public interest groups. It would be very satisfying to see these
volumes used as a basis for graduate courses in environmental chemistry. With its
high standards of scientific quality and clarity, The Handbook of Environmental
Chemistry provides a solid basis from which scientists can share their knowledge on
the different aspects of environmental problems, presenting a wide spectrum of
viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon as
they have been approved for publication. Authors, Volume Editors and Editors-in-
Chief are rewarded by the broad acceptance of The Handbook of Environmental
Chemistry by the scientific community, from whom suggestions for new topics to the
Editors-in-Chief are always very welcome.

Damia Barceld
Andrey G. Kostianoy
Editors-in-Chief
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Preface

The book Polish River Basins and Lakes is based on the scientific developments and
results obtained by Polish scientists within many years of research related to the
management of catchment areas of lakes and river basins in the context of global
change. It consists of two volumes: Part I: Hydrology and Hydrochemistry and
Part II: Biological Status and Water Management. Complementing each other, the
volumes constitute the first such comprehensive study on changes in the chemical as
well as the biological status of Polish surface waters. Presented by almost 100 Polish
researchers, the environmental topics cover a wide range of disciplines and several
main study areas, e.g. chemistry, hydrology, hydrochemistry, biology, ecology,
microbiology, ichthyology and water management.

The two parts of the book contain 35 chapters. The first volume refers to Polish
river basins and Polish lakes’ catchments, anthropogenic pollution sources and
chemical pollution of water and sediments, the evaluation of chemical dynamics
and the impact on climate change projections. The second volume deals with the
assessment of biological status of numerous Polish rivers and lakes. All of the
quality elements associated with aquatic ecosystems including the macrophytes,
phytoplankton, zooplankton, macroinvertebrates, fish and, as a matter of growing
concern, invasive alien aquatic species are evaluated in this volume. Also presented
are the general state of biodiversity of Polish surface waters, a set of conservation
and restoration practices as well as the review of protected sites within the basins and
catchments areas.

The authors hope that the book content will be of interest to environmental
chemists, geologists, hydrologist, biologists, students and surface water managers
as well as the general public.

We would like to thank the authors of this book for their valuable contribution
and efforts to create its chapters. We would also like to underline the importance of
the suggestions and the recommendations given by Prof. Bogustaw Zdanowski
during the process of the realization of the book.
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Finally we would like to extend our sincere thanks to Prof. Damia Barcelé who
invited us and inspired to create this book.

Olsztyn, Poland Ewa Korzeniewska
Olsztyn, Poland Monika Harnisz
November 2018
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Abstract The condensed characteristics of the climate of Poland are presented with
particular emphasis on the areas of lake districts. More detailed studies were
provided on 19 lakes with daily hydrological and thermic observations in the
calendar years 2000-2016. Climate warming is clearly observed in observational
temperature data, with increases of 0.2-0.4°C per decade. Slightly lower air tem-
peratures and a higher annual sum of precipitation in relationship to neighboring
regions are specific for the Polish Lakelands. Mean annual air temperature in the
eastern part is 1.5°C lower than in the western regions. Much greater variation of
precipitation and climatic water balance was noted, where the Wielkopolskie and
Lubuskie Lake Districts have a permanent water deficit that is not observed in the
rest of the Lakelands. Polish postglacial lakes are characterized by generally small
fluctuations in water level, whereas variations in artificially regulated lakes are
higher than in lakes with a natural regime, as well as a higher frequency of
decreasing water level trends. Only a few lakes have a statistically significant
increase of lake water temperature, mostly in northeastern Poland. A simulation
indicated that in year 2050 the annual lake water temperature will be 1.1-1.9°C
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higher than at present. We can expect more evident changes in lake functioning in
spring and summer, shifting lakes toward higher trophy, but dystrophic lakes will
remain more humic when their hydrology is stable.

Keywords Climate - Global change - Lakes - Tendency - Water temperature

1 Introduction

The thin gas cover of the Earth, the atmosphere, has been constantly evolving, as has
that for other spheres, during its existence over several billion years. On the
geological scale, changes in the atmosphere reflect the spatial changes of the land,
as well as its biotic structure. After the postglacial restructuring of the environment, a
zonal climate system was created on Earth. The climatic conditions varying in
different locales are a vector of six fundamental climatic factors: latitude, Earth—
Sun relationships, position on the continent, atmospheric and oceanic circulation,
topography, and local features [1].

Until recently, it was recognized that the weather system in a given place for at
least 30 years can be considered as characteristic for the geographic regions or
smaller parts of the continents. Global climatic classification by Koppen (or its
modifications), Thornthwaite, Holdrige, and Budyko are used to show climatic
differences of the Earth [1]. In Poland, the W. Okolowicz climatic classification
has a tradition of long use [2].

Global weather observations in the twentieth century, constantly improved,
expanded, and automated, indicate climate change and the need for constant mon-
itoring. The World Meteorological Organization (IPCC groups) recently suggested
climate evaluation in 10-year periods to better recognize the direction and rate of
climate change [3].

Constantly increasing human activity and its various effects are considered the
most important factors in the recorded changes of the Earth’s climate in time and
space. In addition to natural causes, anthropogenic causes of climate change on a
global scale are primarily air pollution (emission of heat, gases, dusts), deforestation,
and alterations in the water cycle. Direct effects are the mechanisms of global
warming, such as local urban heat islands, melting of the ice cover, smog, and
desertification, which are contributing to difficulties in economic management and
reducing the scale and value of environmental services. Natural disasters, which are
now occurring with greater frequency, will increase social unrest and provoke
political tensions on a national or international scale [3].

Climatic changes do not remain unrelated to natural environmental processes,
both chemical and biological, which directly or indirectly affect human beings to
different degrees. The hydrosphere is considered the most sensitive part of the
geosystem during climate changes, because it is an energy storage system, a carrier
of elements or chemical compounds during circulation and between different organ-
isms, and thus regulates the ecosystem energy budget.
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The aims of this present study are the minimized characteristics of the Polish
climate and its changes, with particular emphasis on lake districts, where freshwaters
are more frequent. Two of the many functional aspects of the lakes, that is, the
dynamics of water resources and the thermic regime, were selected to show the
emerging effects of climate change in Poland. Considerations for the prediction of
the effects of climate change on the functioning of lakes in the near future are
summarized.

2 Material and Methods

Daily weather observations and hydrological data came from the database of the
Institute of Meteorology and Water Management in Warsaw and data published by
the Governmental Statistical Office of Poland [4]. The authors’ calculations of
monthly and annual means of climatic parameters for seven meteorological stations
were made from data of the years 2000-2016, when evident climate changes are
seen. Chosen stations represent longitudinal differentiation of climatic conditions in
postglacial Lakeland regions in Poland. I have added a Wtodawa station from the
Polesie Lubelskie region (Southeast Poland), where the small lakes groups occur
(Fig. 1, Table 1). Evapotranspiration for each month and station in the calendar years
2000-2016 was calculated using the Ivanov formula, which is frequently used in
hydroclimatic studies.

For detailed analysis, I selected 19 lakes, including 6 lakes where the water level
is modified by man for waterway communication or energy production. In this group
the dimictic lakes dominate; only the Lebsko Lake is polymictic, where Baltic

BALTIC SEA

7 A
Mikolajki g o . v‘

Chojnice

A s

Szezecin

Warszawa

Wiedawa

Fig. 1 Location of meteorological stations and lakes under study
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Table 1 Description of locations from which meteorological data originated in relationship to
Polish lake districts

Meteorological stations Station elevation [m a.s.l.] Lakeland names
Suwatki 184 Suwalskie

Mikotajki 128 Mazurskie

Chojnice 164 Pomorskie-East

Leba 2 Shoreland

Poznan 87 Wielkopolskie

Zielona Goéra 192 Lubuskie

Szczecin 1 Pomorskie-West
Wiodawa 177 Leczynsko-Wlodawskie

seawater can flow into the lake during storms. Selected lakes include the largest in
Poland, Mamry Lake, and also the deepest, Haricza Lake. For these lakes, almost
complete series of water level up to the year 2017 were available, with daily water
temperature measurements also available for 16 lakes. For 2 lakes only, Wigry and
Haricza, longer series of water temperature are presented as examples of much longer
trends. The mean monthly lake water level and water temperature (measured at depth
0.4 m of the inshore zone) were calculated in calendar years. Data of the Hurrell
North Atlantic Oscillation (NAO) Index for the winter period (December—March)
originated from the USA National Center for Atmospheric Research [5].

Data computation utilized the statistical program Past [6]. A Mann—Kendall test
was used for trend detection in time data series, in which Z (statistic test) and p (level
of significance) were computed.

3 The Climate of Poland and Its Changes

3.1 Climatic Conditions of Poland

The terrain of Poland allows unrestricted latitudinal air exchange, whereas free
meridian movement of air is difficult, especially from the south, because of the
mountain range. The location of Poland in Central Europe means that climatic
conditions have features typical of the temperate zone with domination of western
air mass circulation as well as the main wind direction. The Azores anticyclone and
Iceland low pressure center are important in the creation of weather types, although
the continental air masses (arctic from the northeast or tropical from the southeast
direction) also periodically reach Poland. A polar maritime air mass has the highest
frequency (more than 60% of days) in the year; the frequency of arctic masses is
three times smaller, nearly a 12% polar continental mass of air. These geographic
features cause the climate of Poland to experience a transitional nature between
oceanic and continental varieties. This nature is manifested by increasing maritime
features toward the west and increasing continentalism toward the east. As a
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consequence, Okotowicz [2], in his climate classification, distinguished in Poland a
temperate transitional climate and also a local mountain climate for the Carpathian
and Sudety Mountains in the southern part of the country. The transition of the
climate of Poland from the continental to the oceanic variety is also manifested in the
existence of two additional seasons, early winter and early spring.

An important feature of the climate of Poland is the significant variability of
weather from day to day, as well as large differences in weather at the same time of
the year but in different years.

The latitudinal layout of the geographic regions is also reflected in the thermal
and humidity diversity of the country (Table 2). Current spatial variation of mean
annual air temperature (in the past decade, 2001-2010) is in the range of 7.9°C in
mountain regions, 8.5°C in uplands, 8.8°C in the lowlands, and 8.7°C in shorelands
[7]. Latitudinal thermal differentiation of the country is more prominent than longi-
tudinal. Decrease of air temperature amplitude from east to west is also character-
istic. In the western part of the country, there are no frosts for 4 to 5 months a year,
while in the eastern part of the country only in July and August do frosts not occur.
Hot days (Tpax >25°C) occur from 15 to 20 times a year on the coast and from 25 to
more than 30 times a year in the south in the center of the Poland. Heat waves are
noted to be very rare, about 3 to 8 occurrences in the years 2000-2010. Air
temperature variability in space and time is connected to the duration of the thermal
growing season, which varies from 200 days in northeast Poland to 240 days in the
southwest regions [8].

Mean annual precipitation in Poland increases from 450 mm in the Wielkopolskie
Lakelands to 900 mm in submontane and Pomeranian Lakelands regions, and up to
1,800 mm in the highest parts of the Tatry and Sudety Mountains. Summer precip-
itation is the highest (maximum, July); in the lowlands it is about 20% of the annual

Table 2 Latitudinal (A) and longitudinal (B) variability of mean air temperature and precipitation
in Poland

Temperature Precipitation

Group | Stations Latitude N | Longitude E | 1971-2000 |2001-2016 |1971-2000 |2001-2016

A Leba 54.75 17.53 7.7 8.5 632 699
Suwatki 54.13 22.95 6.3 72 591 634
Chojnice 53.70 17.55 7.3 8.1 547 633
Torui 53.03 18.58 8.1 8.9 528 568
L6dz 51.73 19.40 8.0 8.8 571 590
Czestochowa | 50.82 19.10 8.0 8.9 617 645
Krakéw 50.08 19.78 8.1 8.9 662 684
Zakopane® | 49.30 19.95 54 6.3 1,107 1,163

B Terespol 52.07 23.62 7.5 8.4 512 551
Wtodawa 51.55 23.53 7.5 8.4 515 577
Warszawa 52.17 20.97 8.1 9.0 519 566
Kalisz 51.73 18.08 8.4 9.3 507 492
Poznari 52.42 16.83 8.5 9.4 507 545

Data from Governmental Statistical Office [4]
“Mountain station (elevation 840 m a.s.l.)
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total and in the Lakelands and uplands more than 30%. Precipitation occurs mainly in
the form of rain; sleet and snow are only about 12% of the annual total precipitation.
The total duration of rainfall in Poland is 10% of the year, and precipitation occurs on
150 to 180 days in a year [9]. An increase in the ratio of precipitation in the cold period
to precipitation in the warm period is observed. The precipitation yield is the highest in
the summer, and periodically extreme precipitation causes local floods (flash floods) or
regional floods, as, for example, in the summers of 1997, 2005, and 2010.

Snow cover in Poland (except in mountainous areas) occurs from October to April;
the longest duration, nearly 100 days, occurs in the eastern lake districts, and the
shortest, about 40 days, in the west [10]. The winter snow season is the sum of several
periods with a snow cover, and the height of the snow cover differs greatly between
consecutive winters. Snow cover duration indicates an 8-year periodicity in Poland [11].

The sum of evapotranspiration in the growing season from April to September
exceeds 500 mm in most areas of Poland, with a mean of 520 mm. It is commonly
assumed also that periods with drought occur in Poland once every 4 to 5 years [12],
especially in the southern part of the Polish Lakelands (Wielkopolskie, Lubuskie).
Drought usually begins in western Poland, moves through the central part, and
eventually reaches the eastern side of the country. A tendency toward an increasing
number of dry days is observed.

The spatial diversity of cloudiness in the country is not great, around 5.0-5.6
oktas on the octant scale; only in the mountains is this higher. Minimal rates of cloud
cover are in May and August; the maximum values fall in November and December.
Full and nearly full overcast skies (7—8 oktasl) are the most frequent condition in
Poland, near 35-40% of the days in a year [13]. The largest number of cloudless
skies was recorded in March, April, and August. Mean annual sunshine duration
(in hours) is more variable than cloudiness, with the range of 1,400-1,650 h/year
showing decreasing values from east to west.

Three first-order climates exist in Poland in the light of the global climate map
with the scheme by Koppen [14]: these are C-mesothermal and D-microthermal,
both in the wet suborder (constantly moist), with warmest months <22°C, and the
H-mountain type of climate. Climate Cfb (mesothermal with significant precipitation
in all seasons and warmest month averaging below 22°C) is dominant over Dbf
(microthermal with warm summer, fully humid with snow cover in winter): the latter
occurs only in the northeastern part of Poland.

3.2 Climate of the Polish Lakelands

Polish lake districts are slightly elevated in relationship to the surrounding regions,
and thus are characterized by slightly lower air temperatures and an increased annual
sum of precipitation. Currently, the mean annual air temperature is between 8.1 and
9.6°C; only the most eastern outskirts of the Suwalki Lake District are definitely
cooler (Table 3). The highest thermal variation was observed in the coolest and

1 . .
Scale of cloud cover is measured in oktas.
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Fig. 2 Seasonal (upper panel) and multiannual (lower panel) variability of air temperature and
precipitation in Lakelands regions in years 2000-2016 (minimum and maximum data for stations in
Table 3)

hottest periods (Fig. 2). Pluvial differences of the Polish Lakelands with the highest
intensity are observed in the second part of the year, with the maximal variation in
July and the least in April.

The current climatic water balance (precipitation — evaporation) of the Polish
Lakelands is very different in different locations: the eastern and more northern parts
have a positive balance (Suwalki, 118 mm; Mikotajki, 79 mm), but the Lakelands
located to the west and south have a negative water balance (Poznan, 257 mm)
(Table 3).

This difference in balance is the result of the seasonal differences of the relation-
ship of precipitation (P) to evaporation (E): in the Suwalki Lake District the
predominance of evaporation over rainfall lasts on average 3 months (April-June),
whereas in the western and southern parts of the Polish lake districts this pattern
continues for 6 months, from April to September (Fig. 3).

Another climatic difference between the eastern and southwestern lake districts
concerns the seasonality of cloudiness and sun duration, wherein the eastern parts
have better solar conditions then the western part (Fig. 3, Table 3). Also, sunshine
duration has decreased in the past 17 years in the eastern lake districts, although in
the remaining areas this tendency was not observed (Figs. 4 and 5).

Also, anemometric conditions varied in the Polish Lakelands, where the East
Pomeranian Lakelands and the shorelands area (not presented in Table 3) have a
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Fig. 3 Mean monthly 150 7 pE[mm] A
precipitation (black bars)
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(white bars) in the years
2000-2016 in selected
meteorological stations: (a) 0
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Leba, (d) Zielona Goéra
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significantly higher average wind speed in a year than occurs in other locations. In
the period from October to March, wind speed was about 20% higher than in the
period from April to September (Fig. 6). Moreover, in Mikotajki and Leba stations in
the analyzed period 2000-2014, a significant increase of mean annual wind velocity
was noted.
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Fig. 5 Multiannual changes of sun duration in May—August periods in selected stations in years
2000-2017: A, Suwalki; B, Wlodawa; C, Zielona Goéra; trend line for Wlodawa station
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Fig. 6 Mean monthly wind speed [m s™'] in the different lake districts in Poland in the years
2000-2016: A, Chojnice; B, Leba; C, Suwalki; D, Zielona Géra

As the latest Intergovernmental Panel on Climate Change (IPCC) report empha-
sizes, the climate of the earth continues to warm, and the rising temperature trend is
superimposed on the inherent natural variability [15]. The recent trend of annual
mean temperature in Central Europe exceeds the global mean land trend. The
temperature is expected to rise by about 1.2°C by 2035 (probability, 50%) and
precipitation to increase by 5-7% [3]. IPCC authors point to a very likely increase in
the number of warm days and nights and a decrease in the number of cold days and
nights. Also indicated are general increases in the intensity and frequency of extreme
precipitation, especially in winter [16].

Wojcik and Migtus [7] noted that changes of annual air temperature in Poland
show a statistically significant increase with an average rate exceeding 0.2°C per
decade. In the decade 2001-2010, the rate in February was more than 0.5°C/
10 years. The highest rate of temperature increase was detected in northern Poland,
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including the Lakeland regions, whereas the lowest rate of increase is observed for
the highlands and the Sudety Mountains.

In the short analyzed period of 17 years (2000-2017), by climate analyses no
statistically significant changes were noted in the majority of the present climate
parameters of Polish lake districts. Such changes can be detected only over a longer
period of time. It is widely recognized that global warming began to increase at the
end of the 1970s, and from that time on, increasing environmental effects could be
expected during climate change [3].

4 Polish Lakes Under Climatic Changes

4.1 Lake Water Storage Changes

One of the effects of climate change is the transformation of the water cycle on the
lands, including lake water resources. As Bajkiewicz-Grabowska emphasized [17],
the reaction of lakes to changes in the nature of the water cycle can vary depending
on location in the water system, conditioned by the geological structure, and
especially the relationship between lakes and groundwater. Therefore, in the
19 Polish lakes analyzed, both a statistically significant decreasing tendency of the
level of Lakes Jasieri, Radusiskie, and Dzierzgon and an increase in the amount of
water in Lakes Sepoleniskie, Rospuda, and Studzieniczne were noted (Table 4,
Fig. 7). However, for the majority of the lakes analyzed there are no significant
changes in water level attributable to climate change, because in many of these the
water level is artificially regulated within waterways or for the operation of hydro-
electric plants [18]. The noted changes in the water abundance of these lakes are
usually caused by human activity and result from climate change to only a small
extent.

It is interesting to note that for lakes with larger areas and with artificially
regulated water levels (lakes italicized in Table 4), a decreasing tendency is detected,
although this is not significant statistically.

The mean annual amplitudes of water level in these regulated lakes were also
higher than in unregulated lakes, in which this amplitude is rather lower than 30 cm
and the standard deviation of water level variation is less than 20 cm (Table 4). The
monthly amplitude of lake water level was small, in the range 5-20 cm, except in
Lebskie Lake, which is located in the shoreline and is hydrologically both a
catchment and one impacted by the Baltic Sea. Variability of lake water level results
from the different shape of the catchment and the types of geological structures in
postglacial areas; in consequence, the intensity and amount of flowing water from
the basin to the lakes varies [19]. Mean annual amplitude of lake water level has no
regular fluctuations as in the Jasien Lake (Fig. 8C), where these are the smallest from
all lakes analyzed. Only in two lakes, Sgpoleriskie and Charzykowy, have I detected
a significant decrease of amplitude rates (Fig. 8A, B). This condition has probably
resulted in a negative water balance in past years, when groundwater accumulated
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Fig. 7 Changes of annual lake water level in the years 2000-2016: upper, lakes A, Wigry; B,
Sepoleniskie; C, Mikotajskie; D, Rospuda; lower, lakes A, Raduniskie; B, Rajgrodzkie; C, Wdzydze

new rain portions, filling its own resources and limiting the load in lakes. A similar
water level regime with no regular fluctuations was observed in lakes in northeastern
Poland [20], located in the Leczyrisko—Wtodawskie lake district [21, 22].

The varied response of lakes to atmospheric water input and/or surface runoff is
even better seen in the analyses of monthly water level runs (Fig. 9). The earliest lake
hydrological reaction was observed in the East Pomeranian Lakes (group C) with a
maximum water level in February or March, except Charzykowy Lake, and in March
or April in most Polish lakes. Lakes from the Suwalki group have a similar
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Fig. 8 Multiannual changes of mean annual amplitudes of water level in selected lakes: A,
Sepoleniskie; B, Charzykowskie; C, Jasien; in the years 2000-2016

hydrological system. In the other groups presented in Fig. 9, there is a distinct type of
lake with a maximum of water seen later, such as Etckie Lake, Rajgrodzkie Lake, or
Charzykowskie Lake. Lebskie Lake has a completely different hydrological season-
ality with a maximum in December and January. An equally exceptional lake is
Jasien Lake (in the E group in Fig. 9), with a very uniform level of water throughout
the year that very rarely reacts to the inflow of atmospheric waters.

Summing up, it can be stated that Polish postglacial lakes are characterized by
generally small fluctuations in their water level. Only in lakes with artificially
regulated water level can there be significant amplitudes of variations, for example,
Lake Rajgrodzkie, or a reduced amplitude of level fluctuations, for example, Lakes
Mamry and Mikotajskie. As most of these are through-flow lakes, they are included
in water systems in which local hydrogeological conditions determine the rate of
water circulation and react differently to both atmospheric supply and anthropogenic
changes in water discharge [17, 18, 23]. Weyhenmeyer [24] showed that a response
to climate change seen in one lake may be very different in another. In the majority
of analyzed lakes there are no long-term tendencies of changes in water level, which
indicates a generally limited reaction of lakes to progressive climate changes because
local river—lake systems exhibit high self-regulation abilities. Therefore, these sys-
tems are relatively resistant to climate-driven changes, which confirms that lakes can
act as sentinels of climate change [25].

During long-term water deficits in lake basins (drought), the network of streams
connecting the lakes frequently disappears. For lakes with a smaller surface area
droughts are a significant threat, because the small underground sub-basin is not able
to compensate for the loss of evaporating water. In large lakes, the share of
horizontal groundwater supply is significant, because their basins are characterized
by substantial underground retention and unit outflows are two or more times higher
than observed in lowland basins [17, 18]. Lakes can show various hydrological
functions even in the same system, whether drainage, retention, or convertible,
depending on precipitation rate in a given period [18]. It is thus explained why
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Fig.9 Mean monthly lake water level (in relationship to mean level) in the years 2000-2016. Lake
numbers as in Table 4: A, Suwatki group; B, Mazurian group; C, Pomeranian—East group; D, Etk
group; E, specific lakes group

lakes in the same climatic location have varying tendencies, as shown by the data
presented here.

4.2 Lake Water Temperature Regime and Recent Tendency

Surface and epilimnetic water temperatures, which can be highly correlated with
regional-scale air temperatures, exhibit a rapid and direct response to climatic
forcing, making epilimnetic temperature a useful indicator of climate change
[25, 26]. In the Polish lakes the recent mean water temperature is in the range
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Table S Mean of selected monthly, annual, and maximum temperatures and results of Mann—
Kendall time series test of lake water temperature in the years 2000-2016

Mean water temperature [°C] Mann-Kendall test

No. | Lakes Feb |May |Jul |Nov |Year |[Max. (Z P Significance

1 | Lebsko 1.5 |14.0 |19.7 |54 9.8 252 |2.16 [0.03 |+

2 | Wdzydze 1.9 |13.5 |204 |75 |104 |259 |[1.86 |0.06 |—

3 | Jasier 1.7 | 145 |20.6 |80 |[10.7 |254 |[1.20 [0.23 |—

4 | Raduriskie 1.8 |12.7 |19.3 |6.8 9.9 [24.8 |1.40 |0.16

5 | Charzykowskie |[1.6 |13.7 [20.2 |7.2 |10.3 |26.1 |3.31 |0.00 |+

6 | Sgpolenskie 1.5 153 |21.3 |69 |109 |26.8 [1.90 |0.06

7 | Dadaj 1.3 143 |21.3 |70 |105 |27.5 (298 [0.00 |+

8 | Mikotajskie 1.1 132 {208 |75 |103 |27.2 |[2.11 [0.03 |+

9 | Mamry 1.0 |13.4 |20.5 |6.1 9.8 1269 |254 [0.01 |+
10 | Selmet Wielki | 1.2 |14.2 |21.1 |6.6 |10.3 |26.6 |1.92 |0.05
11 | Litygajno 1.1 142 |21.3 |59 |[10.2 |26.7 |[1.87 |0.06 |—
12 | Elckie 1.3 148 |214 |68 |[10.5 |27.1 [0.37 |0.71 |—
13 | Rajgrodzkie 1.3 | 144 |21.7 |68 |[105 |28.1 [0.96 |0.33 |—
14 | Studzienicze 1.3 146 |214 |60 |103 |274 (252 [0.01 |+
15 | Wigry 1.3 141 |21.5 |66 |11.5 |27.6 (234 (0.02 |+
16 | Hancza 0.9 [109 |20.0 |49 9.0 [262 |1.04 {030 |—

Italics indicated the lakes with an artificial water level regulation

9-12°C with a monthly minimum in February and a maximum in July (Table 5,
Fig. 10).

In the period 2000-2016, the maximal water temperature of 28.1°C was noted in
Rajgrodzkie Lake. It should be noted that the discussed lake water temperature
results come from one-time daily measurements at 6.00 (UT - universal time) and
do not take into account the variation of temperature that occurs commonly through-
out the day. During the day in spring and summer, the amplitude of water temper-
ature change in the epilimnion of large lakes can reach several degrees Celsius
(Goérniak, unpublished data).

The highest monthly surface water temperature variation among Polish lakes is
noted in April and May: in the rest of the year two changes less than 2°C were seen.
The Mann—Kendall test for the period 2000-2017 indicated that only 40% of the
lakes have a statistically significant increase of lake water temperature, located
mostly in the eastern lake districts (Mazury and Suwatki Lakelands) (Table 5,
Fig. 11), where a larger climatic gradient exists. Computed trends of lake water
temperature were in the range 0.28—0.38°C per decade for the years 2000-2016. This
trend results mainly from higher rates in the summer and spring, but in Jasiei Lake
from Pomeranian Lakeland, specific higher autumn rates were larger by effects of the
groundwater supply (Fig. 10).

Only in Charzykowy Lake have I detected a strong increase of water temperature,
with the trend of 0.081°C/year.
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Fig. 10 Seasonality of monthly water temperature in lakes (a) Mamry, (b) Jasien, (c)
Charzykowskie, and (d) Studzieniczne in two periods: 2000-2007 (dashed line) and 2008-2017
(solid line)

Skowron [27] documented that the Polish lake water temperature in spring
increased fastest among seasons, about 0.2—0.5°C per decade. My results for Polish
lakes from the period 2000-2016 are in agreement with global analysis, where
national lake water temperature trend has been estimated as 0.34°C per decade in
the years 1989-2009 [28] and for air temperature 0.25°C per decade [3].

Across the state of Wisconsin (USA), whole lake water temperatures increased
with an average trend of 0.042°C/year (for the years 1990-2012). In large (>50 ha)
lakes, the positive temperature trend was similar across all depths. In small lakes
(<50 ha) the warming trend was restricted to shallow waters, so they respond
differently than large lakes [29].

The recorded increase of air temperature in the spring season and early termina-
tion of ice phenomena is in agreement with Choiriski et al. [30, 31], who showed that
in long-time data series (1951-2010) average ice phenomena duration and ice cover
decreased with a rate of 0.5 day/year. In winters with a positive NAO phase, the ice
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Fig. 11 Changes of annual lake water temperature (depth 0.4 m) in Eebsko Lake (A),
Studzieniczne Lake (B), Mikotajskie Lake (C), and Charzykowskie Lake (D) in calendar years
2000-2017
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Fig. 12 Long-term variation of annual lake water temperature (depth 0.4 m) in Wigry Lake (solid
line) and Hancza Lake (dashed line) in calendar years 1987-2016; all data from Institute of
Meteorology and Water Management

phenomena duration is significantly shorter than during negative NAO phases
[32, 33].

Similar to the tendency for air changes, the analyzed period 2000-2016 is too
short to find significant changes in the temperature of lake waters. For the afore-
mentioned period there were no statistically significant trends in changes of Wigry
Lake water temperature, whereas for a longer period (1987-2016) the trends proved
to be statistically highly significant. However, for Hancza Lake, the deepest in
Poland, analysis for the 17-year and 30-year periods (Fig. 12) did not indicate any
significant changes in water thermic regime under the influence of climate changes.

I have noted that there are significant statistical relationships between yearly
water temperature in lakes and mean annual air temperature measured at the nearest
meteorological station (Table 6). As presented in Table 6, the formulas show a high
rate of R* and can be used for the prediction of lake water temperature during climate
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Table 6 Relationships between annual air temperature and rate of increase of lake water temper-
ature in selected lakes computed for the period 20002016

Station Lakes R? Formula T,, 2050 [°C]
Suwatki Studzieniczne 0.51 041x +7.21 1.2
Wigry 0.72 0.43x + 7.40 1.3
Mikotajki Mikotajskie 0.51 0.38x + 7.21 1.1
Leba Lebskie 0.52 0.45x + 5.92 1.4
Chojnice Sepopolskie 0.60 0.54x + 6.48 1.6
Wdzydze 0.56 0.48x + 6.50 1.4
Charzykowskie 0.50 0.62x + 5.32 1.9

R?, determination index for p < 0.001; in formula x, mean air temperature [°C] is used

change. Assuming an increase in average annual air temperature in Poland as
presented by Wojcik and Migtus [7], in 2050 the average temperature of lake waters
should be expected to increase by 1.1-1.9°C. Predicted changes of water tempera-
ture in Wigry Lake using the formula from the multiannual lake water trend line
(Fig. 12) and from the relationship between air temperature and lake water temper-
ature were the same, that is, 1.3°C.

Whole lake water temperatures increased across the state of Wisconsin (USA)
from 1990 to 2012, with an average trend of 0.042°C/year. In large (>50 ha) lakes,
the positive temperature trend was similar across all depths. In small lakes (<50 ha),
the warming trend was restricted to shallow waters, so they respond differently than
do large lakes [29].

Analysed lake water temperature tendencies of the four seasons in the period
2000-2016 were significant only for a small group of lakes (Table 7), located mainly
in the western part of Poland with warmer climatic conditions. Charzykowskie Lake
stood out from the others because in all seasons the trends were statistically
significant. Also, in Jasien Lake negative lake water temperature tendencies (all
statistically significant, p < 0.001) clearly manifested a change in the water cycle in
the catchments. In this specific lake a higher winter water supply of the lake from
groundwater, with a constant temperature (6—-8°C), gives a “warming” effect. On the
other hand, this may be an effect of the decreased role of surface runoff in the lake
supply, which may also result in an increase of heat resources in the epilimnion of
the lake. Tendencies of increasing temperature were much higher in the warm season
(summer, autumn) than in the colder periods. For most lakes, the winter increase of
water temperature was about 0.3—0.4°C per decade, close to the rate of air temper-
ature change indicated earlier by Wéjcik and Migtus [7].

Confirmation of significant changes of winter thermal conditions during climate
warming in Central Europe is also found an increase in western circulation
connected with the positive phase of NAO [32, 33]. T have found a significant
correlation between the Hurell NAO Index and water temperature in most of the
lakes under study (Table 6). NAO effects in Europe are known; also, most Polish
lakes react with increased winter water temperature and reduced duration and
intensity of ice phenomena [33-35].
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Table 7 Tendency of lake water temperature for seasons in years 2000-2016 and determination
coefficient () in correlation between mean lake water temperature in the period December—March
and Hurrel NAO Index for these months

DJFM (period from December to
Lake water tendencies [°C/year] March)

Lakes Spring | Summer | Autumn | Winter | 7 P
Lebsko 0.04 0.033 | 0.43 0.003
Wdzydze 0.027 0.037 |0.30 0.031
Jasient —0.180 | —0.860 |0.01

Raduriskie 0.041 0.40 0.003
Charzykowskie | 0.08 0.085 0.078 0.073 | 0.39 0.005
Sepoleriskie 0.036 0.029 |0.37 0.007
Dadaj 0.068 0.056 0.029 | 0.09

Mikotajskie 0.03 0.034 |0.15

Mamry 0.04 0.068 0.036 |0.16

Selmet Wielki 0.42 0.003
Litygajno 0.03 0.035 |0.29 0.021
Efckie 0.02 0.29 0.039
Rajgrodzkie 0.02

Studzienicze 0.034 0.036 |0.12

Wigry 0.17

Haricza 0.26 0.031

Data from USA National Center for Atmospheric Research
Bold font indicates statistically significant tendencies (p < 0.05) in the Kendall-Mann test

4.3 Predicted Climate Change Impact on Lake Functioning

Lakes are commonly affected by multiple interacting stressors [36, 37], which could
confound the signals from climate change. However, variations in surface water
temperatures were highly synchronous (coherent) and related to fluctuations in air
temperature, as also documented earlier for European lakes located more southwest
from Poland by Dokulil et al. [38]. The same authors emphasize physical lake
properties as a beginning of freshwater response to climate-driven change, which
launched cascades down from physical parameters via chemical and nutrient vari-
ables to biological entities. The main and possible factors and climate-related drivers
changing freshwaters have been identified and classified by Adrian et al. [25].

I have used their proposals of estimation of possible changes in Polish lakes under
global warming with respect to seasonality and response features such as increase,
decrease, shift, and meaningful fluctuations (Table 8). It should be mentioned that all
freshwater ecosystems have a certain memory (physical, biochemical or biocenoitic)
of past extreme events, the effects of which may appear with some delay, with an
intensity not always predictable.

Moreover, the effects of changes in climatic conditions on hydrobionts are
complex, difficult to distinguish from other influences, and not easy to generalize [3].
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All types of variables used in this proposal can be classified in four groups:
hydrological (1), physical (2-5), chemical (6-7), and biocenoitic (8—10) (limited to
producers only). According to the present scenario, summer and spring will be the
seasons with significant changes in the functioning of lakes. Climate signals such as
changes in water level, temperature, and ice-off time in the spring will determine the
variable response of diatom multiplication in high dissolved silica and total organic
carbon (TOC) resources [39]. TOC resources will also be an important source of
nutrients for planktonic organisms. The rate of spring diatom development, deter-
mined by the time of ice melting, is also affected in the spring primary production of
lake photic zones. Wagner and Adrian [40] pointed out that the spring regime of
abiotic and biotic lake parameters will manifest more clearly, with lesser effects
appearing in summer.

I predicted an intensive summer changes in lake functioning affected by climate
change. The forecast lake water temperature increase and the accompanying
extremely high precipitation, together with the deep mixing of the epilimnion, will
result in acceleration of the circulation of matter. Also, increasing warming of the
epilimnion will cause changes in stratification, but the magnitude of stratification
responses to climate change across lakes will be associated with the lake average
temperature and morphometry, but not with warming rates [41].

Catchment origin nutrient load to the littoral zone will slowly become an impor-
tant driver for the increase of lake water trophy, being especially more frequent in
oligo- and mesotrophic lakes. Rigosi et al. [42] highlighted that nutrients had a larger
role in oligotrophic lakes whereas temperature was more important in mesotrophic
lakes.

In many scenarios more substantial cyanobacterial development in eutrophic
and hypertrophic lakes [42] is predicted. As lakes become more eutrophic, the
Cyanobacteria will become more sensitive to the interaction of nutrients and
temperature, but ultimately nutrients are the most important predictor of
cyanobacterial biovolume. Similarly, Microcystis is more sensitive to temperature
than is Anabaena [42]. Linking the increased allochthonous organic load to the lakes
with trophic increases and the browning process during climate change is becoming
more and more common [43—45]. On the North American continent, the greatest
effects of these processes are visible in increase of the murky lakes type, according to
nutrient-color status [46], which in Poland were previously referred as humo-
eutrophic (auxotrophic) [47]. This lake type exhibits high chlorophyll a and total
phosphorus concentrations and cyanobacterial densities [44].

It is highly probable that climate change in Poland will contribute to an increasing
number of humo-eutrophic lakes, especially in the group of small lakes surrounded
by eutrophic wetlands. It will be accompanied by an increase in CO, emission and
the preservation of strong heterotrophic ecosystems. On the other hand, during
climate changes in small oligotrophic dystrophic lakes surrounded by bogs, an
increase in TOC concentration, change in water color, and the formation of a
stronger thermal stratification of these lakes are predicted [48]. Climate change
may also lead to a change to a mictic type for some of the large, previously dimictic,
lakes, when ice cover becomes permanently absent.
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5 Conclusions

As presented here, the effects of global change on Polish freshwaters, narrowed to
only the main stressors and the first trophic level in aquatic ecosystems, clearly show
that lakes will be exposed to several changes. Previous Polish research on warmed
lakes in Poland (presented in this volume also) has indicated a significant change in
the trophic structure of the aquatic ecosystem created by increasing lake water
temperatures. Hillbricht-Ilkowska [49], more than 25 years ago, pointed out a
wide spectrum of future and possible lake changes based on earlier observations
from heated lakes in the Konin region in Poland. All her suggestions are still valid
and find confirmation in current research [24, 36, 38]. She has predicted that during
temperature increases a change will lead to the permanent elimination of cold and
stenothermic species, reducing the species diversity of planktonic organisms and
other groups such as Insecta, Mollusca, or fish species that prefer cold waters. A new
arrangement of thermal and mictic lake conditions may create opportunities for mass
colonization of alien species or massive development of species that so far are few in
number.

In addition to typical natural changes in lake functions, changes in the extent of
lakes and wetlands are expected. This potential must be included in local zoning
plans.
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Abstract This paper characterises rivers, the major hydrographic objects within the
water network of Poland. The authors point out to the diverse nature of the river
network resulting from the natural topography of Poland and the fact that the
contemporary river network uses valleys inherited from the past. Systems of two
largest Polish allochthonous (transit) rivers, the Vistula and the Oder, are
characterised. The rivers of Przymorze and the Niemen basin are discussed in less
detail. The paper shows that the stability of discharge in Polish rivers, resulting from
climate conditions (precipitation exceeding field evaporation over the entire water
year), is determined by the underground contributor to the discharge, which is a
result of underground water drainage by the river channels. The contribution of
underground runoff to the total discharge of Polish rivers is generally stable over the
year, and the percentage of surface runoff contributing to the total discharge depends
on the morphogenetic zone (mountains, highlands, lowlands) where these rivers
flow. Finally, the types of regimes characterising Polish rivers are presented and their
spatial differentiation is discussed. Polish rivers are characterised by complex
regimes. Most rivers are characterised by the moderately developed nival regime
with the high water period in the spring. Some of the lowland rivers have well-
developed nival regime, while some lakeland rivers are characterised by the poorly
developed nival regime. The regimes of mountain rivers vary.
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Keywords Hydrological regimes of Polish rivers - Oder river system - River
channel types - River network density - River valley network - Transport of river bed
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1 Introduction

The network of river valleys in Poland clearly corresponds to the landforms inherited
from the past [1]. The principal variation of this network follows the latitudinal
arrangement of the landforms (Fig. 1). The natural topography of Poland is
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Fig. 1 The main elements of the natural topography of Poland. Explanations: (1) rivers and water
reservoirs, (2) state borders, (3) boundaries of geomorphological units, (I) young mountains and
piedmont basins (a, Carpathians; b, sub-Carpathian basins), (II) old mountains and uplands (a,
Sudeten and Przedgdrze; b, Silesian-Cracovian Upland; ¢, Nida Basin; d, Kielce Upland; e,
Lubelsko-Wotyriska Upland), (III) late postglacial areas (a, late postglacial plains; b, lakeless
plateaus), (IV) early postglacial areas (a, lake plateaus; b, lakeland hump; c, coastal plains) (adapted
from [2])
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dominated by lowlands (0—300 m.a.s.l.), which cover 91.3% of the country’s area.
Moving south, the land rises into hills (300-500 m.a.s.l.), which cover 5.6% of the
country’s area, and mountains (>500 m.a.s.l.), which cover a mere 3.1% [3]. The
latitudinal variation of the configuration of landforms in Poland was determined by
the Alpine orogeny, which formed the Carpathian Mountains and created the
Carpathian Foredeep and the Meta-Carpathian Swell [4, 5]. In the Pleistocene
Epoch, the parallel arrangement of landscape belts was emphasised by the trans-
gressions of decreasing ranges in the Scandinavian Ice Sheet (which commenced
approximately 115,000 years ago and lasted for approximately 103,000 years) and
by the development of periglacial zones in its forefield [1]. The westbound flow of
snowmelt from the melting ice sheets formed the latitudinally arranged belts of
marginal paleo-valleys. In the Holocene Epoch, which commenced approximately
10,000 years ago, the contemporary river valleys were considerably remodelled, and
the river network was stabilised.

Four morphogenetic regions are distinguished in Poland, namely, young moun-
tains (the Carpathians) and piedmont basins, old mountains (the Sudeten) and
highlands, late postglacial regions and early postglacial regions [2], which are only
transected by two large river valley systems, that of the Vistula and that of the Oder,
which drain water from the mountains in the south to the Baltic Sea in the north
(Fig. 1).

The Poland’s contemporary network of river valleys, irrespective of the influ-
ences resulting from the complex geological past, has to the largest degree been
shaped by the changing climate which determines the changes in the hydrological
regime of rivers [6]. The river bed and channel characteristics (tortuosity, depth,
width) largely depend on the river’s hydrological regime (water stage fluctuations,
stream flow rate and energy, transport of bed flow), which in turn is determined by
climate conditions (precipitation, air temperature). The channels of Polish rivers are
largely regulated by hydraulic structures, and the channels of large rivers are
additionally secured by levees. Over the past 50-70 years, they have been signifi-
cantly transformed by man.

The river network of Poland drains 99.7% of the region located within the Baltic
Sea catchment basin (Fig. 2). Within this basin, the following two rivers have the
largest catchment areas: the Vistula (which rises in the Silesian Beskids and empties
into the Gdansk Bay) and the Oder (which rises in the Oder Mountains in the Czech
Republic and empties into the Szczecin Lagoon, a part of the Pomeranian Bay). The
catchment basins of the Vistula and the Oder drain, respectively, 54% and 33.9% of
Poland’s surface. The remainder (18.1%) is made up of the catchment basins of
the Przymorze rivers (Polish rivers directly draining into the Baltic Sea, namely, the
rivers Rega, Parsgta, Wieprza, Stupia, Lupawa, Leba and Reda) with some of the
Vistula delta (Dead Vistula with Mottawa and its lakeland tributary Radunia and
Wista Smiata), the basins of the Vistula Lagoon (catchment basins of the following
rivers: Szkarpawa z Wista Krélewiecka, Nogat, Elblag, Batda, Past¢ka, Lyna,
Wegorapa) and of the Szczecin Lagoon (without the catchment basin of the Oder)
and the catchments of the Czarna Haricza and the Szeszupa (tributaries of the river
Niemen). Approximately 0.2% of Poland’s surface lies within the catchment basin of
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Fig. 2 Hydrographic division of Poland. Explanations: (1) Baltic Sea basin (a, Vistula basin; b,
Oder basin; ¢, Niemen basin; d, basins of Przymorze rivers; e, Vistula Lagoon basin; f, Szczecin
Lagoon basin), (2) Black Sea basin (a, Danube basin; b, Dniester basin), (3) North Sea basin (Elbe
basin), (4) streams and reservoirs, (5) state borders, (6) provincial cities (Source: Map of the
Hydrographic Division of Poland)

the Black Sea (the upper courses of the Orawa and the Skalniczanka in the catchment
of the Danube and the upper course of the Strwiaz in the Dniester river basin), while
nearly 0.1% in the catchment basin of the North Sea (the upper courses of the Jizera
and the Orlica in the Elbe river basin).

2 Natural Determinants of Poland’s River Network

The downward slope of Poland’s surface to the northwest determines the near-
meridional course of the rivers of Poland and the asymmetry of their basins.
The occasional latitudinal course of the rivers is a consequence of marginal
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paleo-valleys, which, during its glaciation, latitudinally drained, along the snout of
the melting ice sheet, huge amounts of water and the waters of the rivers that flew
from the south towards the ice sheets in the north.

Polish rivers most commonly rise from sources located in the mountainous part in
the south of the country, namely, in the Carpathians and the Sudeten. Source regions
also include the Middle Polish highlands and lakelands in the north of Poland. In
relation to the rivers, the lowlands of central Poland mainly play the role of a transit
area and to a lesser degree function as a feeding area.

The latitudinal arrangement of landform belts — with the mountains in the south,
followed northwards by basins, highlands, lowlands, lakelands and the coastal
region of the Baltic Sea (Fig. 1) — resulted in the formation of gorges along the
course of the rivers (e.g. the Dunajec River Gorge, the Vistula River Gorge of Lesser
Poland, the Vistula River Gorge near Fordon in Bydgoszcz) and waterfalls in the
mountains, which was mainly due to the tectonics of the deposits that formed fold
mountain structures (e.g. Siklawa in the Tatras) or fault-block mountain structures
(e.g. Szklarka, Kamieniczyk in the Sudeten).

In the mountains and highlands (south of Poland), the rivers generally adapted to
the geological forms, especially to the lithological differences of bedrocks. Only
some of the rivers transected mountain chains and hill chains across the river valleys.
Such an arrangement of the river network is a consequence of the following:
(a) persistence of former directions of outflow from the period preceding the slow
uplift of land; (b) formation of a river network on the accumulation surface overlain
on the previous geomorphological forms, which, upon the truncation of the over-
laying layers, were exposed, revealing unconformity with the direction of the rivers;
and (c) headward erosion, which led to the capture of waters from the neighbouring
catchment, which in turn caused the direction of the stream outflow to reverse [7].

Five principal types of river channels are distinguished in the mountain and
highland areas [6]:

1. High mountain river channels: bending, locally braided, cut out in pebbles and
boulders and in solid rock, largely regulated.

2. Middle mountain river channels: bending with a system of riffles and pools, or
braided or cut out in solid rock or pebbles, largely regulated.

3. Piedmont river channels: bending and meandering, with a system of chutes and
pools, cut out in pebbles. Large allochthonous river channels are largely regu-
lated, while the small ones are regulated to a lesser degree.

4. Foreland basin river channels: cut out in beds made up of fine pebbles and sands,
usually meandering with a small gradient and with a low width-to-depth ratio.

5. Highland river channels: bending and meandering, cut out in alluvium, mostly
sandy; during surges that exceed the riverbank water stage, the floodplain is
remodelled. Transport of dissolved material overbalances that of clastic material.
These include seminatural and regulated channels.

The arrangement of river valleys in the Polish Lowlands is associated with the
course of the marginal dewatering pathways during glaciations and with climate
changes. The impact of the latter is evident in valleys in the form of consecutive
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phases of erosional channel formation and accumulation and in the form of changes
in the type and size of the river channels. Extreme water surges in subsequent
millenniums contributed to the transformation of valley beds, whose direction of
dewatering in individual segments of the river course often differed. In the southern
part of the Polish Lowlands, late postglacial terrains (between the limit of maximum
extent of the last glaciation in the north and the old mountains and highlands in the
south) are dominated by autochthonous rivers whose basins lie in naturally uniform
regions (e.g. the rivers Barycz, Prosna, Widawka, Bzura, Wkra, Liwiec, Narew).
They are accompanied by allochthonous (transit) rivers, whose upper catchment
parts are found in the highlands that are adjacent to them from the south (e.g. the
rivers Bug, Wieprz, Pilica, Warta), or in the Sudeten (e.g. the rivers Bébr, Kaczawa,
Eastern Neisse). The river channels in this zone are horizontally stable, generally
bending or meandering, and anastomosing within the widenings of the basins.
Braided river channels are mostly found in the Middle Vistula Valley and in the
lower courses of some of its tributaries. Rivers in early postglacial regions flow
down polygenic valleys (tunnel valley-like segments, marginal paleo-valley-like
segments, canyon-like segments, segments formed on outwash plains and within
moraine plateaus). The river channels and floodplains here are largely inherited from
the late Weichsel [Vistulian] and Holocene fluvial transformation [6]. The river
network is dispersed and of the initial nature. The process of its consolidation and
development in the lakelands is still ongoing. The contemporary river network of the
early postglacial zone shows various directions of dewatering, which is mainly due
to the morphogenesis of the relief of the Polish Lowlands. Five types of river
channels are distinguished here [6]:

1. River channels of the southern slope of the lakeland hump (Fig. 1) developed in
the beds of valleys shaped on outwash plains with lake segments, e.g. Drawa,
Gwda, Brda, Wda, Wierzyca, Drweca, Omulew, Pisa, Lega, Rospuda and Czarna
Haricza.

2. River channels in the northern slope of the lakeland hump with lake segments
characterised by uneven longitudinal profiles, whose development was deter-
mined by the changes in the water level of the Baltic Sea, e.g. Ina, Rega, Parseta,
Wieprza, Stupia, Lupawa, Reda, Radunia, Pasi¢gka, Lyna and Wegorapa.

3. River channels shaped within the latitudinal marginal valleys or Urstromtiler,
having a bending or an irregular broken pattern, e.g. the lower Note¢, the lower
Warta and the upper Obra.

4. River channels in gorges, most commonly characterised by a meridional direction
of flow (the Vistula River Gorge, the Warta River Gorge, the Obra River Gorge).

5. Channels of tributaries of large allochthonous rivers (especially of the Vistula and
the Oder). The channels of these rivers in the plateaus differ from those in the
main river bed.
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3 The River Network of Poland

The river network of Poland consists of streams of various sizes. The upper courses
of the rivers are made up of rapidly flowing mountain streams and brooks and, in the
lowlands, of rapidly flowing streams and brooks and the slowly flowing brooks.
These are all small water streams flowing from springs and mires of small topo-
graphical catchment areas (ranging from several to several dozen km?), usually
without tributaries [8]. They meet with each other to form higher-order streams.
These are rivers of various sizes with well-defined channels (bending, meandering,
braided, in some cases anastomosing). They flow along a valley in a bed that has
been distinctly shaped by fluvial erosion and are fed from surface and underground
sources with water from precipitation in their basins [8].

As a result of the belt-like arrangement of landforms, three principal segments
differing in river gradient and activity are distinguished in the course of large Polish
allochthonous (transit) rivers: the upper, middle and lower course. In its upper
course, a river often flows on bedrocks, deepening its channel, drains excess
precipitation and collections of underground water and has numerous tributaries
which also feed it with bed load. In its middle course of a river, the slope of the valley
decreases; the river begins to meander, cutting the banks in a wide floodplain on
which it deposits most of its load in the form of point bars and alluvial soils. In its
lower course with a very gentle slope, a river sometimes flows along numerous
branches, and when it flows into the sea, it forms a delta (Fig. 3a). The longitudinal
profiles of autochthonous lowland rivers are generally characterised by an even slope
along its entire course (Fig. 3b). In early postglacial regions, lake segments and river
segments are distinguished in the longitudinal profile of lake rivers and lake-river
systems, which consist of lakes interconnected by short river segments (mostly
overflows) [9-13]. The river segments are characterised by a greater slope if they
have the form of gorges (Fig. 3¢). The behaviour of the tributaries of the principal
recipient (the main river of the system or lake), especially in their upper courses,
depends on the catchment retention status [14, 15].

The density of the river network of Poland varies. The highest density is found in
the Carpathians (an average of 1.4 km km?% 2.2-2.5 km km? in the Pieniny,
3.3 km km? in the Polish Tatra Mountains, approximately 1.5 km km? in the
Bieszczady) and the Sudeten (an average of 1.2 km km?) and is due to the high
precipitation, poorly permeable ground and steep gradient of the land. The density of
the river network is much lower in highland areas formed by carbonate rocks
(an average of 0.6 km km?) and in the lowlands of central Poland (from 0.7 to
0.96 km km?). The density ranges from 0.2 to 1.1 km km? in lakeland areas and from
0.8 to 1.3 km km? in coastal plains [16]. The eastern part of the Vistula delta is
characterised by a very high density of streams (up to 20 km km?) [17].

The largest river systems in Poland are formed by the Vistula and the Oder
(Table 1). These rivers flow through the entire Poland, transporting water from the
mountains in the south to the Baltic Sea in the north (Fig. 1). The Vistula, a river of
intermediate length among the European rivers (11th longest river in Europe), is the
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Fig. 3 Longitudinal profiles of rivers: (a) profile of an allochthonous river, (b) profile of an
autochthonous lowland river, (¢) profile of a lake-river system

largest and longest (1,022 km) [18] Polish river. It is also the river with the largest
basin area (193.9 thousand kmz) [18] within the drainage basin of the Baltic Sea. Its
average gradient is 1.08%o, although in 75% of its course, the gradient is below
0.3%o. The sinuosity index of the river' is low at 1.13. The tortuosity index” is 1.9.
From its source in the Silesian Beskids, the Vistula flows from south to north, across
a belt of highlands and lakelands, and empties into the Gulf of Gdarsk, forming a
delta area at its mouth. The present estuary of the Vistula is an artificial cut excavated

!Sinuosity ratio is the ratio of the river length to the length of a straight line connecting the river
source with the river-mouth [8].

Tortuosity ratio is the ratio of the river length to the length of its valley [8].
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Table 1 River systems of Poland

35

Drainage basin area

(km?) Length (km)

Within Within Average flow

borders of borders of 1951-2000
River Recipient | Total Poland Total | Poland (m>/s)
Wista river system
Wista Baltic Sea | 193,960 | 168,868 1,022 | 1,022 1,080.0
Przemsza | Wista 2,125 2,125 87 87 20.0
Dunajec Wista 6,796 4,838 249 249 85.5
Nida Wista 3,844 3,844 154 154 21.1
Wistoka Wista 4,109 4,100 173 173 35.5
San Wista 16,877 | 14,426 458 457 129.0
Wistok San 3,538 3,538 220 220 24.5
Kamienna | Wista 2,020 2,020 149 149 8.9
Wieprz Wista 10,497 | 10,497 349 349 36.4
Pilica Wista 9,258 9,258 333 343 47.4
Narew Wista 74,527 | 53,846 499 443 313.0
Biebrza Narew 7,092 7,067 164 164 35.3
Pisa Narew 4,510 4,510 82° 82 26.8
Orzyc Narew 2,134 2,134 142 142 93
Bug Narew 38,712 | 19,239¢ 774 590 155.0
Krzna Bug 3,273 3,273 107 107 11.4
Liwiec Bug 2,763 2,763 142 142 12.1
Wkra Narew 5,348 5,348 255 255 22.3
Bzura Wista 7,764 7,764 173 173 28.6
Drweca Wista 5,697 5,697 231 231 30.0
Brda Wista 4,665 4,655 245 245 28.0
Wda Wista 2,324 2,324 198 198 14.3
Odra river system
Odra Baltic Sea | 119,074 | 106,043 840 726 567.0
Nysa Odra 4,570 3,742 189 189 37.7
Ktodzka
Barycz Odra 5,547 5,547 136 136 18.8
Bobr Odra 5,874 5,830 279 276 44.8
Nysa Odra 4,403 2,201 246 197 31.0
Luzycka
Warta Odra 54,520 | 54,520 795 795 216.0
Prosna Warta 4,917 4917 227 227 17.4
Welna Warta 2,635 2,635 118 118 9.2
Noteé Warta 17,302 | 17,302 391 391 76.6
Gwda Noteé 4,947 4,947 140 140 27.9
Drawa Noteé 3,291 3,291 192 192 21.3
Ina Odra 2,151 2,151 125 125 13.0

(continued)
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Table 1 (continued)

Drainage basin area
(km?) Length (km)
Within Within Average flow
borders of borders of 1951-2000

River Recipient | Total Poland Total | Poland (m>/s)
Przymorze rivers
Rega Baltic Sea | 2,767 2,767 188 188 21.1
Parseta Baltic Sea | 3,084 3,084 143 143 29.1
Wieprza Baltic Sea |2,313 2,313 133 133 23.8
Stupia Baltic Sea | 1,623 1,623 139 139 17.9
Lupawa Baltic Sea | 925 925 99 99 8.3
teba Baltic Sea | 1,801 1,801 117 117 11.7
Reda Baltic Sea | 639 639 51 51 4.3
Radunia Mottawa® | 837 837 103 103 6.3
Rivers of Vistula Lagoon basin
Wegorapa | Pregota 3,639 976 140 44 5.0°
Lyna Pregota 7,126 5,298 264 207 34.7°
Pasteka Baltic 2,321 2,319 187 160 18.6

Bay
Nogat Baltic 1,330 1,330 62 62 30

Bay
Niemen river system
Czarna Niemen 1,916 1,612 142 108 6.8°
Haricza
Szeszupa | Niemen 6,105 184 297.6 24 1.62°

“Excluding the delta

®Calculated from Lake Ro§

“Up to Lake Zegrzyriskie

IMartwa Wista tributary

€At the border enclosing the drainage area

in 1891-1895 near the village of Swibno. Through its main mouth, the Vistula
provides the Baltic Sea with one of the largest inflows of freshwater (the Newa,
2,488 m3/s; the Vistula, 1,081 m>/s according to HELCOM) [19].

The Vistula river system is asymmetrical. The ratio of left-bank basin to right-
bank basin is 27:73. The main right-bank tributaries of the Vistula are Sota, Skawa,
Raba, Dunajec, Wistoka, San (with Wistok), Wieprz, Swider, Narew (with Biebrza,
Pisa, Bug and Wkra), Skrwa and Drweca, and the main left-bank tributaries include
Przemsza, Nida, Kamienna, Radomka, Pilica, Bzura, Brda, Wda and Wierzyca
(Table 1 and Fig. 4).

The Vistula flows from south to north throughout Poland in a valley made up of
segments of varying ages [20, 21]. As the valley travels across tectonic and geo-
morphological units arranged in belts and, in lowland areas, crosses the latitudinal
courses of ice sheet overthrusts and their recession phases, individual segments of
this valley vary in length, depth and width of the valley bed. During each major
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Fig. 4 The Vistula river basin with division into the Upper Vistula, the Middle Vistula and the
Lower Vistula according to the Map of Hydrographic Division of Poland

water surge, this valley bed is shaped by the Vistula. According to hydrographic
characteristics (mainly longitudinal slopes along its course) and water resources of
its basin (mouths of tributaries that change the flow rate of the river), the Vistula is
divided into three sections: upper, middle and lower. The Upper Vistula extends
from its sources to the mouth of the San and is 385.3 km long [22]. The sources of
the Vistula are in the Silesian Beskids, on the western slope of the Barania Goéra. The
Czarna Wisetka (1,107 m.a.s.l.) and the Biata Wiselka (1,080 m.a.s.1.) meet to form
the Wiselka, which meets with the Malinka to form the Vistula. In its upper course,
along a short segment in the mountains, the Vistula is a mountain stream with a steep
gradient (several dozen %o), an uneven longitudinal profile (the bed of the channel
contains numerous cascades and natural sills), variable flow and large transport of
rock load. Upon entering the foothills, the Vistula loses the characteristics of a
mountain river (the longitudinal gradient of the river channel and its transport
capacity decrease), gently turns eastwards and, as it approaches Krakow, assumes
the character of a lowland river flowing through the horsts of Jurassic limestone. The
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river valley widens, the width of the river channel increases and numerous ponds
appear in the bed of the valley. The river channel here, which in the preceding reach
was meandering and unregulated, is now embanked and regulated. Two storage
reservoirs (Wista Czarne and Goczatkowicki) and spillway steps (Dwory, Smolice,
Laczany, Kosciuszko, Dabie, Przew6z), forming the Upper Vistula Cascade, are
found in the upper course of the river. Thanks to them, from the mouth of the
Przemsza to the Przewdz spillway step, the river is navigable. This segment of the
river is joined by its Carpathian tributaries (Biata, Sota, Skawa, Raba, Dunajec,
Wistoka) and tributaries from the Silesian Highland (Pszczynka, Gostynia,
Przemsza, Dtubnia, Szreniawa, Nida, Czarna Staszowska) (Fig. 4). The natural
environment of the valley of the lower course of the Middle Vistula and its
surroundings were considerably altered after the discovery of sulphur deposits and
establishment of strip mines, sulphur ore purification plants and factories producing
sulphuric acid.

The Upper Vistula basin (including the San basin) accounts for 27% of the entire
drainage basin of the Vistula and has an area of 50,655 kmz, 91% of which is situated
in Poland, 5% in Ukraine and 4% in Slovakia. This is the most water-rich region in
Poland. This is largely determined by the water resources of the Carpathian tribu-
taries of the Vistula, with the following rivers being the richest in water: Skawa
(MQ = 16.5 m*/s), Dunajec (MQ = 88.5 m®/s), San (MQ = 134 m®/s) and Wistoka
(MQ = 38.9 m’/s). The mean annual discharge of the Upper Vistula (below the
mouth of the San) is 436 m*/s [23]. The Upper Vistula basin features 26 artificial
water bodies greater than 50 ha in area, including Lake Solina, the largest artificial
lake in Poland in terms of volume (472.4 million m3) with an area of 22 km? [22].

The Middle Vistula extends from the mouth of the San to that of the Narew
(Fig. 4). The course of the Middle Vistula starts with the so-called Vistula River
Gorge of Lesser Poland [24], a segment that passes through highlands (from the
mouth of the San to that of the Wieprz). In this reach of the Vistula, the bed of its
valley lowers from 135 to 115 m. The river breaks through from the south to the
north, transecting rock layers of various resistance. Over about 75 km, the width of
the Vistula changes from about 1 to 6 km and occasionally to up to 15 km. The
slopes of the valley are steep and high, with an elevation of 30-80 m above river
level. The bed of the river valley is flat and filled with alluvia. The floodplain features
oxbow lakes and lateral canals which do not connect with the river from one end and
referred to here as the Wisetki. The river flows in a channel filled with sandbanks and
islands stabilised by vegetation. The following rivers join the Vistula in its gorge
segment: Kamienna, Krgpianka, Itzanka and Zwolernka from the west and Wyznica,
Chodelka and Bystra from the east (Fig. 4). Upon exiting the highlands, the Vistula
enters the forefield of the last glaciation — the Mazovian Lowland — and flows down a
valley which is a natural northwards continuation of the Vistula River Gorge of
Lesser Poland [24]. This long (more than 200 km) segment of the Vistula river valley
(from the mouth of the Wieprz to that of the Narew) cuts into the surrounding
moraine plateaus at the depth of 25-55 m. As the Mazovian Vistula, the river
receives the following tributaries: the Wieprz, Wilga and Swider from the east and
the Radomka and Pilica from the west (Fig. 4). This section has a preserved natural
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character and the Vistula valley bed is 12-15 km wide. The river shapes its bed
within the confines of the relatively widely distributed levees. It flows in a wide
(600-1,200 m) braided channel with sandbanks, islands and islets. The floodplain,
whose width south of Warsaw is up to 7 km, features many river lakes (the largest
ones being Czerniakowskie, Powsinkowskie, Sielanka, Wilanowskie), lateral canals
and overgrown depressions at sites of former meanders of the river. The mean annual
discharge of the Vistula in Warsaw is 575 m’/s [23].

Along its Warsaw section, the Vistula valley and bed naturally narrow due to the
vicinity of a postglacial plateau. This natural narrowing was augmented after the
Vistula channel was regulated following the flood in 1884. The regulation works
carried out for dozens of years straightened, narrowed and deepened the Warsaw
section of the river channel to about 350 m, as a result of which the velocity of the
river increased twofold to threefold and erosion of the Vistula channel bed intensi-
fied, leading to bed depression by an average of over 2 m in the twentieth
century [25].

Upon exiting Warsaw, the Vistula, which is sometimes called the queen of sand,
resumes its braided character. Its channel is filled with point bars formed by the
material carried by water and has many islands that divide the channel into several
branches. The annual quantity of sand carried with the water of the Vistula has been
estimated at approximately 1 million m® [25].

Upon entering the Warsaw Basin, the Vistula absorbs the Narew along with the
Bug and the Wkra (the mean annual discharge of the Narew at its mouth is 313 m*/s
[23]) which force the course of the river westwards. In this latitudinal course, the bed
of the Middle Vistula valley is up to 20 km wide. Also here, the Vistula displays the
natural character of a braided river with numerous islands, oxbow lakes and lateral
canals. The islands vary in form and succession stage, ranging from sandbanks to
islands covered by herbaceous plants and willow and poplar communities. Adjacent
to the river channel lies a floodplain dominated by meadows and pastures and, on the
left bank, a sandy fluvial terrace covered with parabolic dunes arranged in belts and
separated by peat bogs and marshes. This area features the Kampinos Forest
protected within the confines of the Kampinos National Park.

The Middle Vistula basin (including the Narew basin) accounts for 53% of the
entire drainage basin of the Vistula and has an area of 88,865 kmz, 81% of which is
situated in Poland, 10% in Ukraine and 9% in Belarus [22]. The mean annual
discharge of the Middle Vistula (below the mouth of the Narew) is 888 m’/s
[23]. The Middle Vistula basin features 18 storage reservoirs of more than 1 hm?
in capacity. In terms of capacity, the two largest reservoirs are the Sulejowski
Reservoir on the Pilica (86.6 hm®) with an area of 23.8 km? and the Siemianéwka
Reservoir on the Narew (79.5 hm?) with an area of 32.5 km? [22].

The mouth of the Narew marks the beginning of the Lower Vistula (Fig. 4). The
length of this section to its entry into the Baltic Sea is 390.2 km. The initial fragment
is similar to the Mazovian section and receives its left-bank tributary, the Bzura. The
Vistula then changes its direction to northwestern, flows through the Thorn-
Eberswalder marginal paleo-valley and enters the area of the last glaciation, sepa-
rating the Greater Poland lakeland from the Chetmifisko-Dobrzynskie lakeland
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[24]. Here, the Kujawsko-Pomorski section of its course begins. The first tributaries
of this section are the Skrwa Prawa and the Skrwa Lewa. The mean annual discharge
of the Vistula below Plock is 932 m’/s [23]. At Plock, the Vistula dramatically
changes its character due to the presence of a spillway step constructed in
Wioctawek in 1970 (length, 670 m; maximum height from the bed of the river,
approximately 20 m). Between 618 and 675 km, the river transforms into a river lake
(Wtoctawskie), the largest artificial water body in Poland. It encompasses the ancient
channel of high water of the Vistula along with low floodplains of the left bank. The
average width of the resulting lake is 1,210 m and ranges from 500 to 2,500 m. The
spillway step in Wioctawek is the first and so far the only spillway step of the Lower
Vistula Cascade that has been designed. Downstream this step, over a length of
9 km, accelerated erosion of the Vistula bed is observed, while further down,
accelerated accumulation is seen. From Wioctawek to, nearly, Torusi, the Vistula
retains the untamed character. It flows through a valley whose bed is from several to
20 m wide, along a braided channel of up to 1 km in width. The Vistula channel
features multiple shoals and picturesque islands. This section of the river receives its
right-bank tributary, the Drweca. Near Bydgoszcz, the Lower Vistula turns from the
western direction (marked by the fluvioglacial water outflow through the Thorn-
Eberswalder marginal paleo-valley) to the northeastern direction, and, having
received the Brda from the left, it enters a narrow valley separating a belt of early
postglacial lakelands (the Vistula River Gorge near Fordon). In this gorge section,
the width of the valley decreases from 4 to 2.5 km and widens to about 7 km at the
mouths of the two Vistula tributaries: the right-bank tributary Fryba and the left-bank
tributary Wda. Having crossed the belt of lakelands, the Vistula turns north. Its
meandering valley widens to up to 18 km. Here, the Vistula receives the lakeland
left-bank tributary Wierzyca.

Below Gniew, in Biata Gora at Matowski Headland, the Vistula enters a vast delta
plain called Zutawy Wislane [26]. It was formed by two main branch channels of the
river: the western branch channel Leniwka, which followed the true Vistula channel,
and the eastern branch channel Nogat. Surrounded by moraine plateaus from the
south, the Vistula delta area widens northwards in a fanlike fashion to about
50-60 km over a length of about 50 km. The delta region covers an area of about
1,700 kmz, of which 450 km? constitute areas of depression sunken below sea level
(with the lowest datum at 2.2 m.b.s.1.) [26].

Having given off the Nogat, the channel of the Leniwka at Glowa Gdariska
branches into Szkarpawa (the Elblag Vistula), which empties into the Vistula
Lagoon, and the Gdarisk Vistula (currently called the Dead Vistula), which flows
into the Baltic Sea (the Gulf of Gdarisk). In 1840, a new mouth channel of the Vistula
was formed in Gérki Zachodnie after a flood. This new channel was named Wista
Smiata (the Bald Vistula), and the former channel of the Leniwka was renamed the
Martwa Wista (the Dead Vistula). In 1890-1895, in order to avoid further floods, a
cut was excavated near Swibno (the Vistula Cut near Swibno). In 1895, the Vistula
waters were redirected through this artificial cut straight into the Baltic Sea, closing
the lateral branches (the Nogat, Szkarpawa and Dead Vistula) with locks. As a result,



Polish Rivers as Hydrographic Objects 41

at present, the Vistula has two estuaries: the Bold Vistula estuary (secondary) and the
Vistula Cut estuary (main).

The Lower Vistula basin covers an area of 34,136 kmz, accounting for 20% of the
entire drainage basin of the Vistula. The basins of the Dead Vistula (along with the
Motlawa), the Szkarpawa and the Nogat are excluded from this area, as they are
separated from the main Vistula channel by hydraulic structures and levees. The
mean annual discharge of the Lower Vistula (at its mouth profile) is 1,081 m’/s
[23]. The Lower Vistula basin features 11 artificial lakes with a capacity of over
1.0 hm®. The largest one, the Wioctawski Reservoir on the Vistula (capacity: 453.6
million m®), is also the largest artificial lake in Poland in terms of area (about
70 km?) [22].

The Oder, a river of intermediate length among the European rivers (21st longest
river in Europe), is the second longest (840 km) [18] Polish river. It is also the second
largest river in terms of basin area (119,074 km2) [18]. The average gradient of the
river is 0.7%o. The Oder starts its course in the Oder Mountains in the Fidliv
mountain range (634 m.a.s.l.) in the Czech Republic. The character of a mountain
river is evident only along its initial 50 km. Upon reaching the Moravian Gate, the
gradient of the river abruptly lessens. Having exited the Moravian Gate, the river
turns north-westwards. It initially flows down the Breslau-Magdeburg marginal
paleo-valley (Urstromtal) and then cuts through to the Barycko-Gtogowska marginal
paleo-valley, followed by the Warsaw-Berlin marginal paleo-valley and the Thorn-
Eberswalder marginal paleo-valley (Fig. 5). As it travels down the Breslau-
Magdeburg marginal paleo-valley, the Oder receives left-bank tributaries from the
Sudeten (the rivers Osobloga, Eastern Neisse, Otawa, Strzegomka) and right-bank
tributaries (the Olza and the Mata Panew). Along the Barycko-Glogowska marginal
paleo-valley, it receives the Barycz from the right and the B6br from the left. The
Nysa Luzycka, which flows from the south, joins the Oder along the Warsaw-Berlin
marginal paleoromtal. The Oder then turns northwards and generally maintains this
direction until it reaches its mouth. Along this section, it only receives right-bank
tributaries: the rivers Warta, Ptonia and Ina (Fig. 5). At 704.1 km, it splits into the
Eastern Oder (the Regalica), which passes through Lake Dabie, and the Western
Oder (the main course of the river), which passes through Szczecin. It empties into
the southern part of the Szczecin Lagoon called the Oder Bay (Polish: Roztoka
Odrzaniska). The mean annual discharge of the Oder (at its mouth profile) is
567 m’/s [27].

Similar to the Vistula, the river system of the Oder is asymmetrical. The ratio of
left-bank basin to right-bank basin is 30:70. The main right-bank tributaries of the
Oder are the rivers Warta (along with the Prosna, Welna, Note¢, Obra) and Barycz,
and the main left-bank tributaries are the rivers Bobr (along with the Kwisa), the
Lusatian Neisse (Polish: Nysa Luzycka) and the Eastern Neisse (Table 1 and Fig. 5).
Similarly to the Vistula, the course of the Oder is divided into three sections: upper
(from its source to Kozle, just before receiving the Gliwice Canal), middle (from
Kozle to the mouth of the Warta) and lower (from the mouth of the Warta to the entry
into the Oder Bay).
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Fig. 5 The Oder river basin with division into the Upper Oder, the Middle Oder and the Lower
Oder according to the Map of Hydrographic Division of Poland

The Oder is regulated almost along its entire course. From KofZle, it is channelled,
and over a length of 711 km, it is an important waterway connecting Upper Silesia
with the Baltic Sea. By the early nineteenth century, the river had been shortened by
a total of 160 km as a result of channel straightening (through separation of the
bends), which led to the rising of the channel in its lower course by about 4 m. In
subsequent years, 21 spillway steps were constructed in the middle course of the
Oder, which halted the channel bottom erosion and reduced the rate of floodplain
rising. In the lower course of the Oder, the shallow gradient of the river along with
the sparse quantity of the transported load results in its poor deposition on the
floodplain and the basins between the groynes. The Oder drainage basin (mainly
the basins of the Sudeten tributaries) contains 12 artificial lakes with a capacity of
over 10 hm’. The following artificial lakes have the highest total capacities:
Jeziorsko on the Warta (203 hm?® [8]; in 2014 the fill level was decreased, which
changed its capacity to 114 hm® [28]) and Otmuchéw (124 hm®) and Nyski
(114 hm?) on the Eastern Neisse (Polish: Nysa Klodzka) [8].
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The largest rivers of the region called Przymorze are Rega, Parsgta, Wieprza,
Stupia, Lupawa, Leba and Reda (Fig. 2 and Table 1). Their upper courses, which
drain the northern slope of the lakeland hump, are often river-lake systems. They
often rise in boggy areas, postglacial ponds or lakes. Having exited the lakeland
hump (Fig. 1), they enter the coastal lowlands and flow in the meridional direction
towards the Baltic Sea. Their mouth section is often regulated, and its flow into the
sea is directed by breakwaters, or it is shielded by breakwaters. Only the rivers
Lupawa and Leba pass through large coastal lakes (Lake Gardno and Lake f.ebsko,
respectively) before they enter the sea. The Reda, which flows into the Bay of Puck,
is the only river in the mouth section of the Oder that forms a delta covering an area
of 0.268 km® [29].

The largest tributaries of the Vistula Lagoon are the distributing channels of the
Vistula within its delta region, namely, the Szkarpawa and the Nogat (permanently
separated from the main Vistula channel by locks), and the rivers that drain the
northern slope of the lakeland hump, namely, the rivers Elblag, Balda and Past¢ka,
and, via the Pergota, its tributaries Lyna and Wegorapa (Fig. 2 and Table 1).

The mouth sections of all the rivers of Przymorze and the Vistula Lagoon, and of
the rivers Vistula and Oder, are under the influence of the Baltic Sea, whose range
depends on the sea level.

The largest tributaries of the Niemen in Poland are the Czarna Haricza and the
Szeszupa (Fig. 2 and Table 1). The Czarna Haricza (142 km long), the largest river in
the Suwatki Region (Polish: Suwalszczyzna), flows as a small brook into Lake
Haricza, the deepest (108.5 m) lake in the Polish Lowland, and flows out as a
rapid stream with a stony bed that flows down a narrow and deep (30 m) and very
steep (18.5%0) valley with 13 elongated hills of the Turtulsko-Bachanowski Esker.
Below this esker, the narrow valley of the Czarna Haricza widens to over 1 km, and
the river starts flowing down a meandering channel, maintaining the southeastern
direction of course. It passes Lake Wigry, below which the middle course of the river
commences, with an average gradient of 0.3%o. The river generates a mean annual
outflow from this lake at 3.56 m?/s. It slowly flows in the southeastern direction
through pools and boggy meadows to subsequently accelerate and form meanders.
Past 43 km, it joins the system of the Augustéw Canal and 5 km further on enters
Belarus, where it joins the Niemen [30].

The Szeszupa is 297.6 km long and 24 km of its upper course lies in Poland
[30]. This river creates a river-lake system that drains, in the northeastern direction
from the Niemen, an extensive kettle hole east of Lake Harcza. It rises as a brook
from marshland. It flows down a wide valley with a moderate midstream interrupted
by rapids and receives small streams which drain water from the numerous lakes. In
Poland, it passes through six shallow lakes: lakes Gulbin, Okragte, Krejwelek,
Przechodnie, Postawelek and Pobondzie. The mean annual discharge of this river
below Lake Pobondzie (near the border with Lithuania) is 1.61 m’/s.
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4 Hydrological Regimes of Polish Rivers

In Polish climate conditions, river discharge is the sum of underground and surface
runoffs. The underground contributor to the total discharge of rivers (the under-
ground runoff) originates from shallow or deeper rock strata containing free water
which are drained by the river channels. As this drainage is generally permanent, the
river network in Poland is stable. Only smaller streams may have limited hydraulic
contact with underground waters, and given the lack of surface runoff, their channels
are dry. The other contributor to river discharge, the surface runoff, is only generated
during precipitation in those parts of the basin where the soil has low permeability,
the slopes of the land are steep and the land is used for agricultural purposes. Surface
runoff can also be produced in the direct vicinity of rivers. Surface runoff is also
produced during snowmelt. As it flows into river channels, it generally causes a rapid
increase in water stage and flow rate. Surface runoff is short-lived, rapid and
irregular [8].

The underground contributor to river discharge plays an important role along the
entire lengths of Polish rivers, all year long. Thanks to this component, rivers carry
water all year long, even during long periods of no precipitation. River channels
usually drain underground waters (draining channels). In some sections of their
course, rivers can feed underground waters (infiltrating channels) or remain in
hydraulic balance with underground waters (transit channels). The contribution of
the underground component of the total discharge of Polish rivers is generally stable
over the year and averages 55% [31-34]. Underground runoff accounts for 20-30%
of the total discharge of Carpathian rivers, 40-50% of the total discharge of Sudeten
rivers, 50-70% of the total discharge of highland rivers, 35-50% of the total
discharge of lowland rivers and 60-80% of the total discharge of lakeland rivers,
Przymorze rivers and marshland rivers (Table 1) [35].

Flow rates in Polish rivers vary greatly and, in general, gradually increase as the
basin grows, i.e. from source to mouth. This flow variability is determined by the
amount and distribution of precipitation that feeds the river basin, air temperature
(which determines evapotranspiration, duration of snow cover and the rate of snow
cover disappearance) and the sources of water inflow into the river (precipitation,
underground water, snowmelt).

Discharge of Polish rivers varies over 1-year periods and multiple-year periods.
Some years or series of years may be characterised by high flow rates while others by
low flow rates. Seasonal variation of flow rates is also observed. About 55% of the
total volume of water drained by the Polish rivers is drained by the Vistula river
system, 25% by the Oder river system, 9.5% by the Przymorze rivers and 5.9% by
the Vistula Lagoon river systems [36]. The mean annual discharge data on Polish
rivers vary greatly with the river size and river basin storage (Table 1).

The discharge of the Polish rivers shows a seasonal variation, which is directly
associated with their sources of water inflow (precipitation, snowmelt). With the
exception of the mountains, the highest discharges are observed in the spring (after
snowmelt). In the mountains, on the other hand, river discharges peak after heavy
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precipitation, which usually occurs early in the summer. Discharges of lakeland
rivers show the smallest seasonal variation. In Poland, discharge in the cold half-year
(November—April) is generally higher than that in the warm half-year (May—
October): 57% vs 43% [36].

The temporal variability of the stage and discharge of a river over the course of a
year that results from the sources of inflow is reflected by the river’s hydrological
regime. Hydrological regimes of Polish rivers have been determined based on the
origin of the water (underground water, rainfall, snowfall) and contribution of each
source of water (as a percentage of the annual total), discharge variability charac-
teristics (based on the coefficient of variability of mean monthly flows), timing of the
maximum(s), variability and irregularity of flows and stability of the outflow regime
phases, i.e. regularity of high and low water periods during the water year [35]. Five
basic types of river regime are distinguished in Poland [32-35]:

— Type I: Nival regime, poorly developed, if the mean flow in a spring month does
not exceed 130% of the mean annual flow. This regime characterises the rives of
Przymorze (east of the Parseta, i.e. the rivers Wieprza, Stupia, Lupawa and Leba),
the rivers of the Pomeranian Lakeland (Brda, Wda, upper Wierzyca and upper
Radunia) and some of the rivers of the Masurian Lakeland (Pisa, upper Past¢ka
and upper Lyna), the Lubusz Land (Ilanka and Pliszka) and the Silesian-
Cracovian Upland (upper Warta, Ktodnica, Przemsza and Biata Nida) (Fig. 3).
Rivers with this regime are characterised by the least variable flows and the
greatest percentage contribution of underground water to the total discharge in
Poland, which in many rivers exceeds 80% (Fig. 7 and Table 2). The rivers of
Przymorze and lakelands show the lowest variation in monthly flows in Poland,
as measured by the coefficient of variability (CV), and the smallest irregularity of
flow among Polish rivers, as measured by the ratio of Qpx t0 Qi (below 10)
(Table 2). These rivers are characterised a high total discharge, which exceeds
200 mm and, in the case of the rivers of Przymorze, 300 mm. High water periods
in the rivers of Przymorze (December—March, February—April) and some of the
rivers of the Masurian Lakeland are relatively stable in terms of timing and occur
during the winter and spring period. Low water periods, which are generally not
very pronounced, generally occur in the summer (June—August) or during the
summer and autumn period (Table 2 and Fig. 7).

— Type 2: Nival regime, moderately developed, if the mean flow in a spring month is
130-180% of the mean annual flow. The largest number of Polish rivers is
characterised by this regime (Fig. 6), including rivers that flow in the north of
Poland, e.g. in coastal lowlands (Ina, Plonia, Reda, Mottawa), the Pomeranian
Lakeland (Rega and Parsgta, Drawa, Gwda with Pilawa, lower courses of the
Radunia and the Wierzyca), most rivers of the Masurian Lakeland (except for the
Rospuda, Pisa, upper Lyna and Pastgka and Gubr) and Zutawy Wislane
(Szkarpawa, Nogat, Elblag). In central Poland, this regime characterises transit
rivers:
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Fig. 6 Types of river regimes in Poland. Explanations: (1) cities, (2) Poland’s border, (3) rivers,
(4) lakes, (5) regimes. a, type 1 (poorly developed nival regime); b, type 2 (moderately developed
nival regime); c, type 3 (well-developed nival regime); d, type 4 (nivo-pluvial regime); e, type
5 (pluvio-nival regime) (adapted from [35])

* The Middle Vistula and its tributaries (except for the lakeland tributaries of the
Narew, except for the Pisa, Rospuda and Biebrza); the Lower Vistula from
Torun and its two tributaries, the Drweca and the Osa; and the left-bank
tributaries of the Upper Vistula and the right-bank tributaries of the Sam
which drain the highlands.

e The Oder from the mouth of Kaczawa to the Szczecin Lagoon and its
tributaries (except for the tributaries from the Sudeten and the upper courses
of the rivers Bobr, Kwisa and Nysa Luzycka and except for the Barycza river
system).

¢ The Warta with the Note¢ (except for the segment between the mouths of the
Ner and Welna and the upper Note¢). In the belt of highlands, this regime
characterises rivers located between the Warta and the Middle Vistula and the
Wieprz river system, which drains the Lublin Upland.
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e The annual discharge of rivers with type 2 regime exceeds 200 mm
(or 300 mm in the case of the Pars¢ta and the Szeszupa). The contribution of
underground runoff to the total discharge of rivers characterised by this regime
in the north of Poland and in the Wieprz river basin is high (60—80%). In the
remaining rivers with this regime, the contribution of underground runoff is
lower (40—60%). High water periods occur during the winter and spring period
(January—April) or during the spring (March—April). In most of these rivers,
low water periods, which are generally not very pronounced, occur during the
summer and autumn period (July—September) or during the summer (June—
August). Rivers having this regime are characterised by a greater variability of
flow than rivers with type 1 regime. High and low water periods, however,
occur in the same months of the water year (Fig. 7 and Table 2).

— Type 3: Nival regime, well developed, if the mean flow in a spring month exceeds
180% of the mean annual flow. This regime characterises the river systems of the
Jarka, Rospuda and Biebrza (in Northeastern Poland); the Narew and its left-bank
tributaries and the Bug river system (in the eastern part of the Polish Lowland);
and the Bzura river system, the lower Prosna, upper Note¢ and the Barycza river
system (in the central part of the Polish Lowland) (Fig. 6). This regime also
characterises rivers that drain the highland belt: the Kamienna with the Swi§lina,
the Koprzywianka and the Czarna Nida (Fig. 6). These rivers show the greatest
flow variability over the course of a year. Their total discharge does not generally
exceed 150 mm, although in some cases may exceed 200 mm (rivers in the
northeast of Poland), while in others it can be as low as 60 mm (the Tazyna, a left-
bank tributary of the Vistula in the Kuyavian region). The contribution of
underground runoff to the total discharge of rivers with this regime is relatively
low (below 40%). Periods of spring inflow of melted winter snow are brief and
distinct. In Northeastern Poland (the rivers Narew, Bug, Biebrza, Rospuda,
Szczeberka, Marycha), the high water period occurs from March to April. In
the remaining rivers characterised by this regime, high water periods occur
earlier, from January to March or from February to April. Low water periods
occur during the summer and autumn period (July—September) and are generally
profound (Fig. 7 and Table 2).

— Type 4: Nivo-pluvial regime, if the mean flow in a spring month is 130-180% of
the mean annual flow in the summer months and there is a marked increase in
flow in the summer months of at least 100% of the mean annual flow. This regime
characterises the rivers of the Sudeten, the Oder from the mouth of the Kaczawa,
most Carpathian tributaries of the Vistula (except for the upper courses of the
rivers in the High Beskids and the Silesian Beskids and the upper and lower
Dunajec) and the Upper Vistula (Fig. 6). The annual discharge of rivers with this
regime ranges from 100 mm (the following tributaries of the Oder: Psina, Biata,
Stradunia, Otawa, sleza) to over 800 mm (the Upper Vistula, Zylica, Solinka).
The contribution of underground runoff to the total discharge of rivers
characterised by this regime is small (20—40%). The daily variability of flows is
considerable, with the CV ranging from <1.0 in the lower course to >2.0 in the
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upper course. High water periods occur in the spring (March—April) or during the
spring and summer period (April-July). Low water periods most commonly
occur in the autumn (September—November) or during the autumn and winter
period (October—January) (Fig. 7 and Table 2).

— Type 5: Pluvio-nival regime, if the mean flow in a summer month exceeds or
equals the mean flow in a spring month and in both cases it generally accounts for
130-180% of the mean annual flow. This regime characterises the Easter Neisse
in the Sudeten and the Upper Vistula, Sota, Uszwica and the Dunajec river system
(beyond its lower course) in the Carpathians (Fig. 6). These rivers have the
highest discharge in Poland, averaging about 500 mm but much higher in
mountain streams (over 1,000 mm, e.g. in the Czarny Dunajec and the Wolosaty,
and over 1,500 mm in the Potok Koscieliski and the Biatka). Surface runoff
predominates in the total discharge of these rivers, and the contribution of
underground runoff is generally lower than 40%. Rivers with this regime are
characterised by the greatest variability of daily flow (CV > 1.5). High water
periods occur in the spring (March—May) or during the spring and summer period
(April-July). Low water periods, which are generally not very pronounced, most
commonly occur in the autumn (September—November), during the autumn and
winter period (October—January) and, in the case of Tatra streams, in the winter
(December—February, January—February) (Fig. 7).

It follows from the above that most Polish rivers have simple regimes, only
mountain rivers are characterised by complex regimes and the largest allochthonous
(transit) rivers (the Vistula, Oder, Warta) have different regimes in different sections
of their courses (Fig. 6). The Upper Vistula, in the section that receives the
Carpathian tributaries, has maximum flows in the summer. Below the mouth of
the Nida the maximum flows predominate in the spring, although they also still occur
in July. Below the mouth of the San, the springtime flow cumulations are even more
distinct and below the gap through the upland area, they become predominant. In
terms of the major source of runoff, the Vistula along most of its length (the middle
course and most of the lower course) is characterised by the simple, moderately
developed nival regime. Only the segment between the mouth of the Pilica and the
Wioctawek Reservoir is typified by the simple well-developed nival regime. In its
upper course, the Vistula has the complex nivo-pluvial regime with the exception of
the source section, where the Carpathian Vistula also has a complex regime, but in
this case it is the pluvio-nival regime. The Oder, from the mouth of the Kaczawa,
i.e. along the section that receives the Sudeten tributaries, is characterised by the
complex nivo-pluvial regime and, in its further course, the simple moderately
developed nival regime. The Warta is characterised by the moderately developed
nival regime almost along its entire length. Only the source section has the poorly
developed nival regime, while the section between the mouth of the Ner and that of
the Wetna is characterised by the well-developed nival regime.

<
«

Fig. 7 (continued) nival regime, (c¢) well-developed nival regime, (d) nivo-pluvial regime, (e)
pluvio-nival regime (adapted from [35])
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5 Transport of Sediments by the Rivers

Rivers transport with their waters material from denudation of the their basins, which
reaches the river with surface runoff and also originating from river channel erosion.
The whole of the matter transported in steams is referred to by hydrologists as the
river bed load and can be subdivided into material moved by rolling (large rocks),
material moved by sliding (cobble, pebble, sand), material moved by saltation,
suspensions (equivalent to seston), and solutions. In a stream, the bed load moves
from the source to the mouth, depending on the quantity and velocity of the flowing
water. The largest amounts of load is transported by the Vistula, which is sometimes
called the queen of sand. The mean annual transport of load carried on the bed by the
Vistula at its mouth is 1.2 million tonnes, over 2 million tonnes in a wet year, 0.6
million tonnes in a dry year, while the annual transport of suspended load is about
1.8 million tonnes [37]. The load deposited by the Vistula undergoes partial disper-
sion by the currents along the shores of the Bay of Gdansk and by waves, to form
shoals and islets at its new mouth. In order to maintain the patency of this river-
mouth, the directing breakwaters are gradually extended. They are currently about
2,370 m long [38]. Failure to construct these breakwaters would allow the Vistula to
form its new delta in an uncontrolled manner, as it had done until the end of the
nineteenth century. The Vistula provides the Baltic Sea with the largest input of
biogenic elements. In 2014, the total nitrogen load was 64.87 thousand tonnes and
the total phosphorus load amounted to 7.89 thousand tonnes [37].

The Oder, given the presence of spillway steps and regulated channel, has an
almost twice lower transport potential than the Vistula. The greater supplier of bed
load to the Oder is the Eastern Neisse. The annual transport of the Oder river load
carried on the bed at its mouth is estimated at 0.35 million tonnes and that of the
suspended load at 354 thousand tonnes. The annual supply of total nitrogen from the
Oder to the Baltic Sea is 39.97 thousand tonnes and that of total phosphorus 2.29
thousand tonnes [37].

6 Conclusions

Rivers are the major hydrographic objects in Poland. The present arrangement of
Poland’s river network has been shaped as a result of complex geological and
landscaping processes. The river network in the south of Poland assumed a shape
similar to the present one in the Pliocene Epoch. The river network of the Polish
Lowland formed in a step-wise manner, as the snout of the ice sheet moved and
deglaciation ensued. Hence the course of the larger river valleys in the Polish
Lowland consists of latitudinally arranged marginal paleo-valley sections and
gorge segments arranged in the meridional direction. However, the arrangement of
the contemporary river network has to the largest degree been shaped by climate
elements which determine the changes in the hydrological regime of rivers.
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Many Polish rivers, including the largest ones, flow down inherited valleys. The
largest Polish river, the Vistula, with the exception of the Carpathian section and the
gorges, failed to form its own valley but instead used the pre-existing concave
landforms of different genesis and age, cutting through them. The Vistula flows in
its own river valley only in its Carpathian section. The Vistula also contains gorges
and used to include Zutawy.

While the river network in southern and central Poland is stabilised, it is still in
the initial stage in northern Poland, on early postglacial terrains.

Due to climate conditions, most Polish rivers are characterised by simple nival
regimes with high snowmelt flows in the springtime (March—April). Complex
regimes are only found in mountain rivers. The nivo-pluvial regime, with the main
maximum in the spring and a secondary one in the summer, prevails. Only some of
the Carpathian rivers have the pluvio-nival regime with the main maximum in the
summer and a secondary one in the spring. The Vistula has a large potential for bed
load transport, especially the load carried on the bed and the suspended load, while
the Oder’s potential is nearly twice as low.
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Abstract This chapter contains an analysis of the geoecosystem types of
388 lakes of northern Poland determined by the method elaborated by
E. Bajkiewicz-Grabowska, on the basis of data from the literature. The concept
of lake geoecosystem is understood as a natural landscape system, composed of a
lake with its catchment. The type of geoecosystem determines the rate of natural
eutrophication of the reservoir’s water, and the rate is usually strongly modified
by human activity. The method used to determine the geoecosystem type of a lake
involves two elements: (1) the catchment as a supplier of matter to the lake and
(2) the lake as a recipient of matter. Therefore, it considers the relationship between
the lake and its alimentation area. It can therefore be used in different types
of natural landscapes, and its core is the determination of (a) the vulnerability of
the catchment to supplying matter into the lake, based on the properties of the
physico-geographical environment of the catchment, and (b) lake resistance to
the catchment impact determined on the basis of the limnological features of the
lake. The combination of these two characteristics allows to distinguish four lake
geoecosystem types with a specific natural eutrophication rate. It was shown that
the majority (39%) of the analysed lakes have a geoecosystem of type 4 (low lake
resistance to external pressure and high catchment vulnerability to supplying
matter into the lake). The smallest group (18%) is composed of lakes representing
geoecosystem of type 1, i.e. those characterized by low activity of the catchment in
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the supply of areal loads, as well as high lake resistance to external impact. The
remaining lakes are characterized by a moderate eutrophication rate (geoecosystem
of types 2 and 3).

Keywords Eutrophication - Geoecosystem types of Polish lakes - Lake
geoecosystem - “Natural” indices of environmental pressure and lake resistance

1 Introduction

In lakelands, lakes are the main component of the hydrographic network. They shape
the circulation of energy and matter in this young glacial landscape. One of the most
important features of these water reservoirs is a high capacity of energy and
mass accumulation. It manifests itself by unbalanced exchange balances with the
environment, mainly streams of radiation energy and solid matter. Annual energy
surpluses of lakes are indicated by high heat resources stored in their waters, with
mean temperature values higher by 2—4°C in relation to the temperature of the
surroundings. For matter migrating from the catchment, a lake is a trap that retains
dragged material and most of floating material in its basin. In addition, lakes have
the ability to generate large amounts of organic matter.

The surplus nature of the exchange of energy and matter with the environment
causes a continuous disruption of the physical balance in lakes, which naturally
triggers processes successively changing the water environment properties.
The mechanism of evolutionary changes of most lakes, whose main cause is the
eutrophication of their waters, is similar. Slowly and continuously it leads to
the transformation of their limnological properties (changes in water fertility,
changes in morphometry caused by accumulation of bottom sediments, overgrowth
of the coastal zone, changes in water level caused by changes in supply) and,
consequently, to their disappearance. However, the rate and character of these
transformations are quite diverse. Hence, despite the fact that a similar period
has elapsed since the formation of lakes in lakeland areas, reservoirs (even not far
apart from each other) may be on various stages of development. This also depends
on the development of their internal structure which determines the natural ability to
accumulate energy and matter in lake basins [1, 2] and on the physico-geographic
characteristics of the area supplying the lake with matter and energy (catchment).
For the lake and the basin constitute a natural landscape system called the lake
geoecosystem [3-5]. Therefore, the rate of natural eutrophication of reservoir water,
which determines its evolutionary transformations — the slow and natural process of
ageing and disappearance — depends on the lake geoecosystem type [5].

The rate of natural eutrophication of lakes is strongly modified by anthropogenic
activities, which usually take place quickly and almost all of them are disadvanta-
geous for lakes, as they generally accelerate the rate of their evolutionary develop-
ment and eventual disappearance. Each lake has a certain level of tolerance
(resistance) to environmental pressure. Exceeding this level triggers an entire set
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of transformation processes (often degradative) that change the properties of lake
ecosystems. The current state of the lake trophy is thus a resultant of natural and
anthropogenic pressure as well as the reaction of the lake itself to these impacts.
Determined on the basis of actual measurements, it is the result of the quantity
of biogenic compounds found in the lake waters (from external and internal
supply) depending on environmental pressure (determined by the type of the lake
geoecosystem) and anthropogenic pressure (determined as the category of threat to
the lake).

2 Lake Geoecosystem

The functioning of the lake geoecosystem depends on the following: (1) climatic
conditions (solar radiation intensity, air temperature, wind direction and speed,
quantity and intensity of atmospheric precipitation) that shape the abiotic conditions
of the lake (lighting, water temperature, oxygen conditions, water dynamics),
(2) hydrological conditions (streams of water exchange in the lake, water retention
time), (3) physico-geographical features of the catchment environment (the amount
of matter flowing from the catchment to the lake, chemical composition of lake
water) and (4) limnological (abiotic and biotic) features of the lake describing its
(hydrological, balance, thermal, oxygen, fishing, trophic) type. It is based on the
constant transport of matter from the catchment (whose physico-geographic struc-
ture may favour or restrict areal runoffs) and its accumulation in the lake. The basic
means of transporting various forms of matter in this system is water. Therefore,
the relative durability of the lake geoecosystem depends on the maintenance of the
equilibrium between income and outflow of water.

In the geographical environment, there are lake geoecosystems which differ in
the rate of natural eutrophication resulting from the physico-geographic structure
of the alimentation area of the lake (catchment) and morphometry of the lake basin
and the hydrological regime of the water reservoir [5]. Each lake geoecosystem,
regardless of the character of the lake (small and large, shallow and deep, lobelia and
Charophyceae, humus, without outflow, with outflow and flow-through, permanent
and periodical, natural and artificial) and its location in the physico-geographical
mesoregion (lakelands, outwash plains, coastal lowlands, alluvial valleys, karst
highlands, mountains), determines the rate of natural eutrophication of lake waters.
The lake geoecosystem thus represents the expected state in reference conditions,
i.e. a state that reflects conditions close to natural and does not show or shows
only minimal disturbances as a result of human activity, which is entirely in line
with the Water Framework Directive (Directive 2000/60/EC).
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3 Lake Geoecosystem Determination Method

The geoecosystem of each lake can be determined by the method developed
by E. Bajkiewicz-Grabowska [5—11]. This method assesses both the catchment
as the supplier of matter (including biogenic) to the lake, as well as the lake — the
recipient of this matter, taking into account the relations binding the lake with its
alimentation area (Fig. 1). The assumption of this method is that the resultant of all
factors favouring eutrophication has a different value for each lake. The same degree
of the catchment impact, expressed as the amount of biogenic substances flowing
from the catchment into the lake, yields a different effect in the case when the lake’s
natural resistance to degradation is high and different when the lake is susceptible to
external impact. And reversely, with the same resistance of lakes to external impact,
one should expect differences in their trophic state if their catchments affect them
to a different extent [11].

The degree of the impact of the catchment on the lake is assessed on the basis
of features characterizing both the total catchment of the lake and its immediate
catchment. The features describing the impact degree of the total catchment on
the lake are as follows: (1) the lake index (in hydrobiology Ohle index; quotient of
total lake catchment and reservoir area), informing about the location of the lake in
the hydrographic system (the lower its value, the lower the pressure exerted by the
catchment on the reservoir) and balance type of the lake (flow-through, outflow,
without outflow), which determines the potential of matter supply to the lake from

e
total catchment ANTHROPOGENIC
1. Lake location in catchment area FACTORS

2. Balance type of lake

- human settlement;

] lmmeﬁiatetcatchnéent \ - tourism;
. Morphometric conditions . :
2. Geological conditions ~ @€---eeeeeeeeeeee- P - agriculture;
3. Type of catchment use —
- transportation;

Fig. 1 Interactions scheme of the loop: catchment — lake — anthropopressure [12]
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point sources and its “exit” from the lake via a watercourse. Lakes with no outflow
are a trap for matter, outflow lakes take matter out of the catchment via a watercourse
flowing out of them, while the role of flow-through lakes may vary depending
on local conditions. Nevertheless, flow-through lakes are subjected to the “flushing”
process, which facilitates the transport of matter outside the catchment.

The volume of the areal load entering the lake also depends on the physico-
geographic environment of its immediate catchment. In young glacial landscape,
the volume of supply is determined by the following: (1) the size of the catchment
effectively involved in the matter supply — its measure is the degree of the catch-
ment’s lack of outflow’ — (2) the average catchment slope®, whose value conditions
the areal runoff and the intensity of water erosion; (3) river network density” which is
a measure of direct and rapid transport of matter to the lake; (4) surface formations
and soil conditions, determining the permeability of the ground, which influences
the possibility of transporting matter to groundwaters drained by the lake; and
(5) type of land use, which determines the amount and form of biogenic elements
in areal runoff [14].

According to the adopted method, the impact of the catchment on the matter
supply to the lake is assessed using the bonitation of each of the above-mentioned
features on a scale of 0 to 3 points, where 0 means a very low impact on the
matter supply and inability to reach the lake and 3 is high impact and fast delivery
of matter to the reservoir (Table 1). The final grade is the arithmetic mean of the
points obtained from the assessment of particular features, and it qualifies the given
lake catchment to one of the four vulnerability groups (Table 2). The assessment
also indicates which of the considered features promotes the supply of matter to
the lake (e.g. large slopes, dense drainage, the form of catchment use) and which
has an inhibitory effect on the process (e.g. a high degree of lack of outflow, poor
drainage, small slope).

In determining the type of the lake geoecosystem, the assessment of the natural
resistance of the lake to the pressure from the alimentation area is also taken into
account. The same impact of the catchment gives different results in the case of lakes
whose morphometric and hydrological features shape their high natural resistance
to eutrophication, than when the reservoir shows high susceptibility to external
influences. The rate of natural evolution (eutrophication) will also be different if
the lake with a certain degree of resistance to the catchment impact is affected by a
catchment vulnerable to activation of areal load and its supply to the reservoir,
than by a catchment of strongly limited matter supply possibilities.

"Degree of lack of outflow of catchment indicates the % of its area excluded from surface
outflow [13].

2Mean slope of catchment is a quotient of catchment denivelation and square root of its area [13].

3River network density is a quotient of the length of the river network in the catchment and its
area [13].
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Table 1 Point criteria for the evaluation of a catchment as matter supplier to a lake [6]

Number of points

Characteristics | 0 1 2 3

Ohle’s index <10 10-40 40-150 >150

Type of lake - Outflow Without outflow Throughflow

water balance

River network | <0.5 0.5-1.0 1.0-1.5 >1.5

density in

direct catch-

ment

(km km~—?)

Average slope | <5 5-10 10-20 >20

of direct

catchment

(%0)

Endorheic >60 45-60 2045 <20

areas in catch-

ment (%)

Geological Clay Sand-clay | Clay-sand Sand

type of direct

catchment

Land use type | Forest, swamp, Forest- Farmland, pasture- | Forest-farmland with

of direct farmland-forest, farmland, | forest-farmland settlements, pasture-

catchment pasture-farmland- | pasture- with farmland with
forest, pasture, farmland settlements, forest | settlements, farmland
pasture-forest with settlements with settlements

Table 2 Groups of catchment susceptibility to activation and transport of biogenic matter
according to [6]

Catchment
Final score | Catchment description susceptibility group
<1 Catchment has a limited impact on activation and supply | Susceptibility group 1

of biogenic matter into the lake

1.01-1.49 | Catchment has a small impact on activation and supply of | Susceptibility group 2
biogenic matter into the lake

1.50-1.99 | Catchment has a medium ability to activate and supply | Susceptibility group 3
biogenic matter into the lake

>2 Catchment has a large ability to activate and supply Susceptibility group 4
biogenic matter into the lake

The lake resistance to the catchment impact, according to the adopted method,
is indicated by (1) the lake’s average depth, (2) the quotient of the lake’s capacity
and the length of its shoreline, (3) the quotient of active bottom area and epilimnion
capacity, (4) percentage of water stratification, (5) intensity of water exchange
and (6) Schindler index (quotient of the surface receiving the matter, i.e. the total
catchment of the lake and the amount of water diluting it, i.e. the capacity of the
lake basin) [5].
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The depth ratios of the lake, thus also the shape of the lake basin, determine the
water potential of a given reservoir, expressed as lake capacity. In turn, the quotient
of the lake’s capacity and the length of the shoreline is a measure of its resistance to
the catchment impact. The greater its value, the more resistant the lake is to external
influences [15]. The resistance of lakes to the catchment impact is also reduced by
low intensity of “flushing”, expressed as the quotient of the average annual outflow
from the lake and the capacity of the lake [16]. Polymictic lakes without permanent
stratification have lower resistance to influences of the catchment. The active bottom
area in these lakes covers the entire bed of the lake basin, and thus favourable
conditions for the recirculation of biogenic substances from sediments into the water
are met. Both the low percentage of stratified waters and the high value of the index
expressed as the quotient of active bottom area and lake capacity significantly reduce
the resistance of these lakes to eutrophication. The occurrence of summer thermal
stratification in deeper lakes reduces the scope of the active bottom to the epilimnion
layer. Recirculation of biogenic substances from sediments into epilimnion waters is
therefore limited, which increases the resistance of these lakes to external influences.
The resistance of lakes is also influenced by the Schindler index, which links the lake
to its catchment. As the value of this index increases, the lake’s resistance decreases.

Similarly as in the assessment of the catchment vulnerability to the supply of
matter to the lake, in the case of assessing the lake’s resistance to catchment
influences, each of the above-mentioned features is assigned points from O to
3, where 0 means high resistance and 3 lack of resistance to catchment impact
(Table 3). The final grade is the arithmetic mean of points from the assessment
of individual resistance features, and it defines one of the four categories of lake
resistance (Table 4). The assessment also indicates which of the considered features
decreases the lake resistance to external influences and which increases it.

The vulnerability group of the lake’s catchment and the category of its
resistance determine the type of the lake’s geoecosystem with a given rate of natural
eutrophication. The first lake geoecosystem type represents such a catchment — lake
relationship in which both natural features of the reservoir (resistance category I
or II) and catchment (vulnerability group 1 or 2) are not conducive to lake water
eutrophication; the lake is resistant to external influence, and its catchment is not
very active in the supply of areal load into the reservoir. Natural conditions are

Table 3 Criteria for evaluation of lake resistance to catchment impact [according to 6]

Number of points
Characteristics 0 1 2 3
Mean lake depth (m) >10 5-10 3-5 <3
Lake volume (h m>) to shoreline length (m) >5 3-5 1-3 <1
Thermal stratification (%) >35 20-35 10-20 <10
Active bottom surface (mz) to epilimnion <0.10 0.10-0.15 0.15-0.30 >0.30
volume (m?)
Rate of annual water exchange >10 5-10 1-5 <1
Schindler’s index (m* m™~>) <10 10-30 30-100 >100
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Table 4 Categories of lake resistance to catchment impact, according to [6]

Lake resistance
Final score Lake description category
<0.89 High lake resistance to catchment impact Category |
0.90-1.69 Medium lake resistance to catchment impact Category 11
1.70-2.40 Small lake resistance to catchment impact Category III
>2.41 Lake without resistance, heavily susceptible to catchment | Category IV
impact

conducive to slow evolution of the lake, and such an arrangement has a chance
to keep its trophy at a low level. The second geoecosystem type has unfavourable
catchment conditions for the lake (high possibility of supplying matter to the
reservoir — catchment vulnerability group 3 or 4), which are balanced by high
resistance to external influence of the lake itself (resistance category I or II). As a
result, the rate of natural eutrophication in lakes representing this geoecosystem
type is moderate. The third geoecosystem type has favourable catchment conditions
(the catchment is not very active in supplying matter to the reservoir — vulnerability
group 1 or 2), but the lake itself is susceptible to external influence (resistance
category III or IV). Eutrophication of lakes with this geoecosystem type proceeds
moderately; however, an interference with catchment conditions (e.g. tourism devel-
opment, land use change, melioration works) can lead rather quickly to an acceler-
ated eutrophication rate of lake waters. The fourth geoecosystem type is such a
catchment — lake relationship, whose natural conditions favour rapid eutrophication
of lake waters. Lakes are susceptible to external influence (resistance category III or
IV), and their catchments are active in supplying areal loads into them (vulnerability
group 3 or 4).

4 Results

The presented method, recommended by the Polish Limnology Society [10],
was applied to determine the geoecosystem types of 388 lakes of northern Poland
[6-13, 17-28]. This group is dominated by flow-through lakes with an area of over
50 ha.

Lake geoecosystem type 1, i.e. revealing the chance to maintain eutrophication of
lake waters at a low level, is represented by 71 lakes of the studied group, i.e. 18%
(Fig. 2). These are generally deep, stratified, mostly flow-through lakes, usually with
a low Schindler index (WS <2).

Geoecosystem type 2 indicating a moderate rate of eutrophication of lake waters
was observed in 80 lakes of the studied group, i.e. 21%. Among them, apart from
deep lakes, are already medium deep; these are also generally flow-through stratified
lakes, usually with a low Schindler index (WS <2).
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Fig. 2 Geoecosystem types
of the analysed group of
lakes of northern Poland

Geoecosystem type 3, also indicating a moderate rate of lake water eutrophica-
tion, was found in 22% of the lakes of the studied group (87). These are already
shallower lakes, also generally flow-through, although there are lakes without
outflow too. Among them are stratified and polymictic lakes. Lakes with this
geoecosystem type have a high Schindler index (WS >30).

Geoecosystem type 4, whose natural conditions favour fast eutrophication of
lake waters, was observed in as many as 150 lakes of the studied group (39%).
Among them are stratified (deeper) and polymictic (shallower) lakes, without and
with outflow, less frequently flow-through, usually with a high lake index (generally
C >60) and a high Schindler index (mostly WS >80).

Therefore, in the conditions of Polish lakelands, the majority of analysed lakes
have a geoecosystem type 4. The majority of Polish lakes have catchments,
which exert considerable pressure on them, because their physico-geographical
environment promotes the supply of matter to the reservoir. The lake itself is
susceptible to the influence of the catchment.

5 Conclusion

The lake geoecosystem (catchment — lake ecological system) described by the
vulnerability group (catchment) and the resistance category (lake) can be reproduced
in various natural landscapes. While the selection of features determining the
resistance of the lake does not depend on the type of natural landscape, the selection
of features determining the vulnerability of the catchment to supplying matter to the
lake is dependent on the specificity of the landscape. Other catchment features
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favour the supply of matter to lakes in young glacial landscapes; others in upland
landscapes, e.g. carbonate; others in marshy landscapes; and others in mountain
landscapes.
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Abstract The territory of Poland includes more than 7,000 lakes (1 ha or larger)
with a total surface area of 281,377.0 ha, translating into the lake density index of
0.90%. The territory of Poland is evidently divided into the northern part, including
95% of all lakes, and the southern part poor in lakes. The situation is related to the
last Scandinavian glaciation. Due to this, in terms of genesis of basins, the majority
of lakes are of postglacial character, where the occurrence and course of channel
lakes is an indicator of the maximum range of the ice sheet. Lakes fulfil a number
of important functions in the environment. The functions refer among others to
the conditions of water circulation (suppressing extreme situations, both floods
and draughts), affect the biodiversity, shape climatic conditions, and are of key
importance for the development and functioning of many branches of the economy
(agriculture, energy engineering, tourism), etc. Both environmental and anthropo-
genic effects resulting from the occurrence of lakes can soon be lost as a result of
the progressing process of their disappearance. The situation is determined by the
natural process of evolution, accelerated by human activity related to the regulation
of water relations, and an increase in productivity of agriculture, and consequently
an increase in supply of nitrogen and phosphorus compounds to water. It is estimated
that from the moment of development of lakes until today, approximately 60% of
the surface area of lakes disappeared.
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1 Introduction

Lakes through their parameters, namely, the ability to accumulate energy and collect
and produce energy, constitute specific object in the natural environment. They fulfil
very important functions in the geosystem, ascribed exclusively to them. They
develop biodiversity (with unique flora and fauna), affect microclimatic conditions
(change of the thermal regime in adjacent areas, change of humidity conditions,
occurrence of breeze circulation), fulfil the protective function inhibiting movement
of biogenic compounds [1] but particularly constitute a very important element of
water circulation. This is manifested in the effect on both the volume of elements
of the water balance and their dynamics. They constitute a factor increasing water
retention in a given area. The presence of lakes in the catchment causes higher than
average evaporation and a change of the regime of rivers flowing out and through
lakes: in the dry period, the lakes exceed the water level in rivers, and in the humid
period, they decrease it [2].

Lakes also considerably affect human existence. Already thousands of years ago,
people would take advantage of the vicinity of lakes, locating their settlements there
to provide a certain degree of safety and facility of obtaining food. Also today, lakes
have been comprehensibly adapted by different branches of the economy (tourism,
agriculture, industry, etc.). Therefore, in areas with their considerable abundance
(lakelands), they have largely determined and still determine the economic devel-
opment of a given region. Therefore, in areas with no lakes, artificial reservoirs
are often built, aimed among others at filling the gap in the scope.

2  Occurrence of Lakes in Poland

The majority of currently existing lakes in the northern part of Europe and North
America originate from the activity of ice sheets from the Pleistocene. The effects
of the last period of continental glaciation are particularly evident. In the territory of
Poland, its maximum range had a course exceptionally parallel to isolines, reflecting
lake density. In comparison to the neighbouring countries, Poland is included to
the zone with low lake density. It covers only 7,081 lakes with a surface area equal
or higher than 1 ha, and the lake density amounts to only 0.90% of the area of the
country [3-5]. Considerable variability in lake density occurs, however, between
the north lakeland zone and the south zone poor in lakes (Fig. 1). The comparison
of the number of lakes and their surface area is presented in Table 1. Table 2 presents
ten largest and ten deepest lakes in Poland.
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Fig. 1 Lake density in Poland (following [6], partially changed)

3 Genetic Types of Lake Basins

Basins of a large majority of Polish lakes originate from Pleistocene formations. It is
therefore genetically related to the period of glaciation in spite of considerable
modifications of their basins in the Holocene. Glacial formations of lake basins
that survived to the modern times originated through melting of lumps of dead ice,
gauging of depressions by the waters of the ice sheet, chaotic accumulation of glacial
sediments, evorsive activity of the waters of the melting ice sheet, and ploughing
of depressions by the mass of the mobile ice sheet. The development of lakes in
the Holocene can be associated with the following processes: filling of inter-dune
depressions with water, losing sea bays by spits, development of karst depressions,
and development of oxbow lakes. The determination of the genesis of a lake is
important, because it permits among others the determination of the age of the lake,
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Table 1 Lakes in size classes according to the Catalogue of Polish lakes from 1954 and the
Catalogue of Polish lakes from 2006

Catalogue of Polish lakes (1954) Catalogue of Polish lakes (1991a, b, 1992)
a — number of
lakes a — % of total a — % of total
b — lake number a — number of lakes | number
Size class surface area b — % of total b —lake surface area | b — % of total
in ha in ha surface area in ha surface area
1-5 a 4,734 50.93 3,112 43.95
b [10,387.8 |3.28 7,116.7 2.53
5-10 a | 1,316 14.16 945 13.34
b [9,2394 291 6,507.9 2.31
10-20 a 1,91 11.74 1,047 14.79
b |15,263.6 |4.82 14,287.4 5.08
20-50 a | 1,043 11.22 981 13.85
b [32,747.9 10.33 31,183.0 11.08
50-100 a | 533 5.73 492 6.95
b |36,783.2 11.61 33,875.0 12.04
100-1,000 |a |545 5.86 476 6.72
b |136,262.3 |42.99 116,615.5 41.45
>1,000 a |34 0.36 28 0.40
b |76,242.8 |24.06 71,791.5 25.51
Total a 9,296 100.00 7,081 100.00
b [316,927.0 | 100.00 281,377.0 100.00

Table 2 List of the largest and deepest lakes in Poland

No. Name of lake Surface area [ha] Name of lake Max depth [m]
1 Sniardwy 11,487.5 Haricza 106.1
2 Mamry 9,851.0 Drawsko 82.2
3 tebsko 7,020.0 Wielki Staw 80.3
4 Miedwie 3,491.0 Czarny Staw pod Rysami 77.0
5 Jeziorak 3,152.5 Wigry 74.2
6 Niegocin 2,595.0 Wdzydze 69.5
7 Gardno 2,337.5 ‘Wuksniki 67.3
8 Jamno 2,231.5 Babiety Wielkie 65.0
9 Gopto 2,121.5 Morzycko 60.7
10 Wigry 2,115.0 Trzesniowskie 58.8

directions of its evolution, and frequently physical-chemical water parameters and
the determination of the dependency between the lake and its catchment. Approx-
imately 20 types (Fig. 2) of lake basins can be designated in Poland. It should be
emphasised that the determination of the type of lake is defined here as the genetic
type of its basin.

Channel Lakes It is the most characteristic type of lakes within the range of the
Baltic glaciation. One of the most important features of channel lakes is their
directional character. Both in Poland and in other Baltic lakelands, directions of
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lake basins are closely related to the system of sequences of terminal moraine to
which they are usually perpendicular. Other characteristic features of the discussed
type of lake basins include considerable depths, bottoms with uneven configuration
with frequently occurring thalwegs and shallow areas constituting steps, and
high slope inclinations of the bottom. The lakes are narrow — this translates into
high elongation indices. Channel lakes usually occur in characteristic sequences,
delineating former ranges of channels that were divided into a number of smaller
basins. Examples include channels of lakes near Kérnik, Lagéw, and Chojnice.

Ground Moraine Lakes Are characterised by substantial surface areas and diverse
shoreline, associated with variable deposition of sediments or melting of variable
sizes of lumps of dead ice. Lakes of the type have bays and often also islands
and peninsulas. Bottom slopes are relatively gentle, and depths are usually largely
variable and unevenly distributed. In the conditions of lowering the water level, this
causes an increase in the surface area of the already existing islands or the occurrence
of new islands. Examples of ground moraine lakes are Lakes Sniardwy, Wielimie,
Niegocin, and Bytynskie.

Terminal Moraine Lakes Fill concave landforms developed after melting of
sheets of dead ice and chaotic accumulation of clastic material in the marginal
zone or through blocking outflow due to folding of material in front of the glacier
terminus. The lakes are often located on the internal side of terminal moraines,
and their longitudinal axis is usually parallel to moraine ramparts. Due to the high
elevation of the zones of terminal moraines, the water level in the lakes is relatively
high, often exceeding 100 m a.s.l. Examples of the discussed type of lakes occur
in the vicinity of Trzemeszno (e.g. Lake Kruchowskie — 110 m a.s.l.) and in many
places of the watershed zone of the Pomeranian and Mazurian Lakelands.

Kettle Lakes Are lakes with a small surface area and considerable depth, reaching
up to 50 m. Usually without surface outflow, they have very steep bottom slopes,
conical shape of the basin, and the outline of the shoreline is usually oval. This type
of lakes usually has no islands. The genesis of their lake basins can be associated
with melting out of thick lumps of dead ice or evorsive thalweg in the bottom formed
by the waters of the melting ice sheet. An example of kettles can be lakes in the
vicinity of Sierakowo [7] or Walcz.

Waterholes Are small closed-drainage water bodies usually with a circular shape
and depth not exceeding 3 m. Often in the summer period, as a result of a natural
decrease in the water level of the first aquifer, the lakes can be left without water.
The process of decline of waterholes is usually related to melioration works covering
large areas. Their considerable part is covered with peat or boggy vegetation.
Waterholes occur both north and south of the line of the maximum range of the
Baltic glaciation. They are usually characteristic of areas of moraine plateaus and
areas of the ground moraine. On the Polish Lowland, the number of waterholes
is estimated for 100 thousand.
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Sandur Lakes In the case of melting of lumps of dead ice, depressions developed
in outwash plain areas. In the conditions of an appropriate arrangement of the depth
of the basin and stagnation of groundwaters, they are filled with water. They are
usually lakes with a length of several metres, however often with considerable
surface areas. Notice that lakes located on outwash plains are often within the
range of channels eroded in fluvioglacial formations. Such examples are encoun-
tered, e.g. in the south-west part of the Lubusz Plateau [8]. Lakes with a water level
approximate to the surface of the outwash plain (without the channel character)
occur among others in the vicinity of Cztopa — outwash plain of the Drawa River
(Lakes Pinow and Strzeleckie) and on the outwash plain Pliszki on the Lubusz
Land - e.g. Lake Dobrosutowskie [9].

Esker and Drumlin Lakes Fill longitudinal depressions formed during the
processes of development of eskers and drumlins. The lakes are usually shallow
and filled with peat. Many lakes of the type are located in the zone of occurrence of
eskers between Duszniki and Stgszewo in Wielkopolska or on the Dobrzyriskie
Lakeland.

Oxbow Lakes [10] — occur in river valleys (proglacial stream valleys). They are
remains of former river channels, hence their characteristic oval and considerably
elongated shape. Their depths are small, and the maximum depth occurs in
the vicinity of the concave shores. Due to the shallow occurrence of groundwaters
in valley zones, shores of the lakes are often boggy. Their water level fluctuations
are often related to the amplitudes of river water.

Interdunal Lakes Are often boggy and filled with peat. They develop in depres-
sions between dunes, often located in valley zones and on outwash plain surfaces
covered with dunes. The depressions are usually deflation basins. Lakes of the type
occur, for example, in the area of the Middle Note¢ River valley.

Karst Lakes Develop as a result of melting and collapsing of gypsum or lime
substrate washed out by water. An example are some lakes of the Leczna-Wtodawa
Lakeland — e.g. Lake Krasne [11] or small lakes in the vicinity of Busko [12].
The discussed type of lakes is characterised by depths of more than 30 m, oval
outlines of the shoreline, relatively regular bathymetry — so-called centric system
of isobaths, and the maximum depth usually located near the centre of the lake.
A specific variety of karst lakes are cave lakes. Their genesis is associated with
melting calcium carbonate. This type of lakes occurs, e.g. in the Bear Cave near
Kletno [13].

Groundwater (Boggy) Lakes Develop as a result of obstructed inflow of ground-
waters which “appear” on the surface in depressions. They are small and shallow
lakes with overgrown and boggy shores. The areas of occurrence of this type of lakes
are usually surrounded by bogs — they develop flat areas with largely impermeable
ground. In Poland, such lakes are encountered near Wiodawa in Polesie Lubelskie.

Wellhead Lakes Develop on powdery ground, where the succouring activity
of water causes the development of a basin alimented with the waters of the spring
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or groundwaters. An example of this type of lakes is the lake in Miedzierza near
Konsk [14].

Delta Lakes In Poland, this type is represented by only two lakes, namely, Lake
Dabie at the mouth of the Oder River to the Szczecin Reservoir (which can be
currently treated as its southern part) and Lake Druzno in the Vistula delta. They are
relic lakes with advanced overgrowing process, shallow, with low and boggy shores.
Lake Dabie constitutes a former bay of the Szczecin Reservoir, separated with
the Ina delta, and Lake Druzno was separated with the Nogat delta [15].

Coastal Lakes The development of the basins of the lakes is associated with the
separation of sea bays with spits developed by the deposition of clastic material
transported by waves and littoral currents. They are lakes with considerable surface
areas (usually more than 10 kmz), but their maximum depths do not exceed 6 m.
They have largely inaccessible boggy shores. The relief of the original bottoms
is obscured by a layer of sediments with a thickness of several or a dozen metres.
They are separated from the sea with sandy spits covered with dunes. They are
connected with the sea through narrow isthmuses with a width of several tens of
metres. The lakes can be described as brackish. This type of lakes originates
from lagoons — Szczecin and Vistula lagoons — constituting the intermediary stage
between the sea and lake [16]. In the conditions of low water exchange, the lakes are
subject to rapid terrestrialisation. An example of coastal lakes is Wicko, Sarbsko,
Bukowo, and the westernmost Koprowo.

Dam Lakes Develop as a result of damming of valleys by landslides, originating
from weathered rocks or loose near-surface rocks. An example of this kind of lakes
are the Duszatyi Lakes near Komarncza on the slope of Chryszczata in the
Olchowaty Stream valley in Beszczady. They developed as a result of sliding of a
mass of weathered rock and damming of waters in the valley. Lake Duszatyriskie
Gorne with a surface area of approximately 1 ha has a maximum depth of 6.2 m,
and Lake Duszatyriskie Dolne has a maximum depth of 6.6 m and surface area
of approximately 0.8 ha. The lakes constitute a nature reserve.

Organic Lakes The lakes include phytogenic and zoogenic lakes. The former
are developed among peatlands and are located in places with limited vegetation
development. The latter constitute an effect of the activity of animals — e.g. beavers —
and in this case have a character of dam reservoirs. Lakes of the type are shallow and
small and have boggy shores [13].

Lakes with Polygenetic Origin of Basins The lakes include a high number of lakes
with origin so complicated that it would be difficult to classify them as any of the
aforementioned types. For example, oxbow lakes can be simultaneously interdunal
lakes, and lakes located on the surface of the outwash plain can originate from a
channel eroded in deeper ground. Finally, a perfect example can also be lakes
commonly considered coastal, whose original bottom is covered with sediments of
organogenic accumulation with a thickness of several metres. The course of isobaths
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shows that, e.g. Lake Jamno developed as a result of damming of outflows of several
channels with a spit [17].

Meteorite Lakes In the northern part of the city of Poznan, in the area of the
Moraska Mountain, seven depressions are located, including six periodically filled
with water. The largest one has several tens of metres in diameter and more than
2.5 m in depth. Many fragments of meteorites have been found in the vicinity of the
lakes, with maximum weight reaching 300 kg.

Mountain Lakes Developed as a Result of Activity of Glaciers They have
a completely different character than lakes in the lowland part of Poland, and
examples of this type of lakes occur both in the Carpathians and Sudetes. Basins
of the lakes are partially or completely developed in bedrock. Other characteristic
features are considerable depths, often exceeding 50 m, very substantial slope
inclinations of basins, and their oval shape. In the group of lakes developed in basins
eroded by mountain glaciers, the following two types can be designated:

— Tarns — filling the space of former firn fields. They are confined by steep slopes
on three sides and blocked with a clastic rock bar. An example is Czarny Staw at
Morskie Oko and Czarny Staw Gasienicowy in the Tatra Mountains or Maty and
Wielki Staw in Karkonosze.

— Moraine lakes — developed due to damming of a valley with a moraine rampart
increasing the water level. Examples include Morskie Oko, Toporowy Staw,
and Smreczynski Staw.

The last type of lake basins are artificial lakes, i.e. anthropogenic reservoirs.
They are characterised by variability of all the previously mentioned parameters,
determined by the function fulfilled by each reservoir. Two groups of anthropogenic
reservoirs can be designated:

— Post-exploitation reservoirs with extensive surface area (e.g. in the Konin Coal-
field), as well as very small (e.g. after exploitation of loam, peat, etc.) ones

— Retention reservoirs, fulfilling many different functions, e.g. agricultural, for
irrigation; anti-flood, for reduction of flood waves; energy engineering, animal
breeding, navigation, for increasing low water levels in rivers; recreation, water
supply to industry, for open and closed cycles of circulation

4 Evolution of Lakes

From the moment of their development, lakes are subject to evolution process.
Their rate and scale depend on a number of overlapping factors (location of the
lake, climate conditions, morphometry, human pressure, etc.). The analysis of
cartographic materials since the first half of the nineteenth century generally shows
four situations suggesting stability of the surface area (Fig. 3a), an increase in
the surface area (usually as a result of hydrotechnical works, Fig. 3b), a decrease
in the surface area (Fig. 3c), and an increase in the number of lakes as a result of a
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Fig. 3 Examples of surface areas of lakes: (a) Lake Cisie — stability, (b) Lake Kowalskie — an
increase in the surface area as a result of damming, (c) Lake Grazyk — considerable decline,
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decrease in the surface area of a lake and its division into several smaller water
bodies (Fig. 3d). It should be emphasised that the majority of lakes as concave
landforms are subject to fast decline.

From the geological point of view, the age of lakes is very short term. This
particularly concerns postglacial lakes. Their time of existence is estimated for
several thousand years. According to calculations performed by Kalinowska [28],
lakes currently constitute only 40% of the original state (counted from the moment
of retreat of the Scandinavian ice sheet) in the territory of Poland (Fig. 4).

Modern processes causing the decline of lakes are very dynamic and constitute
a resultant of natural and anthropogenic factors. A considerable decrease in the
number and surface area of lakes occurred from the end of the nineteenth century.
According to Majdanowski [6], the number of lakes with an area of 1 ha and more
amounted to 9,296, and their surface area was 316,614 ha. Lake density in Poland
amounted to 1.02%. Over a period of less than half a century, the number of lakes
decreased by 2,215, and their surface area by 35,550 ha, i.e. by 11.20 % [29]. This
resulted in a decrease in lake density to 0.90%.

For the purpose of determination of how the passage of time affects the life span
of lakes, the following analysis was performed. In areas located between the ranges
of subsequent phases of the last glaciation, i.e. Leszczyn and Poznan phase, Poznani
and Pomeranian phase, and north of the Pomeranian phase, the number of lakes
was determined, their total water resources, and total surface area. Based on the
known surface area of the designated areas, three indices were calculated for each of
them: lake density, mean depth of lakes, and layer of resources of lake waters
in mm. The analysis evidently shows that towards the south the lakes are “older”.
This is confirmed by the values of all indices. Lake density consequently decreases
towards the south. Mean depths of lakes and layer of water resources decrease in
a similar way (Table 3, Fig. 5).

Two factors can be generally designated, usually co-occurring, responsible for
the decline process. The first one is lake water level fluctuations, and the second is
aggradation of sediments within the lake basin. The causes of the oscillation of
the water level in lakes can be as follows: short- or long-term climate fluctuations
causing variable alimentation of aquifers feeding the basin; deforestation of the
catchment area (natural — plant pests and that related to human activity); effect of
local factors, e.g. variable time of inclusion of the lake to the hydrographic network
and variable erosion base [31]; and performance of different kinds of hydrotechnical
works, both within the lake (e.g. outflow regulation) and in the catchment area
(e.g. meliorations). The latter in the case of the discussed case have been particularly
evident over the last several centuries. The turning point was the seventeenth
century: the beginning of the “olender colonisation”. The period of expanding arable
land began through the removal of excess water [32]. The activities substantially

<
Y

Fig. 3 (continued) (d) Lakes Chobienickie-Wielkowiejskie-Kopanickie — an increase in the number
of lakes as a result of division into several smaller water basin (following [27], changed)
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Fig. 4 Non-existent (1) and currently existing lakes (2) in Poland (according to [28])

Table 3 Data and indices concerning the surface area, number, and water resources in lakes within
the designated phases of the ice sheet [30]

Surface Water
Surface Water area of Lake Mean | resources
areain | Number |resources |lakes in density |depth | per surface
Area km? of lakes | in km® km? in % in m area in mm
North of the 42,800 | 2,443 8.694247 |1,216.003 |2.84 7.15 203

Pomeranian
phase (III)

Between the 62,470 |3,998 10.063343 | 1,446.983 |2.32 6.95 161
Poznan and
Pomeranian
phase (II)

Between the 11,470 |352 0.498868 121.168 | 1.06 4.12 43
Leszczyn and
Poznar phase

@

Notice: designations with Roman numbers in accordance with those in Fig. 5

translated into a decrease in the surface area of lakes, and further transformations
(an increase in the intensity of agriculture, industrial revolution, etc.) intensified the
process. Examples of a considerable decrease in the surface area of the lake as a
result of melioration works and complete disappearance of the lake as a result of such
activities are presented in Fig. 6. In the first case, the surface area of Lake Wielimie
decreased by 2,800 ha, and in the second case, a lake with an area of 490 ha was
completely meliorated.

A change in the water level affects an important process in the scope of morpho-
logical transformations of lakes, namely, growing over. Succession of vegetation is
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Fig. 5 Phases of the Scandinavian glaciation: I — Leszczyn phase, II — Poznafi phase, III —
Pomeranian phase, ([30], changed)

a natural element of evolution of lakes, and its acceleration can occur through
the exposure of new littoral zones. Conditions favourable for an increase in the
rate of overgrowing of lakes cause an increase in the supply of biogenic substances
(nitrogen and phosphorus compounds), among others, as a result of permanent
intensification of agriculture and increase in the use of artificial fertilisers. Data of
the Central Statistical Office in Poland [35] shows an increase in the use of nitrogen
fertilisers by 54 kg (per 1 ha) and by 6 kg in the case of phosphorus fertilisers
(per 1 ha) over the period of the last 60 years. Selected examples of overgrowing
of lakes in Poland were presented in Figs. 7 and 8.

The aforementioned processes, i.e. change in the water level and vegetation
succession, are relatively evident, unlike processes occurring under the water
surface, resulting in filling the lake basin with sediments. Their intensification results
from the location of the lakes in the catchment, and the lake basins constitute
recipients of matter transported by rivers, supplied during surface overflows or as
a result of aeolian activity causing filling the basin and consequently its nivelation.
The aforementioned processes overlap with the production of biomass within the
lake itself. The aggradation of bottom sediments can be a result of aggradation
of biogenic mass (rapid process in shallow lakes), precipitation of chemical com-
pounds, sedimentation of detrital sediments supplied by rivers, and colluvial and
deluvia deposited in the lake, and effect of aeolian processes causing burying [19].
One of the methods permitting the determination of changes occurring in the
morphometry of lake bottoms is the analysis of bathymetric plans from at least
two periods. An example of such a procedure is presented in Fig. 9.
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W to 1727
M to 1785
M to 1840

O after 1845

Fig. 6 Changes in the surface area of lakes: (a) a considerable decrease in the surface area of Lake
Wielimie, (b) complete disappearance of Lake Jelenino [33, 34]

Both comparisons show considerable shifts of isobaths over the period of the last
50 years towards the middle of the lake. According to numerous studies [38—40],
such a situation is commonly recorded in the case of many lakes in Poland.
Importantly, the obtained results showed that the decline is faster vertically
(shallowing) than horizontally (changes in the surface area). The three-dimensional
approach to the process of decline of the lakes is very important due to the
assessment of changes in water resources accumulated in their basins. The water
resources of Poland belong to the lowest in Europe. Their averaged volume per one
inhabitant amounts to approximately 1,600 m® year™' (it constitutes a ratio of mean
annual river outflow to number of inhabitants). Due to this, it is important to possibly
decrease water outflow from the catchment. The role is fulfilled by lakes. One of the
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Fig. 7 Selected examples of overgrowing of lakes: (a) Czarne Dolne, (b) Liwieniec, (c)
Lubiatowo, (d) Dabie, (e) Oswin, (f) Karas$ (after [36])

main features of lakes is the ability to retain water and therefore de facto slowing
down of the transformation of precipitation into outflow.

The retention abilities of lakes contribute to the mitigation of hydrological
phenomena with extreme character, i.e. both during violent floods (suppression of
the flood wave) and in situations of draught (“sustenance” of the surface runoff).
Due to the possibility to retain water, lakes are key element for the existence and
development of many branches of the economy (energy engineering, agriculture,
tourism, etc.). Due to the aforementioned conditions, lakes become an important
factor shaping the course of natural processes as well as the economic development
of a given region. Therefore, all efforts should be taken to eliminate or largely
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b) &

Fig. 8 Progressing process of overgrowing — selected examples: (a) Lebsko, (b) Stgpuchowskie
(Phot. A. Choiriski, M. Ptak)

limit processes accelerating their decline (meliorations, uncontrolled fertilisation
in catchments, etc.). In the context of water deficits, increasing attention is paid to
the possibilities of water retention in Poland. Artificial reservoirs are constructed,
and natural lakes are dammed for that purpose.
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Fig. 9 Selected examples of changes in the bathymetry of lakes: (a) Mielno, (b) Turostowo [37]

5 Conclusions

More than 7,000 lakes exist in Poland. Their genesis is particularly related
to the presence of the Scandinavian ice sheet. Lakes constitute a very important
element of the natural environment, affecting water circulation, microclimate,
biodiversity, economy, etc. However, benefits resulting from the occurrence of
lakes can already in a relatively short time be lost as a result of the progressing
process of their decline. Such a situation results from the natural process of evolu-
tion, accelerated by human activities related to the regulation of water relations
and an increase in productivity of agriculture, and consequently an increase in the
supply of nitrogen and phosphorus compounds to water. Due to this, all efforts
should be taken to limit harmful aspects of human activity in lake catchments and in
a further perspective to strive for the renaturation of degraded or non-existent lakes.

To sum up, the current rate of decline of lakes in Poland suggests that the
perspective age of the majority of them can be estimated for several hundred
to 2-3 thousand years. This, however, only concerns a decrease in the surface
areas of lakes. It should be remembered that the process of decline also occurs
through successive shallowing of lakes, and the process is often several times more
intensive than the visible rate of decrease in the surface area. This suggests that in
the conditions of the current tendency for shallowing, in exceptional situations, the
perspective age of some lakes will vary from several tens to several hundred years.
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Abstract The lobelia lakes, unique and rare in Poland, are located mainly in
northern part of country in moraine plateaus of Bytéw and Kashubian Lakelands
and outwash plains of Tuchola Forest and Charzykowy. In the middle of the
twentieth century, there were over 190 lobelia lakes in Poland. Lobelia lakes
are classified as so-called soft-water lakes due to low concentrations of calcium
and magnesium. Their waters are weakly buffered and usually have acid reaction
and also small amount of biogenic elements. Lobelia lakes are overgrown by specific
plant species — isoetids — adapted to the poor habitat: Lobelia dortmanna,
Isoetes lacustris, Littorella uniflora and several other accompanying species.
The lobelia lakes in Poland are prone to degradation and loss of their unique
values. The most serious threats include acidification, humification deposition,
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alkalinization, eutrophication by agricultural activities or recreational use and
lowering of water level induced by climate changes.

Keywords Eutrophication - Humification - Isdetes lacustris - Lakes - Littorella
uniflora - Lobelia dortmanna

1 Introduction

The “lobelia lake” term originates from a plant species, a boreal-Atlantic relict
Lobelia dortmanna — consisting of basal rosette of evergreen elongate leaves
typically found in oligotrophic soft-water lakes [1-4]. It is mostly in Poland and
Denmark that this term is used in scientific literature in reference to isoetid lake [5].
Apart from L. dortmanna, these lakes can be overgrown by other characteristic
hydromacrophytes, namely, Littorella uniflora and Isoetes lacustris (Fig. 1).
The lobelia lakes are most frequent in the boreal and temperate zones of northern
hemisphere as well as at higher elevations of subtropic regions. These lakes are
particularly unique within limnetic ecosystems in Poland and therefore deserve
special protection and attention.

The investigations on Polish lobelia lakes (PLL) had been initiated in the middle
of the twentieth century [1, 6, 7]. The primary research in this area had focused on
physico-chemical description of water and sediments and analyses of coverage of
characteristic plant species. At the turn of the twentieth and twenty-first century, the
studies on PLL has flourished and focused on the biological and chemical basis of
their functioning and identification of main threats, particularly from human pressure
[8-20]. The conducted research identified about 190 lobelia lakes in Poland, most
of which are water bodies with no outflow and small surface area. Elaboration of

Fig. 1 Characteristic plant species (a) Lobelia dortmanna, (b) Littorella uniflora, (¢) Isoetes
lacustris
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physical, chemical and biological properties of PLL allowed Kraska and Piotrowicz
[16] to distinguish four lake subtypes: (1) acidified (oligohumic and polyhumic),
(2) balanced, (3) eutrophicated and (4) degraded.

The lobelia lakes in Poland are particularly prone to degradation and loss
of their unique character due to poorly buffered status of water, specific catch-
ment physiography and lake basin morphology. The greatest threats to PLL
include acidification from atmospheric deposition, alkalinization, eutrophication
by agricultural activities or recreational use, lowering of water level induced
by climate changes, draining of peatbog humic water into the lakes, liming and
fish stocking — all leading to critical changes in the physico-chemical properties
of their waters and, consequently, to the disappearance of characteristic vegetation.

The publication discusses the physical and chemical aspects of the functioning of
Polish lobelia lakes in the context of both natural changes associated with ageing
of lakes and human pressure.

2 Distribution of Polish Lobelia Lakes

Soft-water lobelia lakes may be found in temperate and boreal zones of the northern
hemisphere. They may also occur in subtropic or tropic regions although in
such areas they are usually located at high elevations. In the Northern Europe and
North America, they are situated on granite bedrock, while in Atlantic regions of
Western and Central Europe, lobelia lakes occur within low calcareous, sandy soils
or develop in proximity of high or transition bogs. They usually are small,
non-throughflow water bodies which are fed exclusively by precipitation or surface
flow from catchments which are poor in nutrients and calcium. Literature
data indicate that in the middle of the twentieth century, over 190 lobelia lakes in
Poland were present [1, 16, 21, 22]. In Poland, lobelia lakes are located in Northern
part of the country within the terminal moraine and on outwash plains formed
during the Wistulian Glaciation (North-Polish Glaciation, Weichselian) (Fig. 2).
The majority of them are located in moraine plateaus of Bytéw and Kashubian
Lakelands and outwash plains of Tuchola Forest and Charzykowy [23]. Western
range of PLL reach Drawsko and Ifisko Lakelands. In the north-east part of Poland
(near Olsztyn city), there are three lakes in which occurrence of Isdetes lacustris
was found. One of PLL — Lake Dolgie Wielkie — developed in the vicinity of Baltic
Sea and initially was a sea lagoon. The only one of the PLL is located in mountain
region of southern Poland (Karkonosze Mountains). It occupies the glacial cirque
excavated in granite bedrock. The characteristic lobelian vegetation is represented
here only by Isoetes lacustris.

Catchments of these lakes are characterized by soils which are poor in nutrients
and calcium and which are primarily overgrown with acidophilous coniferous (pine)
or deciduous (beech) forests. In case of several lakes, quaking bogs developed on
its edges, while in some other peatbogs occur within the catchment areas.
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Fig. 2 Distribution of Polish lobelia lakes

The lobelia lakes are usually located near the main water divide zone separating
the catchments of coastal rivers from the Vistula and Oder basins, with slightly
more (57% of lakes) lying on its northern side. At a distance of up to 10 km from
the Pomeranian Water Divide (PWD), there are 46%, while in the zone up to 15 km
about 61% of the PLL.

In terms of the location of the former and current lobelia lakes against the
hydrographic units, those on the north side of the PWD are within the basins of
the following rivers: the Dziwna, Rega, Parsgta, Wieprza, Stupia, Lupawa, Leba,
Piasnica, Reda and Radunia.

Lakes located on the south side of the PWD are located in the basins of the
Wierzyca, Wda and Brda as well as the Note¢ through the Gwda and Drawa basins.
Two of the three lakes located farthest to the east lie in the Drweca basin (Lake
Dhugie near Lukta and Lake Czarne near Ostréda), while Lake Zbik is in the Lyna
basin. Wielki Staw, located in the Karkonosze Mts., is drained via the Biaty Potok
and Lomnica to the Bébr (the left tributary of the Oder River).
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The number of PLL is expected to gradually decrease due to increase in human
impact within their catchment areas.

3 Catchments of Polish Lobelia Lakes

The variability of geomorphological forms is accompanied by lithological hetero-
geneity of surface deposits of the lake catchments. It is manifested by the occurrence
of loose sands and gravels around lakes located on outwash plains, the domination
of tills, glacial sands and gravels on undulated moraine plateaus, as well as sands,
gravels, boulders and tills with a predominance of clay fractions on terminal moraine
hills.

About 50% of lobelia lakes are located on sandy and gravel formations of
outwash plains. This creates very good conditions for infiltration, while reducing
the importance of surface supply of lakes. A characteristic feature of lobelia lakes
is the importance of the infiltration function, which is based on the significant
underground water outflow. The underground outflow is also facilitated by the
location of lakes near deeply cut subglacial channels and river valleys, which form
the basis for groundwater drainage. Increased importance of surface and subsurface
supply can be observed in the case of lakes which catchment is built, among others,
of glacial tills. These types of sediments, apart from sands and gravels, dominate
in the catchments built mainly of ground moraines (~37% of lakes) and terminal
moraines (~6% of lakes) deposits.

In addition to the above-mentioned surface deposits, in the catchments of some
lobelia lakes, there are kame sands and silts (~1.5% of lakes, e.g. lakes Boruja Mata,
Wisetka, Swidno), aeolian sands locally on dunes (e.g. lakes Dotgie Wielkie,
Nowoparszczenickie) as well as peats and fluvial silts, sands and gravels
(e.g. lakes Orzechowo, Racze, Chetm, Dotgie Wielkie). The catchment of Wielki
Staw, the only Polish lobelia lake in the mountains, is made of Carboniferous
granites.

The young age of the postglacial relief and the location of the lobelia lakes in
the vicinity of hills determining a course of the first-order water divide influence
a significant differentiation of relative and absolute heights within the catchment.
Despite mostly small areas of the catchments, the denivelations often exceed 50 m
(e.g. lakes Boruja Mata, Choczewskie, Czarne near Salino), reaching values even
above 90 m, e.g. in the case of the Plocica lake catchment. The absolute heights of
the water surface elevation of the Polish lobelia lakes are within a wide range of
0.1 m a.s.l. (Lake Dotgie Wielkie) to 1,224.1 m a.s.l. (Lake Wielki Staw in the
Karkonosze Mts.). Extreme values relate to exceptional lakes, the first of which
is located on the Slovincian Coastland, at a distance of about 1 km from the sea,
while Lake Wielki Staw is a high-mountain corrie lake. The remaining lakes are
mostly located in the lake district areas, and most of them (90% of lakes) are
at an altitude of over 100 m a.s.l. The elevation of the water surface of some of
them (8% of lakes) is over 190 m, reaching a maximum of 208.4 m (Lake Swiete)
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and 214.0 m a.s.l. (Lake Stacinko). The mean absolute altitude of the water level of
the Polish lobelia lakes is 149.5 m a.s.l. The median is slightly higher reaching
1499 m as.l.

The mean slope of the lobelia lake catchments is about 35%o, although this
parameter shows a considerable variation. The lowest values are characteristic
for catchments located on outwash plains (e.g. 6.8%o, Lake Duze Sitno; 11.3%eo,
Lake Sierzywko; 11.4%o, lakes Kiedrowickie and Cietrzewie). However, the largest
slopes occur in geomorphologically diverse catchments, where, apart from outwash
plains or ground moraine plateaus, there are areas occupied by terminal moraine
(78.0%0, Lake Herta; 70.9%o0, Lake Czarne near Borzytuchom; 68.7%o, Lake
Plocica).

The location of lakes in close proximity to the main watershed along the highest
peaks of Pomerania means that their catchment areas are usually small (mean of
3.5 km?). The smallest catchments are only about 0.12 km? (e.g. lakes Czarne near
Borzytuchom and Morskie Oko), but about 10% of lobelia lakes have more
extensive supply areas, exceeding 20 km® (Lake Bobieciriskie Wielkie, 28.8 km?;
Lake Salifiskie, 21.9 km?).

The consequence of the small size of the total catchment is a frequent lack of
surface outflow from lobelia lakes. In general, the hydrographic network of lake
catchments is usually very poorly developed, so lakes are often its only elements.
The catchments of individual lakes also show internal inhomogeneity of their
hydrographic structure, which is indicated mainly by the large proportion of
endorheic areas (approx. 40% on average). In the case of about 25% of the lakes,
the endorheic areas occupy over 60% of the total catchment area, reaching maximum
values of over 80% (e.g. Lake Sierzywko, 96%; Lake Cietrzewie, 92%; Lake
Moczadto near Mgcikat, 87%). In the discussed group, there are also lakes whose
catchment area is completely devoid of endorheic areas (Lake Morskie Oko,
Lake Wielki Staw in the Karkonosze Mts.) or their share does not exceed 5%
(Lake Jelonek, Lake Osowskie, Lake Herta). Endorheic areas can be considered as
passive parts of the catchment, whose share reduces the surface actively involved in
the transport of matter to the lakes.

About 70% of lobelia lakes are closed lakes, and most of them do not have a
tributary also (Table 1). Probably almost all of the lobelia lakes were originally
endorheic links of the hydrographic network, which were artificially included into
the surface outflow system through drainage ditches. In a large part of this type
of lakes, surface outflow occurs only periodically or episodically. As a result of
the former melioration works, about 50% of lobelia lakes have permanent or periodic
inflows. This is a serious threat to the proper functioning of aquatic environments

Table 1 Surface inflows and g5y Outflow Number of lakes Percentage
outflows in former and current — — 37 s
lobelia lakes (based on a .
topographical map in the scale _* - 45 232

of 1:10,000 and own field — + 10 52
research) + + 52 26.8

Total 194 100.0
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due to the unnatural supply of humic compounds (yellow substances) from drained
peat bogs, as well as increased supply in biogenic elements from areas used for
agriculture.

Comparing the lake surface area with the size of its alimentation area, it is
possible to predetermine its role in the surface water circulation. Lakes, whose
ratio of the catchment area to the lake area (Ohle’s coefficient) is relatively low,
usually constitute endorheic components of the hydrographic network. The low
values of this ratio are the distinguishing features of the most lobelia lakes, which
largely justifies their closed hydrologic type or significantly longer water residence
times (lower flushing rates). According to calculations made by Lange [24], the
surface outflow from Pomeranian lakes is initiated only in conditions if the Ohle’s
coefficient is higher than 7.8.

The outflow from the lakes is also driven by other main factors such as perme-
ability of the deposits that build the catchment, the dominant direction of ground-
water exchange (drainage lakes/seepage lakes) and the share of endorheic areas
(drainage blind depressions) in the catchments. Lobelia lakes have a large proportion
of closed drainage areas, a significant elevation above the sea level and location on
sediments of fairly good permeability. Therefore, despite sometimes extensive
total catchments, their active parts are small, which means that even if the value of
Ohle’s coefficient exceeds 100 (Lake Cietrzewie, Lake Sierzywko), these lakes
still maintain their closed nature. The majority of lobelia lakes show, however,
much lower coefficients (mean ~20, median ~10). For instance, the minimum values
are 1.3, Lake Morskie Oko; 2.0, Lake Piasek; and 2.3, Lake Smotowe.

The measure of the impact of alimentation on the lake is the Schindler’s
coefficient, which determines the relationship between the catchment area and the
lake’s volume. It decides the lakes’ resistance to degradation. The mean and median
of the coefficient calculated for the lobelia lakes are, respectively, ~5.5 and ~3.5.
About 18% of the lakes show the values below 1. Among them are, for example,
lakes Morskie Oko, Piasek, Lakie and Jeleri, in which the Schindler’s coefficient
varies from 0.3 to 0.4. This parameter exceeds the value of 10 in only about 10% of
lakes. High values concern, among others, the lakes Sierzywko (69.6), Cietrzewie
(46.6), Zabionek (33.4) and Stary Staw (31.1).

Lakes characterized by zero surface outflow, which are the largest group,
exchange water mainly with the atmosphere through precipitation and evaporation.
Alimentation from the catchment is marginal in these conditions. It is usually limited
to inefficient and unorganized surface and subsurface runoff and possibly small
groundwater drainage. In the lakes associated with open surface drainage systems, in
addition to vertical exchange, surface exchange is also recorded. However, the
riverine outflow is usually an insignificant element of the water balance. The mean
value of the flushing rate in lobelia lakes with surface outflow is 0.30 year ' (median
0.16 year™'). Majority of lobelia lakes are hydrologically passive types [25].
The smallest water exchange is recorded in the lakes in which the outflow functions
only periodically. An example can be Lake Smotowe with an exchange rate
of around 1% per year. Few of the drainage lobelia lakes (less than 10% of total



96 D. Borowiak et al.

number) have flushing rates of over 1.0, representing the medium hydrological type.
Such values were noted, for example, in the lakes Wysokie, 1.4; Brzezonko, 1.31;
and Otalzyno, 1.04 year*1 [25].

The geological, morphological and hydrological conditions of the catchment
determine that the lobelia lakes are not connected to the drainage network or are
connected to it via watercourses being only at initial stages of organization within
the hierarchically developed systems of riverine outflow (Table 2). So, majority
of lobelia lakes are hydrologically isolated closed-basin lakes of order —3 (68%).
Few of them are connected with the drainage systems by wetlands, constituting
of order -2 lakes (1.5%). Lakes of order —1, which are connected to the surface
drainage network by temporary streams or streams of very low flow, account for
16% of former and contemporary lobelia lakes. Among lakes drained by permanent
streams, the largest group consists of headwater lakes with no inlets and assigned as
lakes of order 0 (4.6%). The number of the first-order lakes is slightly lower (4.1%),
and the smallest number of lakes is drained by streams higher than second order
(2.6%).

The dominant category of the land use structure of most lobelia lake catchments
are forests. The mean proportion of total forest from total active parts of the lake
catchments is about 75%, with the share of agricultural and built-up areas at the level
of, respectively, ~20% and ~4% (median ~12% and ~1%). In the total catchments,
the most important types of land use are, on average, forests ~60, agricultural areas
~30 and built-up areas ~1%.

In the case of around 25% of the total number of lakes, the active parts of
their catchments are totally covered with forests (e.g. lakes Moczadlo near Mecikat,
Sosnéwek, Zabionko, Sporacz, Czarne near Borzytuchom, Duze Zmarle and
Nierybno). However, such favourable conditions do not apply to all lakes. Less

Table 2 Number of lobelia lakes in particular hydrological types and their corresponding order
defining the hierarchical location of the lakes in the surface outflow system [26] (based on a
topographical map in the scale of 1:10,000 and own field research)

Number of
Hydrological characteristic of lakes Order | lakes %
Seepage lakes (closed and hydrologically isolated lakes) without -3 132 68.0
hydrological connection to the surface drainage network
Seepage lakes (closed lakes) connected to the surface drainage -2 3 1.5
network through wetlands where the channelized flow does not
occur
Seepage lakes (periodically closed lakes) connected to the surface | —I 31 16.0
drainage network by temporary streams or streams of very low flow
Headwater lakes (outflow lakes) drained by a permanent streams 0 9 4.6
and with no permanent inlets
Flow-through lakes drained by a first-order stream [stream order 1 8 4.1
determined by the Strahler method (1964)]
Flow-through lakes drained by a second-order stream [stream order 2 6 3.1
determined by the Strahler method (1964)]
Flow-through lakes drained by streams of the order higher than >2 5 2.6
second [stream order determined by the Strahler method (1964)]
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than half of the catchment overgrown by forest is found in about 20% of lakes.
The lowest forest cover, below 10%, is recorded in the catchments of such lakes
as Osowskie, Wielkie gwieniebudy, Zabinowskie and Ksigze. In these lakes the
predominant type of land use is mainly agricultural land. In the case of about 13% of
lakes, agricultural land occupies over half of the catchment area. The maximum
share of this type of land use in the active parts of the catchment of several lakes
reaches over 70% (e.g. lakes Zabinowskie, Wielkie Swieniebudy, Glinno, Gubisz
and Czarne Jezioro). Built-up areas are very rarely the dominant form of land use of
the lobelia lake catchments. A significant (over 30%) share of buildings in the active
parts of the catchment occurs, for example, in the lakes Ksi¢ze, Sitno, Osowskie
and Kamien near Szemud.

4 Morphometric Diversity of Polish Lobelia Lakes

The influence of the size and shape of lake basins on the intensity and nature
of physical, biological and chemical processes in lakes is widely recognized as
significant. Thus, it allows to treat parameters and morphometric indices of
lakes as important limnological classification criteria [27-30] and independent
variables used in productivity, eutrophication and sedimentation models [31-34].
The morphometric characteristics are often also closely related to the morphogenesis
of lake basins and their geological history, assuming specific values for particular
types of lake origin [35].

A detailed morphometric analysis of over 190 former and contemporary lobelia
lakes of north-western Poland indicates that it is a very diverse group of water
bodies. In terms of surface area, the range among lobelia lakes is huge and amounts
to nearly three orders of magnitude. The smallest of the lakes have an area of less
than 1 ha (Lake Moczydlo near Lubnia, Lake Diabelskie), and only 10 of them have
an area exceeding 100 ha. Poland’s largest lobelia lake is Lake Bobigciriskie
Wielkie, whose water surface is 524.6 ha. Almost 43% of the lobelia lakes have
areas smaller than 10 ha, 67% smaller than 20 ha, and as many as 85% of them are
water bodies whose area does not exceed 50 ha. The “average” lobelia lake, defined
by the mean value, has an area of 27.6 ha, while taking as a criterion the median
value — only 11.2 ha. For comparison, the “average” lake of the lakeland belt of
northern Poland has a mean surface area 1.5 times larger (42.9 ha) but a very similar
median value (about 9.9 ha). Although lobelia lakes are mostly small-sized water
bodies, and such are dominant among Polish lakes, the size structure in this group of
lakes is clearly different. Among the lobelia lakes, the percentage of very small lakes
(<5 ha) and very large lakes (>50 ha) is relatively small (in each size class <15%).
Small lakes (5-10 ha) and medium-size lakes (10-20 ha) dominate in number, with
a combined share exceeding 52% (Fig. 3). The size range of the surface area, in
which 50% of all lobelia lakes are contained, takes the values of 6.6 and 27.9 ha.
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The total area of lakes currently considered as lobelia (174 such lakes in Poland) is
45.7 km?, which is the equivalent of 1.57% of the total area of all lakes in Poland.
Almost all lobelia lakes occur in the north-west of Poland (Pomerania), and their
percentage share in the area of this region is 0.1%.

The discussed lakes are equally much varied in terms of depth. With reference
to the Bogoslovsky’s depth typology (1960), which has the greatest practical
application to Polish lakes, lobelia lakes have their representatives in all four
distinguished typological classes. The largest groups are medium-deep (z.x of
5-10 m, Zpean Of 2-5 m) and deep (Zyax Of 10-20 m, Zen <10 m) lakes, whose
share is, respectively, 41.2 and 33.0%. The occurrence frequency of shallow lakes
(Zmax <5 M, Zyean <3 m) does not exceed 17.5%, and of very deep lakes (Zax
>20 M, Zpean >9 m) 8.3%. The structure of the lobelia lakes outlined in this way
is also directly reflected in the values of central measures (mean and median)
calculated for the maximum and mean depth. Based on the criterion of the arithmetic
mean for the whole set of lakes (z.x = 11.2 m, Zyean = 4.5 m), these are deep lakes,
and on the basis of the median value (zZy,x = 9.1 m, Zpean = 3.7 m), these are
medium-deep lakes. Extreme values of the maximum depth measured in Lake
Bobigciriskie Mate and Lake Bobigcifiskie Wielkie are, respectively, 2.0 and
48.0 m. The range of variation in the mean depth ranges from 0.8 (Lake Chetm) to
12.6 m (Lake Krzemno).

The ratio of the mean depth to the maximum depth (depth ratio) allows an
approximate assessment of the lake basin form. Among the lobelia lakes, the most
common are those whose basins have a hyperboloid shape — typical for outwash
plain kettle lakes (depth ratio between 1/3 and 1/2). Lakes with this form of a basin
account for nearly 75% of all studied lakes. The mean and median values calculated
for this index are identical (0.43), and the interquartile range is determined by
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the values of 0.38 and 0.48. Less numerous are the lakes with the ellipsoidal form of
the basin (depth ratio between 1/2 and 2/3) — 17%, and the lakes whose basins have
the shape of a trumpet (depth ratio <1/3) — 11%. The remaining lakes have exactly a
conical (3%) and paraboloid (2%) shape of their basin. The extreme values of depth
ratio are 0.19 (lakes Zawiat, Bobigcinskie Wielkie, Jelenie Wielkie, Kamien) and
0.62 (lakes Kociot and Nawionek).

The consequence of the considerable diversity of surface area and depth of lake
basins are very large disproportions in lake volume. As the value of the lake volume
is more influenced by the surface of the lake, the largest volumes of water are stored
by the largest lakes: Bobigcifiskie Wielkie (48,985.2 dam®), Krzemno
(17,511.2 dam®) and Ciemino (14,394.1 dam®). The total volume of the last two
lakes is only 30-35% of the volume of Lake Bobigciriskie Wielkie. The lowest
values are recorded in Lake Moczydto near Lubnia (11.2 dam?®), as well as in lakes
Diabelskie and Kczewo (25.2 dam? ). The median value calculated from the volume
of the discussed lakes is 483.7 dam?, and the mean value is 1,564.3 dam>. More than
three times smaller median indicates a clear dominance of lakes with very small
volumes. Thus, nearly 77% of lakes store less water than the mean volume calculated
for the whole group. A generalized picture of the relations binding surface-depth-
volume parameters of the lobelia lakes is shown in Fig. 4.

Surface-depth relations also describe the values of the exposure index which is
the ratio of the lake surface (in hectares) to its mean depth (in metres). This ratio
expresses the individual susceptibility of lakes to the influence of external factors
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Fig. 4 Differentiation in surface area, volume and mean depth of the contemporary and former
lobelia lakes (n = 194). Explanation: MLL “average” lobelia lake defined by median values, ALL
“average” lobelia lake defined by mean values, APL “average” Polish lake defined by mean values
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(mainly wind action) shaping the intensity of hydrodynamic processes and vertical
zonation of water temperature. The value of the exposure index in lobelia lakes
varies from less than 1.0 in small and deep lakes which are the least exposed to
the wind effects (Lake Czarne near Borzytuchom, 0.2; Lake Morskie Oko, 0.7;
Lake Herta, 0.8) and medium-deep lakes (Lake Ostronek, 0.5; Lake Cietrzewie, 0.8)
to over 60.0 in very shallow and extensive reservoirs (Lake Dotgie Wielkie, 111.7;
Lake Wielatowo, 74.6; Lake Otalzyno, 67.3). In deep and very deep lakes with low
exposure index values, the morphometric factor promotes the formation of shallow
and sharply defined thermoclines and epilimnion in the summer with a thickness of
no more than 2-3 m. This is a consequence of the delay and shortening of the spring
circulation phase — bradymixis. In comparison with the lakes of northern Poland,
lobelia lakes (in the size class of 10-50 ha) show exposure index values lower
by approx. 26% (median) and 40% (mean). Increased resistance of lobelia lakes
to wind mixing is also demonstrated by the values of relative depth (mean 2.7%,
median 2.5%), which in these lakes have higher values than those found in
comparable other Polish lakes. In terms of the median value, the differences reach
38%, while in the case of the mean value — 29%. Therefore, the probability of
bradymictic circulation occurrence in lobelia lakes is theoretically much higher. This
observation is confirmed by the studies of a group of 33 lobelia lakes in Pomerania,
of which as much as 42% had a summer thermal stratification typical or similar
to bradymixis [19].

Another, often referenced in ecological studies, morphometric index which is
shoreline development does not differentiate lobelia lakes from other Polish lakes.
In both groups of lakes, the mean and median values are in the range of 1.4 to 1.6.
Accepting the common interpretation of this index, lobelia lakes do not show a
significantly different potential for the littoral communities development in compar-
ison with other Polish lakes. The range of the shoreline development index values
within lobelia lakes determine the extreme values of 1.01 (Lake Oczko Mate)
and 3.60 (Lake Bobigciniskie Wielkie). Most often, this index takes the values of
1.21-1.68. The influence of littoral on the lobelia lake ecosystems can also be
expressed by the index of lake basin permanence (IBP) [36]. Characteristic values
of the IBP obtained for lobelia lakes (average: 0.42, median: 0.32) are 14-15%
higher than those calculated for similarly sized lakes of northern Poland. The IBP
values below 0.1, reflecting the significant advancement of lake ageing processes,
are found in only 14 lakes (7% of the total number of those studied). The most
extreme case among them is Lake Moczydto near Lubnia, whose IBP is 0.03.
In 14 lakes, the IBP is higher than 1, and its maximum value (1.78) is found in
Lake Krzemno. The largest lobelia lake in Poland — Lake Bobigciriskie Wielkie — has
an index value of 1.68. The most frequent value of the IBP in the lobelia lakes ranges
from 0.16 to 0.46 (50% of lakes).
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5 Physical and Chemical Features Water of Polish Lobelia
Lakes

The PLL mainly develop on poor calcium, manganese and nutrients sandy deposits;
thus their waters are usually poor in these elements, weakly buffered with low
concentrations of CO, and bicarbonates and characterized by low conductivity.
Due to varying morphology of PLL and their catchment areas, geological features
and differences in human impact, the physico-chemical properties of water
can display significant inter-lake differences. According to physical and chemical
features, Kraska and Piotrowicz [16] divided PLL into four general types: acidified,
balanced, eutrophicated and degraded.

Acidified type has a 30% share in the PLL. The lakes of this type are mostly
small (mean lake area does not exceed 15 ha) and at the same time relatively deep
water bodies (average maximum depth over 8 m). Acidified lobelia lakes are usually
located within land hollows with significant inclination of slopes. Catchment areas
of these lakes are typically overgrown by forests (mostly coniferous with pine
dominance). The characteristic feature of water of that group of lakes is acidic
reaction (pH 3.8-5.9). Such low water pH is a result of insignificant amount of
calcium and manganese (Table 3) leading consequently to low buffer capacity [16].
Acidification may result from increased atmospheric deposition of sulphur and
nitrogen oxides [4, 5] and/or inflows of large amounts of humic acids from the
catchment area [37-39]. The acidified lobelia lakes may also reveal significant
variation of other chemical features. According to Kraska and Piotrowicz [16], this
group should also be divided into two further subgroups: acidified oligohumic and
acidified polyhumic lakes (Table 3).

Water of acidified oligohumic lakes is characterized by lower concentration
of humic substances (dissolved organic carbon (DOC) <10 mg C L_l) because
humic compounds form organometallic complexes and undergo sedimentation [40].
Prevalence of fulvic acids, which are less coloured but chemically active [41], results
in slight water colour (even below 1 mg Pt Lfl, mean 9 mg Pt Lfl), acidic reaction
(as low as pH 3.8 in Wygoda or Szare lakes) and high water transparency (average
Secchi depth (SD) visibility 5.8 m) frequently reaching the bottom of lake.
Penetration of light to the bottom causes heating of overbottom water layer and
convection mixing of lakes. Acidified oligohumic lakes are poor in nutrients.
The mean concentration of nitrogen is below 1 mg N L™ and varies from 0.3 to
over 2 mg N L™". In all of these lakes, organic form predominates and consists of
about 75% of total nitrogen content. Phosphorus occurs in very low concentration
(Table 3), and most of its load is incorporated within plankton assemblages. Soluble
P in many oligohumic lobelia lakes is below detection limit. Lakes classified into
this group are also very poor in soluble mineral salts. The mean conductivity of
water is below 45 pS cm™ (Table 3), and in selected lakes it does not even exceed
10 uS cm™". Due to low concentrations of calcium and magnesium, water of acidified
oligohumic lakes is characterized by the lowest hardness among all groups of PLL.
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Water of acidified polyhumic lobelia lakes is characterized by high content of
humic substances. The presence of humic and fulvic acids results in the water colour
encompassing intense yellow to reddish-brown colour, with its intensity ranging
from 40 to over 200 mg Pt L™'. Water of that group of lakes is also characterized
by low electrical conductivity (at level comparable to oligohumic lakes) as well as
high concentrations of DOC [40], the main component of all humic substances.
In contrary to oligohumic, polyhumic lobelia lakes are rich in nitrogen and phos-
phorus (Table 3). Compared to acidified oligohumic PLL, the polyhumic lakes are
characterized by threefold and twofold higher mean concentrations of mineral and
organic nitrogen, respectively (Table 3). Moreover, the mean level of phosphorus in
their waters is significantly higher. Despite high loads of nutrients, nitrogen and
especially phosphorus are complexed by humic acids and biologically unavailable
for autotrophic organisms. Photodegradation of humic acids supplies the significant
concentrations of polyhumic lakes [42], and their decomposition causes oxygen
depletion.

Balanced lobelia lakes constituted approximately 30% of all currently existing
PLL. This group is diversified according to their morphology and comprises the
largest and deepest PLL. The characteristic feature of balanced lobelia lakes is
the neutral pH of their waters and low trophic state. The pH of epilimnetic water
(during vegetation season) range from 6.0 to 7.6. Compared to acidified PLL,
the water of the balanced lobelia lakes contain twofold higher calcium (Table 3)
and bicarbonates (0.21 vs 0.1 meq HCO; L™") concentrations. Altogether, this results
in much higher buffer capacity and further decreases impacts of inflows of organic
(humic) and mineral acids from the catchment areas. The mean electrolytic conduc-
tivity of these water bodies is slightly higher than of acidified PLL, while the
concentration of dissolved organic salts is insignificant. Content of nitrogen and
phosphorus in balanced lobelia lakes is still very low and comparable to that usually
observed in acidified PLL (Table 3). The organic nitrogen consists about 30% of
total N pool. The mineral N forms are dominated by nitrates in the well-oxygenated
zone, while ammonium nitrogen predominates in deep anoxic layers. During
vegetation season, concentration of orthophosphates in epilimnetic water is very
low — an undoubtedly key factor that limits intensive proliferation of algae and
consequently preserving high water transparency. Within balanced PLL, some
diversity of physical and chemical properties of waters can be found. A few of
balanced PLL display increased availability of nutrients (especially phosphorus)
and mineral salts and, simultaneously, higher algae density (as manifested
by increased chlorophyll content in surface layer and decreased transparency of
water). These changes are observed in those of PLL which are under increasing
human impact and can be considered as a transition to a next group of water
bodies: eutrophicated PLL.

The eutrophicated PLL are also, similarly to balanced PLL, very diversified as
far as lake basin morphology is concerned although their catchment areas are
usually under significant human impact. Compared to acidified and balanced PLL,
eutrophicated type is characterized by increased pH of epilimnion water. The pH
during vegetation period ranges from 6.3 to over 9.0 (Table 3). The alkalic water
reaction results from depletion of carbon dioxide from water column by developed
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algae assemblages. Significant amount of algae suspended in the water decrease
water transparency. Eutrophicated PLL are characterized by higher concentrations of
biogenic elements, calcium, magnesium (Table 3) and organic matter [40]. The
content of total nitrogen is twofold higher than in balanced PLL and even more
higher compared to acidified PLL. The concentration of total phosphorus is higher
comparing to balanced and acidified oligohumic PLL but lower than in polyhumic
lobelia lakes. The conductivity values are also much higher compared to other PLL
(Table 3). High concentration of nutrients and other chemical elements are the result
of their intensive inflow from the catchment, which are transformed by human, and
mostly constitute of arable land, pastures and urbanized areas.

Degraded lobelia lakes constitute about 14% of all PLL which were described
in literature since the beginning of twentieth century. This group includes lakes
which are very diversified according to their surface area and depth. Characteristic
features of these water bodies include considerable human impact and catchment
transformation leading to their significant eutrophication. Changes of physical
and chemical features of water led to the disappearance of characteristic vegetation.
This group of lakes can be described as former or historical lobelia lakes.
The water of degraded lobelia lakes contain significantly high concent-
rations of nutrients, calcium, magnesium and dissolved mineral salts (Table 3).
Increased nutrients availability stimulates proliferation of different groups of algae,
including cyanobacteria. The mean chlorophyll concentration in degraded PLL
is twofold as high as in eutrophicated PLL and almost four times higher than
in acidified oligohumic. Maximal observed values of chlorophyll concentration
(over 70 pg L") are typical for lakes in hypertrophic state [16]. Algal blooms
decrease light availability and SD, resulting in rapid thermal and oxygen stratifica-
tion. During vegetation period deeper water layers are deoxygenated. Some of
the degraded lobelia lakes are converted into midfield fish breeding ponds
(e.g. lakes Baroczno, Chojnackie) or serve as sewage receivers from animal farms
(e.g. Lake Drzywko).

6 Optical Properties of Water of Polish Lobelia Lakes

One of the distinguishing features of the abiotic environment of this type of
ecosystem are the favourable conditions for light transmission in the water column.
A widely used, albeit approximate, parameter for the assessment of the optical
properties of lake waters is water transparency measured with a Secchi disc (Secchi
depth). Against the background of the entire set of the Pomeranian lakes, lobelia
lakes generally show a much greater transparency of water. The range of its
variability among lakes is also greater (Fig. 5). In the last decade of the twentieth
century, in the midsummer, the “average” lobelia lake showed a transparency of 2.8
(median) and 3.3 m (mean). At the same time, in Pomeranian lakes these values were
over 40% lower and amounted to 1.6 and 1.9 m, respectively. The range of
variability of water transparency in lobelia lakes (n = 148), which was observed
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Fig. 5 Box-and-whisker plots showing differences in water transparency (Secchi depth) between
Pomeranian (n = 249) and lobelia lakes (n = 148) (a) and within group of 63 lobelia lakes during
three decennary monitoring periods (b)

then, was determined by the extreme values of 0.4 (Lake Dotgie Wielkie) and 11.5 m
(Lake Modre). In the first two decades of the twenty-first century, the cleanliness
of the lobelia lakes deteriorated significantly, which was also reflected in water
transparency.

Analysing the homogeneous suit of 63 lobelia lakes of Pomerania, monitored
in 1991-2017, one can observe a clear fall in the transparency of their waters.
Assuming the mean value to be a distinguishing factor of the changes taking
place, water transparency of the lobelia lakes decreased in this period by 27%.
With respect to the median value, the decrease in transparency was slightly higher
and amounted to over 30%.

As aresult of the intensification of the eutrophication and humification processes,
the number of the clearest lakes drastically dropped, most of all of those with the
transparency higher than 4 m (oligotrophy). In the years 1991-2000, there were
27 such lakes, and after 2010 only 11. The extreme example of changes in the
water transparency of the lobelia lakes caused by cultural eutrophication is Lake
Modre. The introduction of alien fish species, and thus the change in the species
structure of the native ichthyofauna, led to a reduction of water transparency to
4-5 m. At the turn of the 1980s and 1990s, the water transparency in this lake
was 11-12 m [15].

Spectral analysis of underwater light field carried out in 54 lobelia lakes in
Pomerania shows that these lakes represent a wide variety of optical types of
water, evaluated based on the spectral shape of diffuse attenuation coefficient for
downwelling irradiance (Fig. 6), which is the quantity very sensitive to changes in
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Fig. 6 Spectra of the diffuse attenuation coefficient of downwelling irradiance for selected
Pomeranian lobelia lakes

the concentrations of optically significant constituents of water [43, 44]. Averaged
over the entire euphotic zone, values of the diffuse attenuation coefficients for
irradiance of PAR (spectral range 400-700 nm), K4 par. in the lobelia lakes are from
0.412 (Lake Rekowskie) to 5.895 m™! (Lake Czarne near Salin). The corresponding
transmittances (Tpar) are, respectively, 66.2 and 0.3%. In the polyhumic Lake
Czarne near Salino (Kgpar = 5.895 m™Y), solar radiation penetrating the water
column is almost completely absorbed in the water layer of only 1 metre thickness.
In the clearest lakes, the highest transmittance is observed in the spectral band of
550-570 nm (green-yellow light). As the concentration of the coloured dissolved
organic matter (CDOM) increases, the maximum spectral transmittance moves
towards the longer wavelengths. In lakes with a true colour of water of more
than 30 mg Pt L', the maximum transmittance falls on the red light region
(670-700 nm).

The lobelia lakes show high values of the product of the Secchi depth (SD) and
the diffuse attenuation coefficient for irradiance of PAR (K4 par), ¥ = SD - Kq par.
The extreme k-values determine its variability range from 1.48 (Lake Plocica) to
4.29 (Lake Oblica). In the light of recent research, however, the presence of indicator
species (L. dortmanna, I. lacustris and L. uniflora) has not been confirmed in the
latter lake [45]. As many as 85% of studied lobelia lakes have k-values higher than
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2.0, indicating that they are clean or coloured lakes [44, 46]. Since the k product
links the inversely proportional correlation with the ratio of scattering to light
absorption (b/a) [47], the effect of absorption on the total light attenuation in the
lobelia lakes is slightly greater. Lobelia lakes are generally less turbid. Concentra-
tions of suspended solids (dry mass of seston) in the surface water of lobelia lakes are
on average 4.7 mg L' (range: 1.6-10.1 mg L") and are almost twice lower than
those observed in other Pomeranian lakes. The main water admixtures determining
the spectral shape of the total absorption coefficients, as well as diffuse attenuation
coefficients for irradiance of PAR in the lobelia lakes, are the coloured dissolved
organic matter and phytoplankton suspensoids, which totally dominate the optical
properties of their waters. The statistical relationships between the diffuse attenua-
tion coefficient for downward irradiance of PAR and the true colour of water and
chlorophyll-a concentrations found in the discussed group of lakes are shown in
Table 4.

The lower values of the scattering-to-absorption ratio found in the lobelia lakes
are also expressed in the fact that the amount of the surface incident light penetrating
to the Secchi depth is also lower in these lakes (in average conditions ~9%) than in
other Pomeranian lakes (~15%). As an effect, the relations that bind the euphotic
zone and Secchi depths are substantially different in both groups of lakes. For lobelia
lakes the equation describing the euphotic zone depth (EZD) as a function of the
Secchi depth (SD) is as follows: EZD = 1.79 - SD (R? = 0.79, n = 54). The slope
value of the regression line, most often adopted for non-lobelia Pomeranian lakes, is
significantly greater and ranges from 2.4 to 2.5 [44, 48]. The most frequent euphotic
zones observed in lobelia lakes range from 3.3 to 6.4 m (average 5.2 m), and only in
a few exceed 10 m (lakes Piasek, Rekowskie, Kwisno Duze).

The availability of light for photosynthesis is one of the most important factors
regulating both the abundance and distribution of autotrophic aquatic plants. Strong
and selective attenuation of light in the water column causes its quantity and spectral
composition to change significantly with depth. The intensity of these changes in
combination with the individual light requirements of particular macrophyte species
determines the maximum depths of their colonization. In reference to indicator
species of lobelia lakes (L. dortmanna, I. lacustris, 1. echinospora, L.), a clear
regularity, manifested by an increase in their light needs along with an increase in
water transparency, is observed [49, 50]. In other words, these species colonizing
deeper areas of the littoral zone need more and more light. In the case of

Table 4 Empirical relationships between diffuse attenuation coefficient of downward irradiance
(Kapar: m™") and true colour of water (TC) and chlorophyll-a concentration (CHL) in
Pomeranian lobelia lakes (n = 55)

Water quality parameter Equation r

TC [mg Pt L] Kapar = 0.036 TC + 0.569 0.89
TC [mg Pt L™"] Kapar = 0.364 TC**3 0.66
CHL [pg L™ Kapar = 0.039 CHL + 0.468 0.28
CHL [ug L™ Kgpar = 0.216 CHL?® 0.49
TC [mg Pt L™'] and CHL [pg L™'] Kgpar = 0.033 TC + 0.012 CHL + 0.378 0.91
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L. dortmanna, the light demand of individuals growing at a depth of 2.0 m is 47% of
the surface irradiance of PAR. These requirements can only be met if the water
transparency is about 7-8 m. The light needs of individuals growing at a depth of
1.0 m are about 40%, and at a depth of 0.5 m, only 34% of the surface irradiance
[50]. Limitations in access to light mean that even in the cleanest Pomeranian lakes,
the maximum depth of colonization of the water lobelia is not greater than
2.0-2.2 m. The light requirements of the Isoétes lacustris species are twice as low.
Individuals growing in the littoral zone at depths of 1-5 m need only 20-25% of the
surface irradiance of PAR.

7 Vegetation of Polish Lobelia Lakes

In Poland, the term “soft-water lobelia lake” is associated with the natural habitat
of Natura 2000, code 3110 — “Oligotrophic waters containing very few minerals of
sandy plains (Littorelletalia uniflorae)”. This habitat is designated as “oligotrophic
water bodies with a small amount of mineral and alkaline compounds, with
aquatic or bi-habitat perennial vegetation belonging to the order Littorelletalia
uniflorae”, occurring on the oligotrophic soils of lake and pond shores (sometimes
on peat soils). The vegetation forms one or more clearly defined zones, dominated
by Littorella uniflora, Lobelia dortmanna or Isoetes lacustris (rarely Isoetes
echinospora), although not all zones must be present in one water body [51].
These small perennial plants, commonly called isoetids, are often accompanied by
other plant species, both vascular, e.g. Myriophyllum alterniflorum, Juncus bulbosus
and Luronium natans (priority species in the Natura 2000 network), and bryophytes
from the genera Drepanocladus, Warnstorfia, Sphagnum or Fontinalis and algae
from the family Characeae, especially from the genus Nitella.

Vegetation conditions for plants in the specific habitats of soft-water lakes are
not favourable, due to low availability of carbon dioxide (CO,) in the water and
in the bottom sediments, as well as nutrients — nitrogen and phosphorus. CO, is a key
factor determining the occurrence of isoetid communities. This is because carbon
dioxide is the only source of carbon necessary for them to conduct photosynthesis.
Most of the remaining species of aquatic plants can, thanks to the appropriate
enzymes (carbonic anhydrase), take C from bicarbonates. The presence of free
CO, depends on the pH of the water. In neutral and alkaline water environments,
there are mainly carbonates and bicarbonates, and the amounts of free CO, are
minimal. In addition, dissolved carbon dioxide is very quickly assimilated by
autotrophs, primarily phytoplankton. In such ecosystems, permanent CO, deficits
occur. This restriction is an effective barrier that prevents the growth of isoetids.
When the water pH is about 6.0, the equivalent amounts of free CO, and bicarbon-
ates are present in the environment. Further lowering of the pH results in an increase
in the amount of free carbon dioxide, with the simultaneous disappearance of
bicarbonates. At pH of around 4.0, only mineral carbon in the form of free CO, is
present. Regardless of the water pH, the total amount of mineral carbon remains
constant, and only its chemical form changes.
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The lack of carbonic anhydrase in isoetids means that these plants can only
vegetate in lakes with low levels of water reactivity. An additional factor favouring
the occurrence of these species is the low trophy of waters (low concentrations of
nitrogen and phosphorus) which limits the development of other primary producers
(plankton and higher plants), competitors with respect to CO, [52]. In addition,
isoetids have evolved some morphological and biochemical adaptations enabling
their vegetation within limited carbon availability. They have developed mecha-
nisms that allow for the uptake of CO, from the substrate where the concentration of
this gas is usually 10100 times higher compared to the water layer. Well-developed
root systems serve this purpose. In the case of isoetids, shoot-to-root ratio is as
low as 0.3 enabling not only the uptake of carbon dioxide but also an increased
nutrient supply [2, 3]. In addition, isoetids are able to recover some of the CO, from
respiration by storing it in an extensive air cell system [3, 53-55].

Another adaptation of isoetids to the low availability of mineral carbon forms
are additional physiological mechanisms supporting carbon binding. Isoetids
growing in an oligotrophic environment — like many terrestrial plants, especially
those vegetating in the unfavourable conditions of the hot climate of deserts and
semi-deserts — belong to the C4 cycle plants. In this cycle, as a result of CO,
incorporation, a four-carbon compound oxaloacetate occurs. It undergoes further
transformations and is transported to specialized leaf bundle sheath cells. Conse-
quently, the C4 pathway leads to a concentration of C in bundle cells. It is estimated
that the concentration of carbon in the cytosol of these cells exceeds 10-20 times
the concentration in mesophyll cells.

Littorella and Isoetes are also mentioned in the group of plants that carry
out metabolic processes involving crassulacean acid (CAM - crassulacean acid
metabolism). This metabolic cycle is in some respects similar to C4 metabolism.
The differences relate to the location and the time-dependent processes of initial
carboxylation and decarboxylation. In C4 plants, these processes occur simulta-
neously but in different types of cells. They are therefore spatially separated.
In CAM plants, both processes run in the same cells but are separated in time.
This is because carboxylation occurs at night, when the concentration of free
CO; (respiration, limitation of CO, capture by plankton) is greatest, and decarbox-
ylation takes place during the day. The adaptive mechanisms described above occur
simultaneously in the same isoetid species, enhancing their effect. According to
Farmer and Spence [56], intensive CAM metabolism and CO, uptake from
sediments were recorded in Isoetes lacustris, while in Lobelia dortmanna CO,
uptake from sediments and the efficient functioning of the CO, capture mechanism
from respiration, the so-called photorespirational trap, have been described.
In contrast, Littorella uniflora efficiently uses all three of the above mechanisms.
Diversified adaptation mechanisms make Littorella the most flexible species among
all species characteristic for lobelia lakes, and this is why this species occurs in
Polish lobelia lakes, both acidified and typical lakes, as well as in lakes with
increased trophic state, where it shares the zone of littoral with elodeids or even
representatives of stoneworts.
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The first studies [1, 7] to attempt an inventory examination and description of
the functioning of Polish lobelia lakes revealed the significant diversity of these
water bodies in terms of vegetation structure. The reasons for such diversity have
been investigated and determined by many scientists dealing with the aquatic
environment [6, 8, 12].

The occurrence of bryophytes in lobelia lakes may indicate a threat to the isoetid
habitat resulting from the acidification of waters in these lakes, and the emergence of
elodeids and stoneworts can indicate threats resulting from eutrophication — often
originating from human impact [14]. The spatial and qualitative structure of
plant communities depends on the trophic character of waters.

In lobelia lakes with acidic waters and at the same time with high water trans-
parency, the zone of littoral and shallow eulittoral (up to about 1.5 m) is overgrown
by Lobelia dortmanna and Littorella uniflora. They are often accompanied
by Juncus bulbosus. In lakes with water characterized by extremely low pH
(pH <4.5), characteristic species occur with much smaller density or even disappear.
Below a depth of 1.5 m, Isdetes lacustris begins to dominate, and the density of
the two remaining species decreases rapidly with depth. Below a depth of 3-5 m
(depending on the water transparency), I. lacustris disappears quite rapidly, and
Sphagnum mosses occur with the dominating of Sphagnum denticulatum [37].

In acidified polyhumic lakes, due to the intense colour of the water resulting
small water transparency, the phytolittoral zone is narrow. Rapid reduction of light
penetration strongly limits the occurrence of L. dortmanna and L. uniflora. Among
the characteristic species, Isoetes lacustris dominates, but its coverage rarely exceeds
40%, and it occurs at much smaller depths than in acidic oligohumic lakes. In some
polyhumic lakes, conditions of limited availability of light in the water depth
restricting submerged vegetation will lead to the prevalence of plants with floating
leaves. Nuphar pumila and Sparganium affine often occur here. The leaves floating
on the water surface will additionally shade the bottom and limit the possibility
of isoetid occurrence [37].

In typical balanced lobelia lakes, characteristic plant species develop lush
and create specific spatial zones. In the shore zone, the shallowest part of the
lake, Lobelia dortmanna and Littorella uniflora grow very abundantly — creating
dense beds overgrowing the sandy or sandy-stony type of surface. Suitable habitat
conditions usually allow the emergence of a two-layered vegetation structure.
Small isoetids co-occur along with Eleocharsis palustris or Carex rostrata and
C. lasiocarpa (in lakes with a slightly more acidic pH). In deeper parts, species
such as Myriophyllum alterniflorum occur, and in lower densities, Elodea
canadensis and Ceratophyllum demersum, along with isoetids. With increasing
depth, L. dortmanna and later L. uniflora gradually disappear, and Isoetes lacustris
begins to dominate. Such species zonation can be observed up to a depth of 5 m.
At greater depths I lacustris quickly disappears, and algae of the genus Nitella
and Chara delicatula dominate, covering the bottom with a thick coverage. The
maximum range of plants in this type of lobelia lake is 12 m, although due to the
large diversity of physical and chemical properties of waters it may be much lower.
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The lobelia lakes that are subjected to accelerated eutrophication are character-
ized by a simplified floristic composition, and the composition of characteristic
species is always limited. Littoral surfaces overgrown by characteristic species are
also limited, and they also occur in less compact patches. Much larger phytolittoral
surfaces are overgrown by Myriophyllum alterniflorum and by other species char-
acteristic of waters with higher trophic conditions. In extreme cases, Myriophyllum
spicatum develops massively; it is a symptom of strong eutrophication [16].

Many lakes have already ceased to be lobelia lakes due to rapidly progressing
eutrophication, and characteristic species have been replaced by typically eutrophic
ones. These water bodies are now surrounded by a wide reed belt. Due to the
turbidity of the water, the submerged macrophytes are poor, and there are species
with floating leaves.

8 Threats and Protection of Polish Lobelia Lakes

Most of the PLL are covered by different forms of protection. Nine of PLL are
located in National Parks, Tuchola Forest National Park (7 lakes), Slovincian
National Park (Lake Dotgie Wielkie) and Karkonosze National Park (Lake Wielki
Staw), 40 lakes are located in landscape parks and 26 lakes are nature reserves. The
PLL fully correspond to the definition of EU habitat 3110 Natura 2000 programme
described as “Oligotrophic waters containing very few minerals of sandy plains
(Littorelletalia uniflorae)” consisting of “oligotrophic waters with few minerals
and base poor, with an aquatic to amphibious low perennial vegetation belonging
to the Littorelletalia uniflorae order, on oligotrophic soils of lake and pond banks
(sometimes on peaty soils). This vegetation consists of one or more zones, domi-
nated by Littorella, Lobelia dortmanna or Isoetes, although not all zones may be
found at a given site” [51]. Therefore, lobelia lakes were the basis for designating
many Natura 2000 areas, and now 119 of PLL are protected within them [57]. Almost
25% of PLL (about 40 sites) were assigned for the monitoring of the 3110 habitat
conservation status and since 2009 monitoring is carried out [20, 58, 59].

Soft-water lobelia lakes are vulnerable to acidification, humification, eutrophica-
tion and alkalinization. As a result of these pressures, a number of these lakes have
undergone substantial deterioration in European countries. It is estimated that 14%
of PLL had significantly changed their physical and chemical water properties since
the beginning of twentieth century, resulting in loss of all plant species characteristic
for lobelia lakes. In various other PLL, some characteristic species disappeared
entirely, while those which remained had significantly decreased in their coverage.
Kraska and Piotrowicz [16] found that within the group of acidified PLL (both oligo-
and polyhumic), 32% of ecosystems lost at least one characteristic plant species and
about 4% lost two plant species. Within the group of eutrophicated PLL, almost
40% ecosystems are inhabited only by two of three characteristic species and 15%
only by one characteristic plant species.
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Acidification of lobelia lakes and deterioration of characteristic plant species is
phenomenon well documented in Europe [4, 5]. Increased atmospheric deposition of
nitrogen and sulphur compounds leads not only to the drop of water pH but also to
increase of C and N availability. According to Arts et al. [60], Lobelia dortmanna is
the last tolerant species for acidification and then I. lacustris and L. uniflora as the
species with the highest tolerance. This is not confirmed by the observations carried
out in PLL. In the most acidified of PLL (lakes Szare, pH 3.9; Regnice, pH 4.4;
Wygoda, pH 3.8), L. uniflora is absent, and among other characteristic species,
I lacustris occur with highest abundance [16]. Decrease of water pH may be also a
result of intensive inflows of humic substances from catchment areas. Overland flow
from coniferous forests and waters outflowing from sphagnum or high bogs is
characterized by a very acidic reaction — even below pH 4.0 — and contains
significant levels of humic substances [39]. Humic substances not only acidify the
lake water but also significantly change underwater light conditions, decrease
euphotic zone and change hydrochemistry of water [41]. In natural catchments
(undisturbed by humans), delivery of humic substances is usually balanced with
their photodegradation and sedimentation. Additionally, natural and well-developed
ecotonal zones disperse and modify the transport of organic matter from catchments
to lobelia lakes [37]. The increase in the total precipitation may intensify the
transport of humic substances to the lakes. Particularly event of heavy rain can
enhance inflow of humic acids and further trigger acidification and dystrophication
processes [38]. In many cases improper forest management is the key factor inducing
the acidification and humification of lobelia lakes. Clear logging of tree stands
(especially in proximity of lakes) and plowing of raw humus layer to prepare new
plantations cause the flush of forest litter directly to the lake. Such methods of
logging were in the past carried out within catchment area of majority of PLL.
The other activity that can accelerate lobelia lake dystrophication is draining of the
wetlands located within catchment areas. Examples from the past show that humus-
rich inflows from drained peat bogs changed the optical properties and lake
hydrochemistry causing the deterioration of characteristic plant species (e.g. lakes
Czarnéwek, Skape). Currently, forest management takes into account conservation
needs of PLL because majority of these ecosystems are located in areas of legal
protection [61]. In many cases, according to protective recommendations, artificial
inflows that drained the wetlands were cut off.

Eutrophication of PLL is the result of many different processes although it is
almost always associated with intense human impact on lakes and catchments.
Deforestation and transformation of catchment areas into arable lands, pastures
and human settlements lead to changes in water cycle. Decrease of water retention
in the catchment accelerates water outflow and increases the loads of nitrogen,
phosphorus, carbon, calcium and other chemical elements reaching the lakes.
It promotes the development of “hard water” plant species (what in first stages of
eutrophication lead to the increase of biodiversity) and algae growth. The loss
of isoetid species is usually gradual and results from several overlapping factors.
One of the most important is light limitation and competitive exclusion of isoetid
species by plants well adapted to turbid water (nympheids, elodeids). The reaction
of characteristic plant species on eutrophication is different, and undoubtedly
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the Littorella uniflora is the species with the highest tolerance and plasticity [62, 63].
In eutrophicated PLL L. uniflora is often the only species among vegetation char-
acteristic for these water bodies. Because of its amphibious character, L. uniflora
survive out of water (Fig. 7), and therefore it is resistant to periodic drying of the
littoral zone. In eutrophicated lobelia lakes, even small changes in chemical elements
balance, caused by natural or human-driven factors, can cause degradation and
vanishing of characteristic vegetation. Klimaszyk et al. [64] described the increase
of water trophy, decrease of isoetids bottom coverage and development of elodeids
and nympheids triggered by nutrient inflow from the abundant cormorants
(Phalacrocorax carbo) roost established on the shore of the Lake Dotgie Wielkie.
Between 1998 and 2009, the mean bottom coverage by L. uniflora in the lake
decreased from over 20% to about 5%, and the maximum depth of occurrence
has decreased of about 50% [64]. Studies conducted in 2016 (made within the
monitoring of habitats 3110 Natura 2000) showed complete disappearance of
Littorella from the lake [20].

Fishery, even on a small scale, constitutes a threat to the number of lobelia lakes.
A poor food base results in the impoverishment of the quantitative and qualitative
structure of fish fauna [65, 66]. Another factor reducing the occurrence of fish in

Fig. 7 Patches of Littorella uniflora on the dried edge of Lake Krzemno
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lobelia lakes is the acidic reaction of the water [67, 68]. The significant thread to
PLL are both fishery and recreational fishing. Usually in acidified lobelia lakes,
the quantity and quality structure of fish assemblages is scarce. Significant threat
to the lobelia lakes may be fish stocking. Case study of the Modre Lake [15] shows
that attempts of fishery on acidified lobelia lakes led to long-lasting changes in water
hydrochemistry and isoetids structure. Liming and fish stocking of this lake led to
rapid changes in physico-chemical water parameters. Within several years water
transparency decreased from 12 to 3 m. Summer thermal and oxygen stratification
developed, and total oxygen depletion occurred in the water layer over bottom
sediments. Changes in the physical and chemical parameters of the lake water
led to changes in the species composition of vegetation patches (significant decrease
of bottom coverage by L. dortmanna and I. lacustris and decrease in the area
of the phytolittoral) [15]. Intensive commercial and recreational fishery may thread
the functioning of lobelia lakes by the changes in the species structure of fish
assemblage. Overfishing of predator species (which is a widespread phenomenon)
leads to an increase in the number of small cyprinids. This in turn, due to complex
processes, increases the number of phytoplankton and decreases the transparency
of water. Recreational fishery thread the lobelia lakes also by other impacts:
supplementation of water in nutrients and other chemical elements (with baits)
and mechanical destruction of plant habitats during wadding [15]. According to
Kapusta and Czarkowski [69], many of Polish lobelia lakes were stocked with alien
and invasive fish species. The introduction of grass carp (Ctenopharyngodon idella)
or silver/bighead carps (Hypophthalmichthys sp.) observed in some PLL [69] seems
to be particularly in danger. These fish species of Asian origin are known to exert
very strong impact on the food chains in newly colonized ecosystems.

Due to their natural values, most of the PLL are subjected to intense recreational
pressure. Clear-transparent water, sandy bottom, and forested shorelines attract high
numbers of tourists for bathing, resting and water sports. The major consequences of
the human pressure are:

— Patches trampled within catchment area what decrease water retention and
accelerate transport of chemical elements to the lake

— Destruction of significant fragments of ecotonal zones by sunbathers

— Havoc of hydromacrophytes (isoetids) within bathing areas

— Littering of lake and catchment

These effects are particularly pronounced in PLL which are located close to
human aggregations (urban areas, holiday resorts). The most profound example of
the impact of recreational pressure is Lake Jeleri, one of the biggest PLL (88 ha)
located within the borders of City of Bytéw. The significant part of the lake
catchment is used for recreational purposes. In the immediate proximity of the
shoreline, one can found camp site, holiday houses, a restaurant, playgrounds and
different infrastructure — roads and parking lot. Such impact and transformation of
lake shore promote the overland flow and increase loading of chemical elements.
Hundreds of tourists resting annually at the lake shore cause significant damage in
the littoral zone. On the considerable length of the shoreline, the isoetids and other
aquatic plants disappeared due to the mechanical destruction of the habitat by people
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wading in the water. This pressure together with increasing transformations of
catchment into residential building areas led to the changes in vegetation structure
but also increased trophy of the lake. Since the 90th of the twentieth century, the
concentrations of nutrients in lake water increased over twofold, while water trans-
parency decreased by approximately 50%. The Carlson Trophic Index changed from
values characteristic for mesotrophy in 1991 to eutrophy in 2013. Within the last
three decades, the abundance of isoetids decreased by 50%, and plants characteristic
for eutrophic lakes (e.g. Elodea canadensis) started to expand their coverage.

The lobelia lakes are rare and endangered ecosystems in Poland. Due to the
low buffer capacity of water, they are particularly prone to various natural and
human-driven impacts. These threats are of different types, namely, urbanization,
agriculture, improper forest management, excessive recreation and global climate
changes. In the last decades, significant part of PLL lost their ecological values.
It is our duty to broaden knowledge about their functioning and to implement
comprehensive methods of its protection and restoration.
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Abstract The research covered three groups of lakes: urban lakes in Kartuzy in
the East Pomeranian Lake District, a group of Barczewo lakes in the Olsztyn
Lakeland, and a group of Leginy lakes in the Mragowo Lakeland. The water bodies
were evaluated in terms of water dynamics, oxygen saturation, mineral pollution,
and trophic status. The lake complexes differed fundamentally in land-use types
in the surrounding areas. The lakes from each group were different. Electrolytic
conductivity was highest in urban lakes, especially in Lake Karczemne which has
been a sewage receptacle for many years. In the group of urban water bodies, the
trophic state index was highest in Lake Karczemne (TSI (SD) and (TP), within
the limits of hypertrophy, R* = 0.886). In this group of lakes, organic matter limited
visibility (R* = 0.943). In the lakes surrounded mainly by forests, TSI was lower
and indicative of oligo/mesotrophy in Lakes KierZliniskie and Dtuzek. Lake Dhuzek
was characterized by extremely low electrolytic conductivity (43—87 uS cm™').
TSI (TP) exceeded the reference standards in all examined lakes. In eight water
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bodies, primary production was limited by nitrogen (TSI (Chl) — TSI (TN) > 0 and
TSI (TN) — TSI (TP) < 0, TN/TP < 10), which promoted cyanobacterial blooms.

Keywords Catchment - Lakes - TSI - Urban - Water dynamics

1 Introduction

Lakes are relatively unstable elements of the landscape, and they are characteristic of
young postglacial landscapes. Lakes occupy depressions and naturally accumulate
the substances that flow from the basin, both in dissolved and slurry form. These
factors are responsible for eutrophication which determines the quality of lakes [1].
According to Borowiak [2], clear and blue lake waters contribute to the aesthetic
appeal of young glacial landscapes and confirm their good ecological status. The
green color of lake water is indicative of significant changes not only in the lake
but also in other reservoirs that feed into lakes. Lakes are a part of an ecosystem
that extends beyond the shoreline to the catchment area. These ecosystems are highly
sensitive to anthropogenic pressure [3].

The functioning of water bodies is strictly dependent on the supply of water
from the basin [4]. Land-use types in the catchment have a decisive influence on
the quantity and type of pollutants supplied to surface water and groundwater.
Anthropogenic changes in catchment areas, such as intensification of agriculture,
drainage, sewage and rainwater disposal [5—7] as well as excessive recreational
use, contribute to the disappearance of lake ecosystems around the world [8, 9].
In practice, this is manifested by intensified primary production, deteriorating
aesthetics and sanitary conditions, increasing complexity and cost of water
treatment, and, in the long run, closure of lakes for recreational use and fishing.

Urban lakes are particularly exposed to degradation. These water bodies are often
small and shallow. Changes in the catchment area and hydrotechnical treatments
further contribute to the unnatural and intensified degradation of urban lakes [10].
The lakes in Kartuzy, which have been used as sewage receptacles for many years,
belong to this category. Lakes in agricultural catchments undergo eutrophication
due to artificial fertilizers which are often applied in excessive doses or in the wrong
period. Fertilizer ingredients are largely washed out from the soil surface. In periods
of extremely adverse weather and high rainfall, up to 40% of fertilizer ingredients
can be washed out from the soil [11]. This is the case in the group of lakes near
Reszel in the Mragowo Lake District. Forest catchments are least conducive to the
eutrophication of lakes.

The aim of this work is to compare environmental conditions in lakes located in
different areas (urban, agricultural, and forest).
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2 Materials and Methods

This study did not set out to investigate the relationship between the analyzed
parameters and land-use type in sub-catchments. The main focus was on the location
of lakes in the spatial sense. Three groups of lakes were examined in the study:

(a) A group of four urban lakes in Kartuzy (Mielenko, Karczemne, Klasztorne Mate,
and Klasztorne Duze) (Fig. 1) in the Eastern Pomeranian Lakeland

(b) A group of 11 lakes situated near Barczewo (Kiermas, Kierzlinskie, Dtuzek,
Tumiany, Pisz, Podabek, Umlag, Orzyc, Orzycek, Kietdynek, and Swietajno) in
the Olsztyn Lakeland (Fig. 2)

(c) A group of six lakes (Klaw6j, Pasterzewo, Leginskie, Mutek, Widrynskie, and
Trzcinno) in the Mragowo Lake District (Fig. 3)

These lakes form compact groups, and they are exposed to anthropogenic
pressure to a varied extent. Their basic morphometric parameters are presented
in Table 1.

The study was carried out on an annual cycle, during all seasons of the year.
Water samples were collected at a depth of 1 m (surface) and 0.5 m above the
bottom (bottom) in one measuring station located above the deepest part of the lake.
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Fig. 1 The location of urban lakes in Kartuzy with a marked boundary of the catchment area
(Source: based on [6])
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Fig. 3 The location of the lakes in Leginy (Source: based on [13])

Secchi disc (SD) visibility and the thermal-oxygen profile were determined during
each measurement. Oxygen content and temperature were determined with the
ProOdo optical oxygen probe (YSI), and electrolytic conductivity was measured
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Table 1 Basic morphometric parameters of the investigated lakes

The group of Location Water surface | Volume Max. depth | Aver. depth
lakes a.s.l (m) (ha) (m?) (m) (m)
Kartuzy

Mielenko® 204.0 7.8 102,900 1.9 1.3
Karczemne® 203.7 40.4 798,300 32 2.0
Klasztorne 203.0 13.7 1,106,000 |20.0 8.1
Mate*

Klasztorne 202.3 57.5 2,780,000 8.5 4.8
Duze®

Barczewo

Kiermas 109.0 70.0 2,150,000 9.3 3.1
Kierzlinskie 113.7 92.8 10,861,100 |44.5 11.7
Dtuzek 143.2 433 3,078,000 |29.8 7.1
Tumiariskie 112.9 120.6 8,110,900 |17.0 6.7
Pisz 112.8 205.0 11,570,800 |25.2 5.1
Podabek® 108.2 3.3 228,222 17.5 53
Umlag 109.2 85.0 2,335,700 5.0 1.9
Orzyc 67.5 57.6 2,666,800 |11.5 4.6
Orzycek” 112.8 7.1 No data 22 No data
Kietdynek 113.4 9.0 186,200 4.0 2.1
Swietajno 109.1 18.0 494,100 6.6 2.7
Leginy

Klawdgj 106.9 26.0 2,090,900 |17.3 8.0
Pasterzewo 104.8 31.0 2,271,100 21.5 7.3
Legiriskie 103.2 220.0 27,813,300 |37.2 12.6
Widryniskie 114.0 123.9 10,557,400 | 27.0 8.5
Trzcinno 107.7 27.5 3,383,700 |32.2 12.3
Mutek” 107.1 7.0 250,000 15.3 3.6

Source: based on: *[6, 12, 13], “lake area was measured with the tools available at geoportal pl. [14]

with the MultiLine probe (WTW). Colorimetric measurements of total phosphorus
(TP) were conducted after digestion with sulfuric acid and potassium persulfate
with ammonium molybdate and SnCl, using the Macherey-Nagel Nanocolor
spectrophotometer. Ammonium nitrogen (NH,;) concentration was determined
with the Merck SQ 118 spectrophotometer. The concentrations of nonvolatile
total organic carbon (TOC) and total nitrogen (TN) were determined with the
Hach IL 550 TOC-TN analyzer. Chlorophyll a was determined by pheopigment-
corrected spectrophotometry [15].

The trophic state of the studied lakes was assessed on the basis of Carlson’s
trophic state index [16].

Partial and detailed indexes were calculated from the following transformed
equations:
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TSI (SD) = 60 — 14.43 In (SD)
TSI (Chl) = 9.81 In (Chl) + 30.6
TSI (TP) = 14.42 In (TP) + 4.15

In addition, TSI (TN) was calculated in simplified terms according to Kratzer and
Brezonik [17]:

TSI (TN) = 14.43 In (TN) + 54.45
and TSI (TOC) was calculated according to Dunalska [18]:
TSI (TOC) = 15.71 In (TOC) + 20.59.

TSI < 40 is characteristic of oligotrophic lakes, 40 < TSI < 60 — of mesotrophic
lakes, 60 < TSI <80 — of eutrophic lakes, and TSI > 80 — of hypertrophic lakes.

The data did not have normal distribution; therefore, R? was used. The results
were regarded as statistically significant at a probability level of <0.05.

3 Characteristics of the Research Area

3.1 Lakes in Kartuzy

The catchment area of the group of lakes in Kartuzy covers the area of 12.25 km? [6]
and is characterized by a varied glacial landscape that was formed as a result of the
Nordic Glacier’s stop. The catchment is situated on a rolling patch of corrugated
bottom moraine, strongly eroded and cut by numerous melt basins with no outflow.
Lakes Karczemne, Klasztorne Mate, and Duze are situated in a clear cavity and form
a line with the width of several 100 m in the direction of NNE-SSW. A large melt
depression is partially occupied by Lake Mielenko and adheres to its southwestern
part. Klasztorna Struga is the main stream which delimits a distinct hydrographic
axis in the area [19].

The areas surrounding this group of lakes are characterized by two extremely
different land-use types (Fig. 4): forests and urbanized areas.

Direct catchments are difficult to identify in urban areas. Fragments of the
topographic basin are excluded from the catchment area because they are drained
by storm water drainage systems. Therefore, built-up land was not taken into account
in the direct catchment of Lakes Mielenko, Karczemne (Fig. 5), and Klasztorne
Mate. However, this does not mean that the lakes are not supplied with storm water
from the catchment. Storm water is carried by the drainage system and is discharged
into the water body. The direct catchment of Lakes Klasztorne Male, and Klasztorne
Duze is occupied by forests in 100%.
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211

Fig. 4 Land cover and land-use type in the catchment of the group of lakes in Kartuzy
(according to CLC 2012 [20]): 112, urban area, low-density development; 242, cropped land;
243, cropped land with a high share of natural vegetation; 311, mixed forest; 312, coniferous forest;
313, deciduous forest; 512, water body

Mielenko Karczemne

14,4
35,6

Bforest Emaedow/pasture Bforest @barren

Fig. 5 Land-use types in the direct catchment of Lakes Mielenko and Karczemne
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3.2 The Group of Barczewo Lakes

It is situated in the western part of the Mazury Lake District in the Olsztyn Lakeland.
The local landscape was formed during the last glaciation period. Its decay phases
are marked by the arches of moraine embankments. Moraine height is less than
200 m above sea level. Glacial valleys and former lake basins are occupied by peat
bogs and meadows [19]. The location and the features of this part of the Olsztyn
Lake District are characteristic of glaciated areas in northern Poland. The area is
largely covered by mixed and deciduous forests, with a small share of agricultural
land (Fig. 6).

3.3 The Group of Leginy Lakes

It constitutes a separate complex of water bodies in the Masurian Lake District, in the
northern part of the Mragowo Lake District, near Reszel. These lakes were formed
during the sixth and seventh phase of the last glacial period. These water bodies were

231

Fig. 6 Land cover and land-use types in the catchment of the group of Barczewo lakes (according
to CLC [20]): 112, urban area, low-density development; 211, arable land without drainage
systems; 243, cropped land with a high share of natural vegetation; 312, coniferous forest;
313, deciduous forest; 512, water body
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Fig. 7 Land cover and land-use types in the catchment of the group of Leginy lakes (according to
CLC 2012 [20]): 112, urban area, low-density development; 121, industrial or commercial zone;
211, arable land without drainage systems; 231, meadow; 242, cropped land; 243, cropped land
with a high share of natural vegetation; 311, mixed forest; 313, deciduous forest; 512, water body

grouped based on a shared catchment, the same glaciation phase, and compact
location. The catchment is drained by the upstream section of river Sajna and the
Lyna—Pregota river basin [21, 22]. The meridional fringe orientation of glacial
basins and the latitudinal course of seven moraine chains are the characteristic
features of this area [19]. The catchment is covered mainly by arable land, with a
high share of meadows (Fig. 7).

4 Results and Discussion

4.1 Trophic State

The trophic state of lakes was assessed by analyzing causal factors (phosphorus,
nitrogen) and the resulting biological conditions (Secchi disc visibility, chlorophyll
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a, organic carbon) during the growing season. Carlson’s model is a popular and easy
indicator for describing the trophic state of water bodies [16]. The values for the
analyzed groups of lakes are listed in Table 2.

In lakes characterized by harmonious development and minor anthropogenic
changes, TSI values are equal, and they are indicative of the degree of eutrophica-
tion. Visibility is most often limited by primary production, which is reflected by the
concentration of chlorophyll a. According to Kuehl and Troelstrup [23], visibility
can also be limited by abiotic factors.

The trophic state index was refined to further our understanding of lake function-
ing and the food chain. Partial TSI was developed for water color [24, 25], organic
carbon content [18], and nitrogen content. Nitrogen plays a limiting role in water
bodies when TSI (Chl a) — TSI (TN) > 0 and TSI (TN) — TSI (TP) < 0 [17].
Such dependencies were found in the urban lakes of Klasztorne Mate and Duze; in
Lakes Tumianskie, Umlag, and Kiermas near Barczewo; and in Lakes Widryriskie,
Trzcinno, and Leginskie near Reszel.

The urban lakes in Kartuzy are considerably exposed to anthropogenic pressure,
and their TSI values point to high eutrophication. Lake Klasztorne Mate has been
a receptacle of industrial wastewater for many years [5, 26], and its catchment is

Table 2 TSI values in the TSI

investigated lakes The group of lakes | SD | Chla |TP  |TN | TOC
Kartuzy
Mielenko 732 622 78.5 |74.6 |66.9
Karczemne 832 |76.5 1025 |79.5 |74.6
Klasztorne Mate 75.1 |70.9 854 702 |63.9
Klasztorne Duze 70.0 |67.6 770 |674 614
Barczewo
Kiermas 60.7 |67.1 84.1 |64.1 |614
Kierzliriskie 384 |41.6 70.3 |555 |475
Dtuzek 372 |353 672 |475 |47.1
Tumiariskie 574 ]60.1 769 [599 |64.3
Pisz 56.6 [52.6 73.5 563 |62.8
Podabek 56.5 |56.4 70.5 |62.6 |60.4
Umlag 58.6 |66.6 81.7 |61.2 |61.9
Orzyc 61.5 |50.1 745 633 |623
Orzycek 50.7 |56.2 76.8 |57.7 |60.9
Kietdynek 83.2 |70.5 86.3 |71.2 |69.5
Swigtajno 60.0 |[53.6 742 659 |59.1
Leginy
Klawdj 493 [523 69.8 |58.6 |55.6
Pasterzewo 39.7 |373 69.0 |60.1 |54.7
Legiriskie 48.0 |474 654 [559 |56.1
Widrynskie 46.5 |54.8 70.1 |57.8 |57.8
Trzcinno 41.5 |42.7 69.0 |[564 |74.8
Mutek 66.2 | 66.0 773 |61.5 |62.9
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still disorganized [27]. The above is confirmed by the extreme values of total
nitrogen (up to 22.38 mg N dm ) and total phosphorus (up to 20.6 mg P dm >,
including 8.95 mg P dm > in mineral form), especially in the bottom layer. In this
group of water bodies, TSI (TP) was always highest. In Lakes Karczemne and
Klasztorne Mate, TSI (TP) was indicative of hypertrophy, and it approached
the upper limit of eutrophication in other water bodies (Table 2). Significant differ-
ences in TSI (TP) and TSI (SD) values were observed in the range of 10.0-19.3.
Similar results were noted in Lake Starodworskie in Olsztyn [7], where this differ-
ence reached up to 33. Similar or somewhat greater differences in the values of
TSI (TP) and TSI (SD) were also observed by Kubiak [1] in the lakes of Western
Pomerania, by Grochowska [28] in the lakes of the Upper Pasit¢ka River, and
by Bajkiewicz-Grabowska [29] in the lakes of the Kashubian Landscape Park.
The differences reported by the cited authors were generally higher. According
to the above authors, phosphorus is the main cause of eutrophication.

The relationship between the main trophic state indicators in the group of lakes
in Kartuzy was constant: TSI (TP) > TSI (SD) > TSI (Chl a). The noted values
were characteristic of eutrophication (60-80). In Lake Karczemne, the values of
TSI (TP) and TSI (SD) were indicative of hypertrophy.

The values of TSI (SD) and TSI (TOC) were bound by a significant relationship
which was described by the following equation:

y = 1.333 TSI (TOC) — 1.4538, R* = 0.943
and the relationship between TSI (SD) and TSI (TP) by:
y = 0.5393 TSI (TP) = 27.85, R* =0.886

The lowest value of R? = 0.4654 was calculated for the relationship between
TSI (SD) and (Chl a).

TSI (SD) > TSI (Chl a) points to a predominance of small algae which limit
visibility [18]. Low water transparency can be caused by high concentrations of
organic matter, turbidity, or water color [30]. In the discussed group of lakes, SD
(Fig. 8) was characteristic of highly eutrophic water bodies [2, 31]. The significant
relationship between TSI (SD) and TSI (TOC) is confirmed by the limiting effect
of organic matter at R* = 0.943.

The amount of nitrogen and phosphorus is as important as the nitrogen-to-
phosphorus ratio in the primary production process. A high TN/TP ratio points to
low light penetration caused by algae [31], whereas a low TN/TP ratio points to the
limiting effects of nitrogen and an increase in undesirable species of cyanobacteria.
According to Kosten et al. [32], TP and TN are better indicators of blue-green algal
dominance than TN/TP in a warming climate. In the group of lakes in Kartuzy,
TP and TN values were low, especially in Lake Karczemne (2 < N/P < 6) and
Lake Klasztorne Mate (3 > N/P < 7), which created a favorable environment for
the development of blue-green algae. The above was confirmed by a phytoplankton
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Fig. 8 Water transparency (SD) and chlorophyll a (Chl a) concentration in the group of lakes in
Kartuzy

study [26] which revealed a predominance of cyanobacteria. In Lake Karczemne,
blue-green algae accounted for 38% of phytoplankton in June and 93% in August,
and the dominant species were Microcystis wesenbergii (56%), Microcystis
aeruginosa (20%), and Microcystis viridis (10%). In the phytoplankton of Lake
Klasztorne Mate, blue-green algae accounted for 53% of phytoplankton in June
and 94% in August, with a predominance of Microcystis aeruginosa (78%) and
Microcystis wesenbergii (11%). Cyanobacterial blooms were not observed in
Lake Mielenko (12 < N/P < 15). In June, green algae (Pediastrum boryanum)
were predominant, and the share of cyanobacteria was below 10%, whereas in
August, cyanobacteria accounted for 36% of phytoplankton, with a predominance
of Microcystis aeruginosa (18%). In Lake Klasztorne Duze, TN/TP was determined
at 11, and the limiting effect of nitrogen was the main contributor to TSI in June [14]
when blue-green algae accounted for 47% of phytoplankton (mainly Cuspidothrix
issatschenkoi), whereas in August, TN/TP was determined at 9 [20] and blue-green
algal blooms were not noted.

In the group of lakes near Barczewo, most of which are situated in a forest,
TSI values differed significantly between individual lakes. The greatest variations
of up to 32 were noted in Lakes Kierzlinskie and Dtuzek. In most cases, TSI
values were indicative of eutrophication. Similarly to urban lakes, the lakes near
Barczewo were generally characterized by the highest values of TSI (TP). In Lakes
Kiermas, Umlag, and Kietdynek, TSI (TP) exceeded the limit for hypertrophy,
but the above was not confirmed by other TSI values.

In the deepest lakes, KierZlifiskie and Dtuzek, TSI (SD) and TSI (Chl a) were
indicative of oligotrophy. In these lakes, TSI (SD) = TSI (Chl a) < TSI (TP),
which suggests that visibility was determined by primary production (R* = 0.668)
(Fig. 9) and could be modified by other factors, such as zooplankton feeding
or toxic compounds [30]. In Lakes Kiermas, Tumiariskie, Umlag, and Orzycek,
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Fig. 9 The relationships between TSI (SD) vs. TSI (Chl a), (TP), (TN), and (TOC) in the group of
Barczewo lakes

TSI (SD) < TSI (Chl a), which indicates that the phytoplankton was dominated
by cyanobacteria [28]. The above was confirmed by low visibility (0.7-1.5 m) and
the limiting effects of nitrogen on primary production [17]. In the above water
bodies, the values of TN and TP (7 < N/P < 8) were lower than in the remaining
lakes from this group.

In other water bodies, TSI (SD) > TSI (Chl), which points to the predominance of
small algae which limited SD visibility [18]. The values of TSI (SD) and TSI (TOC)
were bound by a significant relationship.

In this group of water bodies, the following relationships were observed between
TSI(SD) and other partial indexes:

y = 0.9955 TSI (Chl a) + 2.0755; R> = 0.668,
y = 1.6905 TSI(TP) — 70.958; R* = 0.5899,
y = 1.5865 TSI (TN) — 39.961; R* = 0.819,
y = 1.719 TSI(TOC) — 45.895; R*> = 0.834.

The group of Leginy lakes is situated in an area characterized by moderate
agricultural production, absence of rehydration, and presence of natural vegetation.
Most TSI values were within the limit of mesotrophy (40 < TSI < 60). The values of
TSI (TP) were generally determined within the upper limit of eutrophication.

The most frequently observed relationship was TSI (SD) = TSI (Chl a) > TSI(TP).
The above implies that light attenuation in water was significantly influenced by the
phytoplankton. Algal biomass could also be limited by other factors, including
extermination of zooplankton, toxic compounds, or the limiting effects of nitrogen.
Based on visibility and other factors, the relationships between these indicators were
described by the following equations:
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Fig. 10 The relationships between TSI (SD) vs. TSI(Chl a), (TP), (TN), and (TOC) in the group of
Leginy lakes

y = 0.8696 TSI(Chl a) + 4.9688; R* = 0.859,
y = 1.9178 TSI (TP) — 85.948; R*> = 0.6336,
y = 2.4166 TSI (TN) — 92.586; R> = 0.3119.

In this group of water bodies, organic matter (TOC) did not limit Secchi
disc visibility (negligible R*). The only exception was Lake Legiriskie where
TSI (TP) < TSI (TOC), which implies that such a relationship could theoretically
exist, but was not confirmed in practice.

The limiting effects of nitrogen on primary production, determined based on
the dependence described by Kratzer and Brezonik [17], were observed in Lakes
Widryiskie, Trzcinno, and Legifiskie. In these water bodies, TN/TP ranged from
8 to 19 and was higher than in urban lakes where cyanobacteria decreased
Secchi disc visibility. In these lakes, visibility levels were dependent on chlorophyll
a concentration (Fig. 10) and characteristic of eutrophication [2, 31] (Fig. 11).
The differences between partial TSI values were significant, especially in lakes
where nitrogen was a limiting factor. The highest values of TSI (TP) could be
attributed to the fact that phosphorus was not fully utilized in the primary production
process. According to Kubiak [1] and Marszelewski [11], TSI (TP) values in other
Polish lakes could be higher than the actual trophic state of the lake environment.

4.2 Water Circulation

The trophic state of a water body is directly influenced by the availability of nutrients
supplied from the catchment or released from bottom sediments and the trophogenic
layer during the growing season [7]. The circulation of matter and energy in a water
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Fig. 11 Water transparency (SD) and chlorophyll a (Chl a) concentration in the group of Leginy
lakes

body is driven by water circulation. A lake’s mixing regime and oxygen saturation
in the bottom layer play an important role in these processes.

The discussed water bodies were morphometrically differentiated (Table 1).
Each group of lakes included water bodies situated in open areas as well as lakes
that were shielded from wind by forests. These factors contributed to variations in
the water dynamics of the analyzed lakes. The intensity and extent of wind-induced
mixing, which are determined by the morphometric characteristics of each lake,
primary production, and the distribution of organic matter influence oxygen levels
in a water body.

In the group of urban water bodies, Lakes Karczemne and Mielenko were
polymictic water bodies, and summer stratification in Lake Klasztorne Duze was
incomplete. Lake Klasztorne Male is heavily stratified, and it is one of the few
meromictic water bodies in Poland [5, 7]. Due to considerable sewage pollution
and limited water dynamics, including in periods of circulation, deeper lake strata
were deficient in oxygen [25, 27]. Oxygen levels were low in all water bodies in this
group.

In the group of Barczewo lakes, Lakes Swigtajno and Kietdynek are shallow
water bodies with a complex circulation pattern. Lakes Pisz, Dtuzek, Kierzlinskie,
and Podabek are bradymictic water bodies with low water dynamics. Lake Podabek
periodically exhibits the characteristic features of meromixis [7]. Lakes Orzyc,
Kiermas, and Tumianskie are characterized by moderate water dynamics and can
be classified as eumictic water bodies. Lakes Orzycek and Umlag are polymictic
water bodies where different thermal layers were not observed at the end of
summer [9].
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The group of Barczewo lakes was characterized by a clinograde oxygen profile.
During the growing season, oxygen saturation reached up to 140% in the upper
layers of Lakes Orzyc and Swigtajno, which points to intensive production pro-
cesses. In contrast, deeper layers, in particular the bottom layer, were highly deficient
or completely deprived of oxygen [9]. In the group of Leginy lakes, all water bodies
were fully thermally stratified in the summer, and deeper lakes were deficient in
oxygen. In Lake Trzcinno, oxygen was depleted even during autumn circulation.
Oxygen depletion in the deepest layers leads to eutrophication, and it contributes to
the circulation of biogenic elements released from bottom sediments [7, 33, 34].

4.3 Conductivity

Electrolytic conductivity is a very important indicator of mineral pollution [11].
High conductivity can be attributed to strong anthropogenic pressure, mainly long-
term sewage discharges (municipal and industrial) and agricultural pollution [3, 7].

The highest average electrolytic conductivity was noted in the group of lakes in
Kartuzy (Fig. 12). In urban lakes, this parameter was highest in the deepest layers of
Lake Klasztorne Mate (640-685 puS cm™ "), which provides additional evidence that
Lake Klasztorne Mate was the most polluted water body in the study. Only minor
variations in electrolytic conductivity were observed in the group of Barczewo lakes
(343—480 pS cm™' on the surface; 372-720 puS cm ™' at the bottom). The only
exception was Lake Dtuzek where electrolytic conductivity was extremely low in the
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Fig. 12 Average values of electrolytic conductivity (S cm™") in the studied lake groups
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range of 43—48 pS cm ™' on the surface to 56-87 uS cm ™" at the bottom. This group
of lakes was characterized by the lowest electrolytic conductivity (both on the
surface and at the bottom) (Fig. 12). In the group of Leginy lakes, the analyzed
parameter was highest in Lake Mutek, in particular in the bottom layer
(580 pS cm ™). Electrolytic conductivity was lower and somewhat variable in the
remaining lakes from this group.

5 Conclusion

The trophic state of lakes is influenced by location as well as anthropogenic pressure
associated with the transformation of catchment areas for agricultural use and urban
development. The studied water bodies differed in morphometric parameters
which contributed to variations in lake mixing types — from polymictic to
bradymictic. All of the analyzed lakes were eutrophic water bodies in terms of
oxygen saturation (which was also confirmed by Carlson’s TSI). In periods
of stagnation, excess organic matter was responsible for oxygen deficits. In eight
lakes from the studied groups, nitrogen had a limiting effect on primary production.
In these lakes, TSI (Chl a) — TSI (TN) > 0, TSI (TN) — TSI (TP) < 0, and
TN/TP < 10. The above contributed to the development of blue-green algae,
which was confirmed in the group of lakes in Kartuzy. In the group of urban
lakes in Kartuzy, the role of organic matter was confirmed by the relationship
between TSI (SD) vs. TSI (TP) and (TOC). A relationship was noted between the
values of TSI (Chl a) and (TP) in the group of Leginy lakes (moderately intensive
agricultural production) and between the values of TSI (SD) and TSI (TN) in
the group of Barczewo lakes (forests). Urban lakes were contaminated mostly with
mineral matter, whereas the lowest levels of pollution were noted in lakes with forest
catchments.
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Abstract An analysis of the chemical parameters of bottom sediments in selected
Polish lakes was made, based on historical and recent data demonstrating the
chemical composition of profundal sediments. The analysed lakes belong to a
broad environmental spectrum, being different in the hydrological regime (seepage,
flow-through), trophic state (mesotrophic, eutrophic, dystrophic), mixing type
(polymictic, holomictic, meromictic), stratification (stratified, non-stratified) and
sewage input presence (in the past or now). Moreover, some have been restored
using technical methods (artificial mixing with and without destratification, phos-
phorus inactivation).

The results revealed that the main chemical components of the analysed sedi-
ments were silica, organic matter and calcium together with carbonates. Other
sediment components occurred in low amounts, i.e. less than a few percent of
d.w. Cluster analysis showed that the main factor which differentiated the sediments
of the analysed Polish lakes seems to be their hydrological regime. The trophic state
and stratification type of the lakes were less important factors affecting the character
of bottom sediments.
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1 Introduction

Bottom sediment in a lake is a product of deposition of autochthonous and
allochthonous matter. This matter is subjected to various physical, chemical and
biological transformation processes, commonly known as diagenetic ones, which
occur during sediment formation [1, 2].

In the past, numerous studies of the chemical composition of bottom sediments
attempted to determine dependencies between different variables (e.g. the trophic
state of lakes, use of a catchment) and chemical properties of bottom sediments,
especially organic matter or phosphorus content [3-9]. However, the results
presented in the literature thus far are ambiguous. The content of organic matter
content in sediment seems to be independent from the trophic state of lakes [7]. Cal-
culating particular ratios between selected sediment components can implicate the
origin of organic matter in sediment [3-5, 8] or the sediment’s ability to absorb
phosphorus [3].

A detailed study into phosphorus in Polish lakes and relationships between
sediment components (including heavy metals) and phosphorus amounts was
published by Bojakowska [10]. What makes this study particularly is a large number
of analysed lakes (352 objects). The author emphasised the role of sewage inflow to
lakes and recreational use of lakes as the main causes of high phosphorus content in
sediments of urban lakes.

Certain observations of the role of internal loading in a lake-river system were
made by Grochowska [11]. The author concluded that internal loading in flow-
through lakes is one of the main factors affecting the retention of calcium, magne-
sium, iron, manganese, nitrogen and phosphorus in the profundal sediment of lakes
in the Past¢ka River system.

The aim of this study has been to analyse the chemical composition of bottom
sediments in selected Polish lakes in relation to the hydrological regime, mixing
type, stratification, sewage inflow and a restoration method (if a given lake has
undergone a technical treatment).

2 Material and Methods

The lakes taken for analysis belong to a broad environmental spectrum, being
different in the hydrological regime (seepage, flow-through), trophic state (mesotro-
phic, eutrophic, dystrophic), mixing type (polymictic, holomictic, and one lake was
meromictic) and, consequently, in stratification (stratified, non-stratified) and sew-
age input presence (in the past or now). Moreover, some have been restored using
technical methods (artificial mixing with and without destratification, phosphorus
inactivation), implemented by the Department of Water Protection Engineering. The
localisation of the lakes is shown in Fig. 1.
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Fig. 1 Localisation of lakelands, where the analysed Polish lakes are situated (source — [https://d-
maps.com/carte.php?num_car=18765&lang=en], modified). 1 Kashubian Lakeland, 2 Western
Pomeranian Lakeland, 3 Wielkopolskie Lakeland, 4 Olsztynskie Lakeland, 5 Itawskie Lakeland,
6 Masurian Lakeland, 7 Drawskie Lakeland, 8 Mragowskie Lakeland

Three of the lakes were described by Januszkiewicz [12, 13] as highly valuable
lobelia lakes (Gtegbokie, Sitno and Karlikowo, located in Kashubian Lakeland), with
the plant cover of Lobelia dortmanna L. Another lake, Tyrsko in Olsztyn, was the
habitat of Isoétes lacustris L., a very precious relict plant, but this species has
vanished from the lake due to progressing eutrophication [14].

All sediment samples were analysed using methods described by Januszkiewicz
[15] (including the results from this author’s publications before 1978). The sedi-
ment was taken from the deepest point of every lake (profundal zone).

The sediment samples were mineralised with mixture of concentrated acids
(H,SO,4, HCIO,4 and HNOj3 in 1 + 2 + 3 ratio). After mineralisation the samples
were filtered through ash-free filter No 390. The residue on the filter was treated as
silica and burned at 900°C using the electrical furnace Thermolyne®™. And the filtrate
was the material for chemical analysis of following components:
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— Iron — was measured spectrophotometrically using Merck SQ 118

— Aluminium — was measured spectrophotometrically using Merck SQ 118

— Manganese — was measured spectrophotometrically using Merck SQ 118

— Calcium — was measured by titration with EDTA and murexide as an indicator

— Magnesium — was calculated as the difference between total hardness titration
with EDTA (with eriochrome black T as an indicator) and calcium titration results
with EDTA

— Total phosphorus — by molybdenum blue method with SnCl, as reducing agent
(Nanocolor spectrophotometer by Macherey-Nagel)

Organic matter was measured as the loss of ignition at 550°C after carbonate
regeneration using the distilled water saturated with CO,. And carbonates were
analysed by burning the sediment samples (after the regeneration with CO,) at
1,000°C. Total nitrogen was analysed using Kjeldahl method for mineralisation
and distillation in BUCHI B-24.

Statistical analysis of the chemical composition of profundal sediments, including
the main components (organic matter; silica, as SiOj; iron, as Fe,O3; aluminium, as
Al,O3; calcium, as CaO; magnesium, as MgO; manganese, as MnO; carbonates, as
CO,), was made based on data obtained from 47 Polish lakes (Table 1). The data
consisted of historical literature data obtained from publications by Januszkiewicz
and results of other sediment analyses which have been made at our department for
the purposes of many environmental reports, mentioned in Table 1.

The sediment chemistry data published by Polish scientists in many other publi-
cations did not include all the variables taken into consideration in the current study.
Hence, our decision was to take into consideration only the data obtained at our
department so as to avoid data deficiency. Moreover, the data set is more stable
owing to the same methods (sometimes with minor modifications) used for chemical
analyses. All chemical analyses of sediments were made in the laboratory of the
Department of Water Protection Engineering.

The statistical analysis was supported by a STATISTICA 12.5 Software
package [38].

The organic carbon amounts in sediments were assessed according to [5].

3 Results and Discussion

The chemical composition of the profundal bottom sediment in the analysed lakes
was highly varied. Silica, organic matter and calcium were the main components of
deposits. The maximum silica content was noted in meromictic Starodworskie Lake
in Olsztyn (79.1% SiO, in d.w.), whilst the minimum value of this element (10.9%
SiO, in d.w.) was observed in Klasztorne Gérne Lake in Strzelce Krajeriskie
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(Table 2). The sediments of 13 lakes had silica amounts higher than 50% SiO, in
d.w., which allows us to classify these deposits as the silicate type, according to
Stangenberg [39] classification.

The organic deposit type, according to [39] classification, appears when organic
matter makes up over 50% of sediment’s dry weight. This situation was noted in the
sediments of six lakes, with the maximum amount of organic matter (81% d.w.) in
the deposit of dystrophic Borowo Lake (Kashubian Lakeland). The minimum value
(11.7% d.w.) occurred in the sediment of meromictic Starodworskie Lake (Table 2).

The share of calcium (calculated as CaCOj3) exceeded 50% CaCOs; in d.w. in the
deposits of two lakes: Klasztorne Gérne in Strzelce Krajeriskie (63.7% CaCO; in
d.w.) and Wolsztyriskie Lake in Wolsztyn (59.6% CaCOj; in d.w.). Both lakes are
located in the western part of Poland. According to [39] classification, the deposits of
these lakes present the carbonaceous character. The lowest values of CaCOj in
bottom deposits occurred in the group of Kashubian lakes, described by [12, 13],
with the minimum result determined in Kietpino Mate Lake (0.55% CaCO; in d.w.).

The magnesium content was much lower than calcium amounts in the analysed
sediments. Minimum value (0.21% MgO in d.w.) was noted in the deposits of
Mikotajskie Lake, whilst maximum amount — in Klasztorne Mate Lake (4.12%
MgO in d.w.) (Table 2).

The amounts of iron in the analysed lake sediments ranged from 0.6% Fe,O3 in
d.w. (Klasztorne Gérne Lake) to 7.6% Fe,0O; in d.w. (Kietpino Duze Lake), whist
the aluminium content varied from 0.4% Al,O3 in d.w. (Suskie Lake in Susz) to
9.3% Al,O5 in d.w. (Kietpino Mate Lake in Kashubian Lakeland) (Table 2).

Manganese amount in the analysed lakes’ deposits was the lowest among all
components (from 0.005% MnO in d.w. in Wolsztyniskie Lake to 0.56% MnO in
d.w. in Dejguny Lake) (Table 2). This element is one of the most mobile components
of sediment, because of its highest sensitivity to redox potential changes [1, 3, 40].

Table 2 Minimum, maximum, mean and standard deviation (SD) of analysed chemical properties
of the profundal bottom sediment of Polish lakes (in % d.w.)

OM |[SiO, |CaO |MnO |MgO |Fe;O3 |ALO; [N |P,0Os |CO, |Corg
Min 11.7 |10.9 03 [0.005 [0.21 |0.6 0.4 0.5 |0.21 022 | 59
Max |81.0 |79.1 |358 |0.56 |4.12 |7.63 9.3 3.6 [298 |28.0 405
Mean |33.7 |39.0 83 |0.14 1.53 |34 32 1.8 094 7.9 16.8
SD 15.3 |16.0 92 [0.14 |0.89 |1.69 2.6 0.8 |0.56 79 7.7

OM organic matter

Table 3 Minimum, maximum, mean and standard deviation (SD) of selected ratios between
chemical parameters of the profundal bottom sediment in the analysed Polish lakes

OM:N Corg:N ALP Fe:P CaP Fe:Mn Mn:P
Min 11.6 5.8 0.5 0.8 0.3 4.5 0.02
Max 34.6 17.3 23.0 30.5 147.2 310.8 2.08
Mean 18.9 9.5 4.7 7.6 25.6 56.8 0.38
SD 5.0 2.5 3.8 5.6 359 70.9 0.48

OM organic matter
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The nitrogen amounts in the analysed lakes’ sediment ranged from 0.5% N in
d.w. (Kietpino Mate Lake in Kashubian Lakeland) to 3.6% N in d.w. (Sukiel Lake in
Olsztyn). The lowest phosphorus content (0.21% P,0Os5 in d.w.) was noted in the
sediment of Kashubian Przywidz Lake, whilst the maximum amount was noted in
the deposit of degraded, hypertrophic Karczemne Lake in Kartuzy (2.98% P,0s in
d.w.) (Table 2).

The assessed ratios between selected components in the analysed bottom deposits
are collated in Table 3. The maximum OM:N (34.6) was noted for the deposits of
dystrophic Borowo Lake (Kashubian Lakeland), and the lowest value (11.6) was
determined in the sediment of Mikotajskie Lake (Masurian Lakeland). According to
[5], if this ratio exceeds 25, sediment has the polyhumic character, and values
between 20 and 25 implicate the mesohumic class. According to this criterion,
14 lakes among the analysed 47 waterbodies were mesohumic in character, whereas
two were polyhumic.

The Corg:N ratio gives information about the origin of organic matter in the
bottom sediment [5, 6]. The values of this ratio in the analysed sediments ranged
from 5.8 (eutrophic Mikotajskie Lake in Mikotajki and Skanda Lake in Olsztyn) to
17.3 (dystrophic Borowo Lake). According to [1, 5, 8] the C:N value higher that
10:1 occurs when organic matter has a higher share of terigenic origin matter
(allochthonous matter). In 16 out of 47 analysed lakes, this ratio reached a value
over 10 (mainly in the Kashubian lakes).
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Fig. 2 Correlation between organic matter and nitrogen in the bottom sediments of the analysed
Polish lakes (N = 0.41055 + 0.04250 x OM)
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Fig. 3 Correlation between calcium and carbonates in the bottom sediments of the analysed Polish
lakes (CO, = 1.4094 + 0.78432 x CaO)

The ratios of components active in phosphorus binding in sediment (Al, Fe, Ca,
Mn) to P can give information about potential phosphorus mobility in sediment and
therefore its bioavailability [3, 10]. The maximum Al:P and Fe:P ratio values were
noted in sediment of Kashubian Przywidz Lake (20.3 and 30.5, respectively). The
lowest ratios were calculated for Borowo Lake (Al:P = 0.5) and Klasztorne Gérne
Lake (Fe:P = 0.8) (Table 3). The Ca:P ratio range was wider: from 0.3 (Kietpino
Duze Lake) to 147.2 (Gatno Lake), both in Kashubian Lakeland. A high Ca:P ratio
was also noted in Wolsztyniskie Lake sediment (136.3). The Mn:P ratio in analysed
lakes’ deposits ranged from 0.02 (in 3 lakes: degraded, hypertrophic Karczemne
Lake, eutrophic Mikotajskie Lake and restored Wolsztyfiskie Lake) to 2.08 (in the
deposit of Kashubian Grabowskie Lake) (Table 3).

The Fe:Mn ratio is treated as an indicator of redox potential changes in the water-
sediment interface [1, 3, 40]. Its maximum value (310.8) was noted in the sediment
of Wolsztyniskie Lake, whilst the lowest value (4.5) was determined in the sediment
of Klasztorne Gérne Lake.

The correlation analysis between the analysed sediment components revealed
significant positive correlations between OM and N (r = 0.81, n = 47, p < 0.05)
(Fig. 2), CaO and CO, (r = 0.90, n = 47, p < 0.05) (Fig. 3), iron and aluminium
(r =10.62, n = 47, p < 0.05) (Fig. 4), iron and manganese (r = 0.47, n = 47,
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Fig. 4 Correlation between iron and aluminium in the bottom sediments of the analysed Polish
lakes (Al,03 = 0.05759 + 0.94801 x Fe,03)

p < 0.05) (Fig. 5), silica and aluminium (r = 0.54, n = 47, p < 0.05), silica and iron
(r=0.46,n =47, p <0.05).

A significant correlation between OM and nitrogen has been reported in many
other studies [e.g. 3, 12, 13, 15, 19, 20, 36, 39]. It confirms that nitrogen is deposited
in sediments mainly in the organic form.

The phosphorus content was positively correlated with iron (r = 0.29, n = 47,
p < 0.05) (Fig. 6) and aluminium (»r = 0.50, n = 47, p < 0.05) (Fig. 7), whilst a
negative significant correlation was found between P and CaO (r = —0.38, n = 47,
p < 0.05) (Fig. 8) (Table 4).

Because phosphorus is a key factor involved in eutrophication processes, an
in-depth analysis was made of the relationships between phosphorus and other
sediment components actively binding this element, a step recommended by
[10]. Additional correlations were tested between selected components and ratios
of these components to P. The results of this analysis are shown in Table 5.

The negative correlation between calcium and phosphorus (Fig. 8) and highly
significant positive correlation between calcium and carbonates (Fig. 3) suggest that
calcium is deposited in the sediments of the analysed lakes mainly as calcium
carbonate, and the concentration of hydroxyapatite in sediment is low. A similar
situation (negative correlation between calcium and phosphorus, significant positive
correlation between Ca:P ratio and Ca, and simultaneous negative correlation
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Fig. 5 Correlation between iron and manganese in the bottom sediments of the analysed Polish
lakes (Fe,O3 = 2.6343 + 5.6464 x MnO)

between Ca:P and P) (Table 5) was noted by [10]. The lack of correlation between
calcium and phosphorus amounts was observed by [41, 42].

The positive correlations between iron, manganese and phosphorus obtained in
our analysis of the sediments from selected lakes in Poland (Tables 4 and 5, Figs. 6
and 7) suggest that these elements play an important role in the binding of phos-
phorus in the investigated sediments, which agrees with other studies [3, 10, 13, 15,
17, 34, 37]. An unexpected observation, however, was the lack of simple correlation
between the content organic matter and phosphorus in the analysed lakes’ profundal
sediments. Numerous studies have verified an important role of organic matter in
phosphorus binding [e.g. 3, 10, 14, 15]. A possible explanation of this observation
could be the fact that phosphorus was deposited mainly in mineral forms in the
majority of the analysed lakes. A similar situation was observed by [43] in Dtugie
Lake during restoration via an artificial aeration method.

The cluster analysis was performed in order to find similarities in the chemical
composition of the bottom sediments in the analysed Polish lakes in relation to their
hydrological regimes, trophic state, mixing type and, consequently, stratification, as
well as sewage input presence and possible restoration with technical methods. The
results of this analysis are shown in Fig. 9.

The results of this analysis clearly show similarities between lakes. The first
cluster (Kietpino Mate, Szczyczno, Okunkowo, Dzierzazno, Techlinka) consists of
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Fig. 6 Correlation between iron and phosphorus in the bottom sediments of the analysed Polish
lakes (P05 = 0.59752 + 0.09592 x Fe,03)

non-stratified, dystrophic and eutrophic, seepage lakes with the same genesis,
located in Kashubian Lakeland. They are similar to the Kashubian Kielpino Duze
and Smoldzino Lakes (stratified, eutrophic and also seepage lakes).

The second cluster includes non-stratified, calcareous, flow-through lakes located
in the western part of Poland (Wolsztyniskie and Klasztorne Gérne), and these lakes
are similar to Kashubian eutrophic, stratified, flow-through lakes (Zagnanie, Gatno
and Srednik) and also to flow-through, eutrophic and stratified lakes Mikotajskie
Lake (Masurian Lakeland) and Kortowskie Lake in Olsztyn.

The third cluster consists of a group of flow-through, stratified, eutrophic lakes,
also with relatively large amounts of calcium in deposits (Majcz Wielki, Beskie,
Etckie and Wadag) located on Masurian, Mragowskie and Olsztyriskie Lakelands.
These waterbodies are similar to flow-through, stratified lakes (Skanda, Dejguny,
Mutek, Grabowskie and Przywidz lakes), located in the Olsztyriskie, Masurian and
Kashubian Lakelands, respectively.

The fourth cluster includes hypertrophic, degraded by sewage inflow Kashubian
lakes (Wierzysko, Klasztorne Duze, Klasztorne Mate and Karczemne). They are
flow-through lakes with a high phosphorus level in sediments.

The fifth cluster gathers the flow-through, shallow, non-stratified lakes with a
relatively high organic matter level, such as three Kashubian lakes (dystrophic
Borowo and Karlikowo, and eutrophic Wierzchotek Lake), two lakes from Drawskie
Lakeland (Grazyna, Rakowo) and Suskie Lake from [tawskie Lakeland.
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Fig. 7 Correlation between aluminium and phosphorus in the bottom sediments of the analysed
Polish lakes (P05 = 0.56331 + 0.10979 x Al,O3)

The sixth cluster includes two flow-through, stratified, eutrophic lakes
(Starokiejkuckie and Gim), and another group in this cluster are seepage, stratified
lakes with a high organic matter level (Kuc, Sukiel, Tyrsko, Dtugie, Redykajny,
Glebokie).

The seventh main cluster gathers two stratified, seepage lakes (meromictic
Starodworskie Lake and eutrophic Mezowskie Lake). Lakes in another group in
this cluster are characterised by the seepage hydrological regime (except Mielenko
Lake) and lack of stratification.

It is worth noting that the cluster analysis divided the analysed lakes into groups
mainly with respect to the hydrological regime and stratification. The trophic state of
lakes seems to be a less important factor which influenced the similarity of the
chemical composition of bottom sediments, which is in accordance with the obser-
vations of [7]. This can confirm Grochowska’s [11] observations, made for the
Pasteka river-lake system, that flow and water-sediment exchange processes are
key factors in the retention of elements in bottom deposits. The local geochemistry
is also important, because it can shape the physico-chemical conditions (such as pH,
ionic strength or redox conditions if, for instance, the organic matter content in
sediments is high) influencing deposition or sorption processes [3, 43]. However,
according to the results of the cluster analysis, there are certain similarities in the
chemical composition of sediments between the lakes of Kashubian and Olsztyfiskie
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Fig. 8 Correlation between calcium and phosphorus in the bottom sediments of the analysed Polish
lakes (P,Os = 1.1200 — 0.0235 x CaO)

Table 4 Correlation matrix between chemical components of the profundal bottom sediment in the
analysed Polish lakes (n = 47, p < 0.05)

Variable |OM | SiO, CaO MnO Fe,0O; |ALO; |N P,Os CO,
OM - —-052 |-035 |-032 |—-039 |ns 0.81 ns —0.38
SiO, - —0.55 |ns 0.46 0.54 —0.58 |ns —0.51
CaO - ns —-0.29 | —-041 |ns —0.38 0.90
MnO - 0.47 ns ns ns ns
Fe,03 - 0.62 —0.34 10.29 —0.31
Al,04 - —0.38 |0.50 —0.51
N - ns ns
P,0s - —0.43

ns non-significant

Lakelands, where silica and organic matter are quantitatively dominant deposit
components and calcium compounds occurs in small amounts. This justifies the
supposition that several Olsztyn-based lakes (Dlugie, Tyrsko, Redykajny) could
have been a habitat of relict plants like Lobelia dortmanna in the past, but
anthropopressure changed and deteriorated their water chemistry. Nevertheless,
palaeolimnological investigation of sediments is needed to confirm this hypothesis.
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Table 5 Correlation matrix between selected chemical components (as pure elements) of the
profundal bottom sediment and the ratios of these components to phosphorus (n = 47, p < 0.05)

Variable Fe Mn Ca Al P ALP Fe:P CaP Mn:P
Fe - 0.30 —0.30 0.59 0.29 0.32 0.36 ns ns
Mn - ns ns 0.85 ns ns ns 0.32
Ca - —-0.40 ns ns ns 0.85 ns

Al - ns 0.51 ns —0.38 ns

P - ns —0.38 —0.32 ns
Al:P - 0.69 ns ns
Fe:P - 0.38 0.58
CaP - ns
Mn:P -

ns non-significant
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Fig. 9 Cluster analysis based on determinations of the chemical composition of bottom sediments
in the analysed Polish lakes, their hydrological regime, trophic state and mixing type
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4 Conclusions

In most of the investigated lakes, the dominant compounds in profundal sediments of
47 Polish lakes were silica or organic matter. Calcium carbonate dominated quan-
titatively in several lakes only.

Other sediment components occurred in low amounts, so that their share did not
surpass a few percent of d.w. Nutrients such as N and P were deposited differently,
namely, nitrogen appeared in the organic form, whist phosphorus was accumulated
mostly in the form of mineral compounds. Aluminium, iron and manganese play
important roles in the binding of phosphorus in sediments of the analysed Polish
lakes, whist the role of calcium seems to be unimportant in this process.

The cluster analysis showed that the hydrological regime seems to be the main
factor that differentiated the character of sediments in the analysed Polish lakes. The
trophic state and stratification type of the lakes were less important factors in terms
of the influence they had on the character of bottom sediments.
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Abstract The characteristics of the postglacial relief of northern Poland, which is
responsible for the initial development of the water network in this area, were
described. The dominant form of relief in this area is concave forms of the terrain,
clusters of which form areas permanently or periodically excluded from river runoff.
In the area of the basal moraine, in the beds of these depressions there are usually
lakes of various sizes, including the smallest ones — postglacial ponds, some of
which are periodically connected by short watercourses. On outwash plains only
deep channels are occupied by lakes; all other concave forms, often with significant
denivelations, are dry.

The main objects of the hydrographic network of the postglacial areas are
primarily lakes, boggy areas and watercourses: those of the lower orders in the
Strahler classification, usually short, often periodic, functioning as overflows, and
those using valleys formed by postglacial rivers (channels, stagnant ice melt-outs,
fluvioglacial valleys), which are the main drainage axis. It was pointed out that in the
postglacial areas of northern Poland, three types of hydrographic network can be
distinguished, differing in the degree of river runoff organization: the hydrographic
network of endorheic areas, the river-lake network and the mature river network
(lakeland rivers).
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1 Introduction

Poland is situated within an area that was covered by glaciations in the last several
hundred thousand years. The subsequent periods of advance and retreat of the glacier
caused continuous rejuvenation of the landscape. The discharge of surplus water
from this area was therefore constantly transformed as a result of morphological,
climatic and hydrological changes. The range of successive glaciations was variable.
The maximum extent of the glacier (during the Weichselian glaciation) did not cover
the entire area of present-day Poland; it cut it diagonally from the southwest to the
northeast and embraced about 1/3 of the country’s territory (Fig. 1). During the last
stadial of this glaciation (Baltic glaciation), the glacier covered and remained in the
area of northern Poland up to 10,250 BP (limit date of the glacial period in Poland
[1]); hence the time that has passed since the withdrawal of the glacier is very short in
the geological sense.

The activity of the glacier and its meltwaters together with later morphogenetic
processes (accumulation and erosion) caused that the area of northern Poland,
delimited from the south by the last glaciation range and from the north by the belt
of the Baltic Sea Coast (Fig. 1), has a lakeland landscape. The largest longitudinal
extent of the postglacial area is in the western and central part of Poland, where it
reaches about 300 km in width, while in the eastern part of Poland, it narrows down
to 50-70 km in width, and at the eastern border, it has only 30 km [1]. The northern
Poland landscape is dominated by groups of forms of glacial, slope, fluvial and
aeolian relief [2]. The most characteristic groups of forms are hypsometrically varied
hills and frontal moraine belts, vast mildly waved areas of basal moraine plateaus,
flat outwash areas, subglacial channels (generally deeply dissecting moraine plateaus
and outwash plains), river valleys usually of longitudinal course, ice marginal
streamways of latitudinal course as well as numerous concave forms resulting
from the melting of buried stagnant ice bodies (kettle holes) of various sizes. In
this type of landscape, denivelations can locally exceed 100 m with the slope grades
up to several dozen degrees. Such a relief creates different habitat gradients related to
altitude, exposure and location relative to other landscape components. The slope
layout of land causes a large diversity of microclimatic, hydrological and soil
conditions even in a relatively small area [3].

The high spatial diversity of the structure of the postglacial landscape is condi-
tioned not only by the relief and geological structure but also by the richness of
hydrographic objects (lakes, watercourses, swamps, springs, sapping) with a poor
organization of the surface drainage network and a mosaic of natural and cultivated
environments. This spatial diversity of the postglacial landscape is defined in
landscape ecology [4, 5] by the term of “spotted”, where various habitats, ecosys-
tems and communities constitute “patches” of various functions in the processes of
transport and exchange of matter and biological information.
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Fig. 1 Extent of Middle Poland glaciations and Vistula glaciation. (1) National border; (2) Odra
glaciation; (3) Warta glaciation: (a) Pilica stadial, (b) Wkra stadial, (c) Mtawa stadial; (4) Vistula
glaciation; (5) watercourses, (6) lakes (based on [1]), (7) lakeland hump

2 Endorheism of Lakelands

The quantitatively dominant elements of the postglacial landscape relief are
endorheic depressions formed in the Holocene as a result of melting of buried
stagnant ice bodies. These are terrain depressions located between hills and eleva-
tions and sometimes even small hollows on the slopes of the latter. They also occur
in a valley position or in a flat area [6, 7]. The catchments of these depressions are
endorheic areas, which is a local climate anomaly in the Polish Lowland [6, 8]. In
the beds of endorheic depressions, there may be ponds, lakes and swamps. These are
the storage depressions, most numerous on the moraine plateaus. For example, in the
part of the Polish Lowland called Gdarisk Pomerania, the number of water reservoirs
with an area of less than 5 ha is close to 32,000 [9], and their density in the areas of
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Fig. 2 Schemes of endorheic depressions with ponds in their beds (legend: THR threshold of
endorheic depression, GWI inflow of groundwater, GWO outflow to groundwater)

moraine plateaus reaches even 80 reservoirs per 1 km>. The bottoms of the endorheic
depressions can also be dry, devoid of waterbodies — they are then absorbent
depressions, most frequent on outwash plains. In the postglacial landscape, both
types of endorheic depressions constitute local drainage bases performing a storage
role (storing a part of precipitation water) or an infiltration role (supplying under-
ground waters).

The catchments of endorheic depressions (both storage and infiltration ones) can
be excluded from the alimentation of river systems completely (total endorheism) or
periodically (periodic endorheism), or they can supply these systems only by the
underground route (surface endorheism) (Fig. 2). The surface endorheism is
favoured by a high variability of relief, while the total endorheism is conditioned
by the geological structure and permeability of the ground related to it. Permanent
surface endorheism occurs practically only in some endorheic depressions on out-
wash plains. Even those of them, at the bottom of which there are ponds, lakes or
swamps (mostly raised bogs) due to high thresholds (Fig. 2) and topographic
barriers, are not even periodically included in the river runoff.

The size of surface endorheic areas in the structure of the catchment of lakeland
rivers ranges from several to several hundred km? (Table 1). Surface endorheism of
the river catchments reaches from several to several dozen percent.

3 Hydrographic Network of Lakelands

The formation of the hydrographic network of the postglacial areas of northern
Poland was influenced by the processes of permafrost degradation and melting of
stagnant ice bodies. These processes were particularly intense in the Allergd and in
some lakeland areas which still occurred in the Preboreal [12, 13]. The current
system of the water network of northern Poland corresponds to older pre-Quaternary
outflow routes, and its layout is a result of the complex nature of deglaciation, local
morphological, lithological, hydrogeological conditions, climatic changes and con-
temporary vertical movements [14—17].

The development of the hydrographic network in lakeland areas was multiphase
and varied in time and space. Its contemporary layout is the result of (1) formation of
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Table 1 Proportion of endorheic areas in the structure of chosen catchments of northern Poland

Total catchment area | Extent of endorheic areas | Share of endorheic
The river (km?) (km?) areas (%)
Masurian and Suwalki lakelands (based on [10])
Krutynia 700.0 301.0 43
Szeszupa 92.9 55.7 60
Czarna Hancza 170.2 93.6 55
Wiatrotuza 176.5 74.1 42
Kamionka 94.4 32.1 34
Joka 63.3 17.7 28
Jarka 220.0 23.0 10
Gawlik 57.2 15.2 27
Dejgunka 11.7 2.8 24
(Upper) Rospuda 41.1 14.8 36
Pomeranian lakeland (based on [11])
Stupia 1,570.5 582.2 37
Lupawa 805.6 290.7 36
Leba 1,128.7 277.4 25
Reda 387.1 88.1 23
Wda 1,350.6 728.4 54
Wierzyca 1,559.8 706.6 45
Radunia 793.2 321.3 41
Borucinka 32.2 19.6 61

networks of proglacial rivers by subglacial runoff; (2) filling and preservation of
channels by ice; (3) formation of runoff in periglacial conditions during deglaciation
before melting of buried stagnant ice bodies and deglaciation of permafrost; (4) melt-
ing of buried ice bodies and formation of lakes as well as cutting of channel
thresholds and formation of overflow breaches, which led to the runoff and disap-
pearance of many lakes in the channel valleys; and (5) modern erosion and accu-
mulation processes. Thus complex origin of the hydrographic network of the
post-glaciated areas causes that the valley sections of one river system can be of
different age [18-21]. This natural and multicycle development of the hydrographic
network is additionally influenced by human transformations, in some areas dating
back as far as the early Middle Ages.

Many modern rivers in the postglacial areas of northern Poland flow through
former subglacial channels, at the bottom of which — after the melting of stagnant ice
bodies or winter (hydrogenic) ice — lakes were formed (e.g. the Brda, Radunia,
Krutynia). Rivers also go through melt-out areas (e.g. the Szeszupa); they also use
the valleys of marginal rivers (e.g. the Noteé, Reda, Leba) and proglacial ones
(e.g. the Etk, Rospuda, Czarna Haricza, Lega).

The geologically young age of the water network of northern Poland means that
until today it has the characteristics of an initial network, i.e. one that is under
formation. This is manifested in (1) exclusion of substantial areas from the surface
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drainage, (2) inclusion of postglacial lakes of various sizes to river outflow, (3) peri-
odicity of the river network, (4) unstabilized longitudinal profile of permanent
watercourses and (5) frequent surface and underground incompatibility of areas
supplying a given waterbody [10].

The geological and geomorphological diversity of the postglacial landscape
makes it possible to distinguish three characteristic types of hydrographic network
differing in the degree of organization, conditioning the discharge of water surplus
outside their alimentation area in the form of river runoff. The lowest organization
degree is represented by the hydrographic network of areas without outflow
(endorheic). A higher organization level is displayed by a river-lake network that
permanently discharges water surplus from its catchment in the form of river runoff.
The highest organization degree is achieved by the lakeland river, the main river
building the system of surface drainage in the postglacial area, flowing through a
valley formed as a result of its erosion-accumulation activity along the route of the
former outflow of postglacial rivers. It should be remembered that the mosaic of the
postglacial landscape means that poorly and well-organized hydrographic networks
are often found next to each other.

3.1 Hydrographic Network of Endorheic Areas

The hydrographic network in endorheic areas is in an organizational stage. It consists
of swamps of small area and very numerous postglacial ponds and small lentic lakes.
Watercourses, if any, are periodic, mostly episodic. The hydrographic network of the
plateau endorheic areas is particularly interesting. Poor permeability of surface
formations (boulder clays) that build moraine plateaus favours the storage of water
in ponds located in the beds of endorheic depressions. When reservoir storage of these
ponds is exceeded, they initiate runoff, thanks to which the water network develops,
the number of watercourses which include subsequent ponds in the fluvial system
(river runoff) via short sections increases. These watercourses function usually in
early spring, creating extensive river systems that reach the 3rd and even the 4th order
in the Horton-Strahler hierarchy [22] (Fig. 3). The research carried out in Gdarisk
Pomerania showed that nearly 20% of ponds in endorheic areas are included in the
river runoff for at least a part of the year [22], which indicates that the ponds not only
store rainwater but also initiate river runoff, periodically limiting the endorheism of
the postglacial areas, and that some of them supply groundwaters, constituting
peculiar “hydrogeological windows” (Fig. 2) [24].

This thaw-related river network on moraine plateaus quickly disappears with
decreasing catchment storage and dries up completely in late spring or early summer
(Fig. 3). The development of this type of river system starts at the mouth section of
the watercourse and goes upstream and the disappearance from the watercourses
located topographically the highest.

The hydrographic network of endorheic areas in outwash plains landscape is
characterized by a much greater stability, mainly associated with fast infiltration of
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Fig.3 Hydrographic survey of water network in endorheic area of moraine plateau during different
storage states (legend: (1) watercourses, (2) ponds, (3) extent of surface endorheic areas, (4) bound-
ary of endorheic area during low storage condition) [23]

precipitation water. At the bottom of depressions, deeply cut into outwash levels,
there are often ponds and swamps, usually forming raised bogs. They are a durable
and unchanging element of the water network. Due to high thresholds and topo-
graphic barriers, these endorheic areas are permanently excluded from the river
runoff, but due to reservoir storage, they direct the surplus of precipitation water
to aquifers. These aquifers constitute a drainage base for lakes that are part of the
river-lake network or for lakeland rivers.

Studies indicate that endorheic depressions, constituting local drainage bases,
play an important role in shaping the runoff of lakeland rivers [22, 24]. On the
morainic plateaus of lakeland areas, the development of the hydrographic network
and its durability depend on their storage state.
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3.2 River-Lake Network

A higher degree of hydrographic network organization, though still initial, is dem-
onstrated by areas with a river-lake network, incorporating into the uniform fluvial
system concave forms of the area of the last glaciation, using valleys incompatible
with the modern river runoff [10, 25-27]. Such a network is composed of a series of
lakes of different sizes included in the river runoff system via short watercourses of
various orders, often periodic. River sections connecting the lakes function on the
principle of overflow of surplus water from a lake located higher to the neighbouring
lake, lying below, and further to the recipient (river or lake), which constitutes a local
drainage base. They may also have a character of breaches (Fig. 4). This means that
the rivers flowing from the lakes included in the runoff are fed with underground
water to a lesser extent and only in breach sections.
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Table 2 Percentage sections of lentic water in the total length of selected river-lake networks of the
North Poland

Length of Length of Total length | Percentage of limnic
River-lake river sections | lake sections | of the river elements in the total length
system (km) (km) (km) of the river (%)
Krutynia 52.60 46.95 99.55 47
Szeszupa 16.24 2.52 18.76 13
(Upper) Rospuda | 19.15 20.11 39.26 51
Szelmentka 6.18 11.65 17.83 65
Kamionka 11.62 3.66 15.28 24
(Upper) Lega 26.88 8.98 35.86 25
Jorka 5.80 6.30 12.10 52
Bludzia 6.56 11.21 17.77 63
Orzysza 20.67 14.96 35.63 42
(Upper) Radunia 7.39 26.16 33.55 78
Gotubska Struga 1.67 11.14 12.81 87
Czapielska 0.79 4.52 5.31 85
Struga
Brda 168.24 77.27 245.51 31
Zbrzyca 28.39 20.99 49.39 43
Sepolna 30.36 13.48 43.84 31
Krowka 30.95 22.62 53.57 42
Sucha 11.46 4.57 16.03 29
Kregiel 8.67 7.95 16.62 48
Szumionka 14.67 7.60 22.27 34

A river-lake network differs from a river network in: (1) significant share of lake
sections in the river course (even to 60%) (Table 2); (2) periodicity of the river
network (Table 3) mainly due to surface and subsurface supply with no contact with
underground waters, which affects the seasonal variability of the runoff of the main
river in the system; (3) significant share of surface endorheic areas in the structure of
the area alimenting the network (Table 1); and (4) evolutionally unstable longitudi-
nal slope of the main river of the system, which is manifested by breach sections
linking lakes, indicating their adaptation to inherited valleys (Fig. 3).

The runoff stability in the river-lake system is determined by its lake elements.
Basins of lakes included in this system are a drainage base not only for surface water,
but also for underground water, of both shallow and deeper aquifer horizons [28—
30], thanks to which lakes condition the stability of the runoff of river sections
connecting these reservoirs, and affect the value of the runoff of the watercourse that
forms a given river-lake system. The roles of particular lakes in forming the runoff of
the watercourse that builds this system vary. Watercourses flowing from lakes
depend on the level of lake basin filling. At high storage state of the reservoir, the
flow of the watercourse increases, while at a low state the flow decreases or
disappears completely [10, 22]. The role of the lakes lying in the middle course of
the river is different. Such lakes can increase (thanks to groundwater drainage) or
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Table 3 Percentage of periodic streams in catchments of selected river-lake systems of northern
Poland

River-lake Permanent | Periodic Total Percentage of periodic streams in
system rivers (km) |rivers (km) |rivers (km) |the catchment of the system (%)
Krutynia 220.6 367.9 588.5 63

Orzysza 20.87 14.96 35.83 42

(Upper) Rospuda | 186.9 166.7 353.6 47

Bludzia 6.56 11.21 17.77 63

Szelmentka 6.18 11.05 17.23 64

Jorka 16.8 43.4 60.2 72

Jarka 95.2 296.4 391.6 76

Gawlik 40.4 37 774 48

reduce (as a result of alimenting groundwater) the outflow of the watercourse
flowing through them. Owing to the storage capacity of the basins, they even out
the outflow of the river flowing from them, which is manifested in reducing the
irregularity of the flows as a result of decreasing the culmination of high water,
prolonging its passage time, mitigating low water stages and shortening their
duration. The influence of the lakes “closing” the river-lake system on the outflow
of the watercourse building this system is already small [10]. The function of the lake
in shaping the outflow depends on the storage state of the catchment, conditioned by
the water content and dryness of the hydrological year.

The hydrological system of the river-lake network is influenced not only by the
lakes that are part of such a network but also by the watercourse that builds this
network. It often determines the ecological state of the lakes through which it flows.
The river-lake network is therefore a coherent and functionally interrelated system in
which there is often no continuum of flow increase along the river course, but
eventually along with the increase in the catchment area, the flow of the watercourse
building the river-lake network increases [10, 11, 31].

The river-lake network is formed on various levels of river runoff organization. It
also occurs in all types of the lakeland landscape, although it is most often related to
subglacial channels. The decisive morphological factor in its formation is the
presence of low thresholds that are cut by watercourses which include lakes into
the fluvial system.

The river-lake network of Polish lakelands is quite diverse. It consists of water-
courses of the 2nd-3rd order, flowing through small and shallow lakes, draining
areas from several to several dozen km2, as well as large systems of 4th—6th order,
with catchments of a few hundred km?, flowing through many small and shallow
lakes and large and deep lakes [10, 11, 31]. An example of a well-developed river-
lake network is the Krutynia, about 100 km long, draining a catchment of 700 km?
[11, 31]. This river flows through 17 lakes; its limnic index is 47%. Another example
of such a network is the Radunia (Fig. 5), draining an area of about 213 km? with a
limnic index of 78%. Within a section of 33.6 km, the river flows through eight
lakes, including four with a maximum depth of over 20 m. Connections between the
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Fig. 5 Schemes of river-lake network of the upper Radunia (including lakes Stgzyckie, Raduriskie
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Czapielska Struga (including lakes Bukrzyno Mate and Bukrzyno Duze) and of the Gotubska
Struga (including lakes Lubowisko, Dabrowskie and Patulskie) [27]

lakes have a length of several metres to nearly 1 km, or they are overflows
functioning on the basis of differences in water levels in neighbouring
reservoirs [26].

Small river-lake networks occur widely in the postglacial landscape. Examples of
such networks are the ones included in the hydrographic system of the upper
Radunia (Fig. 5): the Czapielska Struga system (including lakes Bukrzyno Mate
and Bukrzyno Duze) of a length of 5.3 km, alimentation area 4.81 km? and limnic
index 85%, and the Gotubska Struga system (including lakes: Lubowisko,
Dabrowskie and Patulskie) of a length of 12.8 km, the alimentation area 28.2 km?
and limnic index 87% [26, 27].
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3.3 Lakeland Rivers

Large lakeland rivers also flow in valleys formed by postglacial rivers (fluvioglacial
valleys, former subglacial channels, ice marginal streamways). Their river systems
drain the slopes of the lakeland hump. The rivers draining the northern slope of the
hump have beds of non-aligned longitudinal profiles whose development was to a
large extent determined by changes in the level of the Baltic Sea (the Ina, Rega,
Parsgta, Wieprza, Stupia, Lupawa, Reda, Radunia, Past¢ka, Lyna). The beds of the
rivers draining the southern slope of the hump are developed in the bottoms of
valleys formed most often on outwash routes (the Drawa, Gwda, Brda, Wda,
Wierzyca, Drweca, Pisa, Etk, Czarna Hanicza and Biebrza) [32]. The headwater
sections of these rivers have a river-lake character. An example is the upper course of
the Brda (Fig. 6a) with a length of 9.019 km and a limnic index of 66%, which
connects five lakes.

In the course of almost every large lakeland river, a series of typical river-lake
sections can be distinguished. For example, in the Brda’s course, apart from the
section already mentioned, two more natural river-lake sections can be distin-
guished. In the first one (Fig. 6b) of a length of 15.7 km and limnic index of 42%,
the Brda flows through seven lakes; in the second (Fig. 6¢) of a length of 25.6 km
and limnic index of 78%, the Brda flows through six channel lakes.

Many tributaries of the Brda form small river-lake networks. Examples include
the Struga Siedmiu Jezior (Fig. 6d) and the Kréwka (Fig. 6e). The Struga Siedmiu
Jezior has a length of 9,417 km and limnic index of 80%. It flows out of Lake
Ostrowite (43 m deep), flows through seven lakes and flows into Lake
Charzykowskie, lying on the course of the Brda. The Kréwka is 53.57 km long.
Its central and lower course is a river-lake system of a length of 22.62 km (43% of
the total length of the watercourse) and limnic index of 80%.

4 Conclusion

The hydrographic network of the postglacial areas is clearly different from the
drainage networks of the rest of our country. It is a young network, which results
from the fact that the current system of water runoff from the postglacial areas of
northern Poland relies on the valleys formed by postglacial rivers. The specificity of
the postglacial relief makes the degree of river network development, conditioning
the discharge of water surpluses in the form of river runoff, diversified. In endorheic
areas, this network is at the stage of initial development. Only with high storage state
can the endorheism of these areas be periodically “destroyed” by filling the reservoir
storage of some ponds located in the beds of the endorheic depressions. The most
typical of postglacial areas is the river-lake network, i.e. composed of lakes linked by
a network of watercourses into a coherent drainage system. The runoff stability
in such a river-lake network is determined by its lake sections. These sections of
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Fig. 6 Hydrographic system of the Brda based on MPHP (Map of Hydrological Division of Poland
2010); legend: (1) tributaries of the main river of a given river system, (2) main watercourses of
river systems, (3) lakes, (4) the Brda catchment

river-lake systems perform various functions in the underground phase of the water
circulation. They can increase river runoff by incorporating into it the water which
they receive from underground drainage. They can “take” water from the river and
feed it to underground waters, reducing the runoff of rivers flowing out of them. The
lake elements of the river-lake network disrupt the concept of the river continuum.
Due to the way they function (recipient or donor), each section of the river-lake
network should be examined individually.

The catchments of rivers draining the postglacial areas are characterized by the
average river network density of about 1 km km 2. Differences in river network
density between particular catchments are small and range from 0.35 to
1.59 km km 2 [10, 33]. It is worth noting that the share of periodic streams in the
river network density is significant and often exceeds the length of the permanent
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stream network. This indicates a low level of organization of the lakeland’s river
network. Nonetheless, as the organization of the river network increases, its density
increases. Low density of the river network and a larger proportion of endorheic
areas characterize less-developed water network. The storage state of the catchment
also determines the density of the river network. In the period of high catchment
storage, the density of the river network many times exceeds the density observed at
low catchment storage state.

Both the numerous ponds in the endorheic areas and the small river-lake systems
occurring widely in the postglacial landscape contribute to the storage of the
lakeland areas and therefore determine the stability of the water resources of these
areas.

Areas feeding the river network of lakelands can be treated as a system of
cascaded and connected reservoirs, each of which has a specific role in the formation
of permanent river runoff [27, 34, 35]. Water surplus moves from higher to lower
reservoirs, either in the form of surface runoff or underground by seepage through
the bottom of reservoirs situated higher- to lower-lying reservoirs. The highest
reservoir in the cascade is formed by catchments of endorheic areas. When the
storage of this reservoir is exceeded, water surplus enters the next reservoir in the
cascade initiating a permanent river runoff. At the next stage in the cascade, there is a
reservoir of regional runoff, which collects surplus water from the basins initiating a
permanent runoff and transfers it to the transit outflow reservoir, which in turn
directs the collected water surplus to the last reservoir in the cascade — the reservoir
of surplus water outflow, which is the drainage base for the whole postglacial area.
The river-lake network can occur on every stage of the cascade of this model,
constituting an individual link transforming the quantity and quality of water and
having a significant impact on the functioning of the recipients — mature lakeland
rivers.
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Abstract Hydrological functions of lakes in shaping the runoff of rivers that drain
them were discussed on the basis of data from the literature. The discussion indicates
the role of lakes in initiating river runoff, their role in water storage and runoff
equalization of a river flowing through or out of the lake, as well as the role in
shaping the runoff capacity of the river: its increase due to underground water
drainage by the lake basin or decrease as a result of lake waters supplying the
underground water. It was pointed out that there are lakes which regardless of the
character of the hydrological year (wet, average, dry) constantly increase the runoff
of the river which flows through them by incorporating into it the water which they
receive from underground drainage. There are also lakes that constantly feed under-
ground waters with their waters, which reduces the runoff of rivers flowing from
them. There is also a group of lakes which, depending on the level of the storage of
the basin, conditioned by the water content of the hydrological year, either drain
underground waters and increase river runoff or aliment them thus reducing river
runoff. The above hydrological functions of lakes were discussed on the example of
outflow and flow-through lakes of northern Poland.
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1 Introduction

The hydrographic network of young glacial areas, which consists of lakes of varying
morphometry, various watercourses (generally short, often periodic), springs, sap-
ping, and swamps, is quite unique due to the relationships among these hydrographic
objects and their role in shaping river runoff [1-8]. The interrelations (morphological
and hydrological) of lakes and watercourses in shaping river runoff and their
arrangement in the structure of the hydrographic network justify the term river-
lake network, as it is a series of lakes included in the outflow system through short
watercourses [5]. The river sections connecting the lakes are short; they generally
have the character of overflows, which means that the river flowing through these
lakes discharges water flowing over from one reservoir to another. In such a system
of surface drainage, it is not the riverbed but lake basin that is a drainage base for
underground waters, both phreatic and deeper. Therefore, the volume of river runoff
in such a system is not determined by river sections but by lake sections [5]. In
addition to the river-lake network, the area of young glacial lakelands is also drained
by lake rivers flowing either through glacial valleys (e.g., channels) or valleys
formed as a result of the erosion-accumulation activity of the river on the route of
the former meltwater runoff. A lake river is one that flows out of or through a lake
and whose water regime clearly depends on water circulation in the lake. Therefore,
it is characterized by low runoff variability [9]. The potential of the lake in shaping
river runoff, both in the river-lake system and in lake rivers, is determined by the
range of the annual amplitude of lake water levels, so-called active storage. Its value
shapes water circulation in the lake. Understanding this circulation, and thus deter-
mining the value of the main fluxes of water exchange between the lake and its
surroundings (atmosphere, topographic catchment, and underground catchment),
allows to identify the function of the lake in shaping the runoff of the river
draining it.

In each lake (small and large, without outflow, outflow, and flow-through), there
are two directions of water flow — vertical and horizontal — which cover three phases
of its exchange: atmospheric, surface, and underground. These three phases of water
exchange in a lake at a given time are taken into account in the balance equation
comparing the amount of water supplying the lake (so-called water intake) with the
amount of water escaping from it by various ways (so-called water outgo) in the
form proposed by [10]:

(P—E)) + 1-0)) + AZunder = AS;
Atmospheric Surface Underground Storage

exchange flux exchange flux exchange flux difference
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where P; is precipitation onto the lake; E; evaporation from the lake; ZD; sum of
river and surface inflow from direct lake catchment; /; river runoff from the lake;
AZ g Tesultant of underground supply, i.e., difference between underground
inflow and underground outflow; AS; difference of lake storage at the beginning
and end of assessment period; and means a change in water level in the lake (in mm)
corresponding to changes in its capacity (m®).

2 Materials

Hydrological functions of lakes affecting the runoff of rivers draining them are
presented on the basis of literature data, which used hydrometric data obtained
from IMGW-PIB (Institute of Meteorology and Water Management — National
Research Institute) of 1971-2007 and from own measurements of the authors of
the cited publications. Due to the subject matter of the article and the material
availability, the analysis covered Masurian and Suwatki region lakes (Fig. 1), for
which monthly water balances were made in 1971-1990 [5], and Kashubian lakes
(Fig. 1), which have water balances from years 1999-2007 [11].

3 Results

3.1 River Runoff Initiation

Many lakes in the lakeland areas are the initial elements of river systems. River
runoff is initiated by small kettle ponds [12] and lakes of various sizes [13], as well
as large lake systems, such as the bifurcating System of Great Masurian Lakes
[13, 14]. All reservoirs initiating river runoff (periodic and permanent) represent
the hydrological type of outflow lakes [9], i.e., those whose alimentation base
ensures permanent outflow character. The size of this base is specified by the lake
index.! Its value higher than 16.3 ensures permanent outflow character to the
Masurian and Suwalki lakes [5], while for Pomeranian lakes, this index is lower,
i.e., at least 7.8 [15].

While larger lakes have permanent outflow, i.e., the rivers flowing out of them
(usually rivulets, more rarely streams) are permanent, smaller lakes, and in particular
some kettle ponds are periodically drained by small watercourses flowing out of
them (as rivulets or rills) [5-7, 12, 16]. The time of functioning of these small
periodic watercourses depends on the level of the storage of the catchments of the
ponds that activate their outflow. This condition is achieved when fluxes of surface

"Lake index (Ohle index) is a quotient of total area of lake catchment and area of the lake.
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Fig. 1 Location of analyzed Masurian, Suwalki area, and Kashubian lakes. Legend: 1, Towns/
villages; 2, weather stations; 3, national borders; 4, rivers; 5, lakes. Lakes: (a) 1, Gotdapskie;
2, Hancza; 3, Wigry; 4, Rospuda; 5, Biate; 6, Studzieniczne; 7, Olecko Wielkie; 8, Selmet Wielki;
9, Rajgrodzkie; 10, Litygajno; 11, Lasmiady; 12, Eickie; 13, Mamry Pn.; 14, Dargin;
15, Mikotajskie; 16, Sniardwy; 17, Gieladzkie; 18, Mokre; 19, Nidzkie; 20, Ro§; 21, Dadaj; (b)
22, Stezyckie; 23, Radunskie Gérne; 24, Raduriskie Dolne; 25, Rekowo; 26, Biate; 27, Klodno;
28, Brodno Mate; 29, Brodno Wielkie; 30, Lubowisko; 31, Dabrowskie; 32, Patulskie;
33, Bukrzyno Mate; 34, Bukrzyno Duze; 35, Ostrzyckie; 36, Trzebno
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and underground exchange begin to dominate in the water circulation structure in
these kettle ponds [7, 12].

3.2 Water Storage

All lakes are natural storage reservoirs. Their storage potential is determined by the
volume of water accumulated in them compared to the average water level from a
long-term period, while the measure of storage capacity is active storage, i.e., that
part of the lake water volume, which is within the range of the annual amplitude of
water levels. The active storage capacity of the lake is conditioned by annual
amplitudes of its water levels and the shape of its basin. In natural conditions, the
value of water level fluctuations in lakes is affected primarily by the size of their
catchments [5, 17-19]. In the case of delta and flow-through seaside lakes, an
additional factor affecting the value of water level amplitudes are periodic intrusions
of sea waters.

There is a large span in the amplitudes of monthly and annual water levels in
Polish lakes. Small amplitudes of water levels are not always associated with large
lakes and vice versa. The mean annual amplitude of lake water levels is largely
dependent on the size of its catchment and the region in which the lake is located. For
large flow-through lakes of northern Poland, this relationship is described by the
equation [17]:

Ah = 8.9318 C04765

and for Mazurian and Suwalki lakes (Fig. 1) [5]:

Ah = 0.211 C + 38.969 or Ah = 9.5855 C045%4,

where C — lake index, Ak — annual water level amplitude.

The absolute active storage determined by periodic extremes in all hydro-
metrically controlled Polish lakes ranges from 0.13 to 128.2 hm® [20]. The largest
active storage is found in lakes: Sniardwy (128.2 hm®) drained by the Pisa, Eebsko
914 hm3) drained by the Leba, Gopto (58.8 hm? ) drained by the Note¢, and
Miedwie (55.4 hm®) drained by the Plonia. The active storage of the deepest Polish
lake, Hancza, from which the Czarna Hancza flows, is small and amounts to
5,000 hm>. Greater storage can be observed in the next lake on the route of this
river — Lake Wigry (almost 17.0 hm? ) [5]. The largest absolute natural active storage
among the studied Masurian and Suwalki lakes is found in lakes: Ro§ (33.8 hm? ),
drained by the Pisa; Selmet Wielki (20.1 hm?), drained by the Jegrznia; and Orzysz
(14.1 hm?), drained by the Orzysza, tributary of the Pisa and L.asmiady (10.7 hm?),
lying on the route of the Elk river, while the smallest (slightly below 2 hm?) is
observed in the ribbon flow-through lakes Gotdap (drained by the Gotdapa, tributary
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of the Wegorapa) and Rospuda (drained by the river Rospuda, tributary of the
Narew) (Fig. 1) [5].

The active storage of Polish lakes, determined by average annual amplitudes of
water levels of 1961-2005, ranges from 1.25 to 1.40 km”. This corresponds to the
average fluctuations of lake water levels of 45-50 cm [20].

The research results [5] clearly indicate that local conditions, and not climatic
ones, play a key role in shaping water level fluctuations in lakes.

3.3 River Runoff Equalization

Lakes included in the surface runoff system, i.e., those with an outflow and flow-
through hydrological type, during periods of high river water stages, store (retain)
water and, during periods of low river water stages, discharge it to the river, thus
equalizing its runoff in time [21]. The effectiveness of the lake’s equalization of the
runoff of the river draining it is determined by the active storage capacity of its basin,
and the measure of this effectiveness is the equalization index n (quotient of active
lake storage capacity and the volume of outflow from the lake) [5, 21-23].

The greatest ability to equalize river runoff is found in outflow lakes, i.e., those
which initiate rivers. The mean river runoff equalization index of these lakes ranges
from 20% (e.g., Olecko Wielkie) to 68% (e.g., Széstak) (Table 1). To a lesser extent,
river runoff is equalized by flow-through lakes. In their case, the average river runoff
equalization index, depending on the location of the lake along the course of the
river, varies from 2% (e.g., Etckie) to 22% (e.g., Orzysz). If the river flows through
several lakes (Fig. 2), their equalization role decreases with its course. The lake
constituting the last element in such a river-lake system, most often transfers high
water stages in an unchanged form. An example could be Lake Elckie (Fig. 2),
whose average annual equalization capacity is only 2% [5]. When taking into
account the maximum annual outflow from lakes, the level of equalization of river
runoff by them decreases and ranges from 1% to 42% (Table 1). The equalization
capacity of outflow lakes ranges from 9% (Olecko Wielkie) to 41-42% (Haricza and
Széstak) and of flow-through lakes from 1% (Eickie) to 17% (Orzysz).

Research [5] also indicates that the value of the river runoff equalization index
decreases with the increase in the lake index C (and does not increase as often is
found in literature) and decreases with the increase in exchange intensity in the
lake TW.?

“Intensity of water exchange in lake (IW) is a quotient of river outflow from lake and lake capacity.



The Role of Lakes in Shaping the Runoff of Lakeland Rivers 181

Table 1 Equalizing river runoff displayed by selected lakes of the northeastern Poland

Mean River
Water Capacity | annual Maximum runoff
stages of active | river annual river | sSmoothing

Hydrological | amplitude, | storage, runoff, runoff, index (%)
Lake type of lake cm hm?® million m® | million m® n n,
Haricza Outflow 160 5,004 7,943 12,111 63 36
Wigry Flow-through | 85 16,958 124,460 169,607 14 10
Gotdap Flow-through | 127 1,936 73,772 86,156 3 2
Rospuda Flow-through | 56 1,891 7,598 10,562 25 18
Olecko Flow-through | 137 3,118 15,955 34,272 20 9
Wielkie
Selmet Flow-through | 154 20,082 99,297 154,940 20 12
Wielki
Sz6stak Outflow 96 4,738 6,953 11,395 68 |41
Litygajno | Flow-through | 153 2,547 68,626 105,640 4
Lasmiady | Flow-through | 121 10,692 188,432 287,408 6 3
Efckie Flow-through | 135 5,185 239,246 367,020 2
Dejguny Outflow 60 4,578 12,793 19,143 36 |21
Gieladzkie | Outflow 90 4,288 12,611 18,969 34 19
Mokre Flow-through 75 6,332 127,088 172,287 5 3
Druglin Outflow 99 4,153 8,321 18,171 50 21
Orzysz Flow-through | 131 14,089 64,406 81,041 22 13
Ro$ Flow-through | 187 33,800 615,773 781,830 5 3

Adapted from [5]
3.4 Shaping the Volume of River Runoff

Lakes situated on the course of a river not only equalize its runoff but also affect its
volume, causing an increase in river runoff or its reduction. This process should be
associated with the draining role of lake basins. While the river flowing through the
lakes can only drain the level of underground water alimented either directly or
indirectly by atmospheric precipitation, lakes located along its course, especially
ribbon lakes, due to their depth, have hydraulic contact with deeper aquifer horizons
that often lie on “far” transit underground circulation routes. Basins of these lakes
can drain these aquifers, they can also aliment (supply) them. The research [24—32]
indicates that the underground supply of lakes, especially ribbon lakes, is abundant
and natural drainage occurs both from shallow as well as deeper aquifer horizons,
which can be several (Fig. 3). In the structure of the water circulation in the lake, the
flux of underground water exchange may constitute from several to several dozen
percent [5, 11, 14, 33-37].

Lakes can perform various functions in the underground phase of the water cycle
(Fig. 4) [5, 14]. Some lakes, regardless of the character of the hydrological year (dry,
wet), always drain underground waters, increasing the runoff of the river draining
them. Examples of such lakes are Olecko Wielkie, Rospuda, Gotdap, Wigry, and
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Fig. 2 Capacity of river runoff equalization by lake
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Fig. 3 Scheme of contact of lake basins with aquifer horizons (according to [32])
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Fig. 4 Relationship between mean annual surface water exchange (mainly via river) and under-
ground exchange in lakes of northeastern Poland [5]

Orzysz (Masurian and Suwalki area lakes) (Fig. 1) [5] and Stezyckie, Raduriskie
Gorme, Rekowo, Bukrzyno Mate, and Dabrowskie (Kashubian lakes) (Fig. 1)
[11]. The second group consists of lakes in which the flux of underground water
exchange is dominated by an underground runoff. These lakes supply underground
waters, reducing the runoff of rivers flowing out of them. These are lakes drained by
the Etk: Litygajno, Lasmiady, Elckie, and Selmet Wielki drained by the river Lega
(Fig. 1), i.e., lakes lying on the stretch of river courses that use the valleys of the
fluvioglacial water runoff. This group is also represented by the Southern Basin of
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the Great Masurian Lakes System [14, 37]. The next group are lakes, whose function
in the underground flux of water exchange is variable. Depending on the character of
the hydrological year (wet, average, dry) they drain underground waters increasing
river runoff or supply them, reducing the runoff of the rivers flowing out of them.
Examples of such lakes are Dejguny, Szdstak, Mokre, Ro§, Druglin, Gieladzkie, and
Hancza [5] as well as the Northern and Central Basin of the Great Masurian Lakes
System and the entire Great Masurian Lakes System [14, 37] (Fig. 1). Particularly
noteworthy is the flux of underground water exchange in Lake Haricza, amounting
on average to just 0.183 million m® per year. The role of the deepest lake in the
Polish Lowland in the underground drainage is comparable to much shallower lakes.
This fact should be explained by the structure of the quaternary system of the
Suwatki Lakeland. The channel lakes of this Lakeland (Hancza, Szelment Wielki,
Szelment Maly), contrary to popular opinion, manifest a limited hydraulic bond with
the surrounding underground waters [38]. Contact between the waters of Lake
Haricza with the deeper water-bearing levels practically does not exist, these waters
flow around the lake basin [39].

The influence of the lake on the runoff of the river which drains it, and in some
lakes also its direction (drainage — alimentation), depends on the amount of water
which participates in the circulation in the lake in a given year. For the amount of this
water primarily determines the value and direction of the flux of underground water
exchange in the lake [5].

4 Conclusions

Lakeland watercourses constitute a unique geoecosystem [40, 41], to which basic
properties, such as energy, matter, and information, can be attributed. Together
with the alimentation area (surface and underground), they are a functionally
interconnected landscape system, in which biogenic matter is transported with
water, both the matter which enters the system from the catchment, and that
produced in it. The main factor interfering with the transport of biogenic matter in
the lakeland river system are the lakes drained by it, in which, as a result of a
decrease in the kinetic energy of water, the matter accumulates in the form of bottom
sediments [5]. The specificity of the young glacial areas, manifested in diversified
geological structure, hydrological complexity, climatic variability, land use, and
relief, causes that in lakeland watercourses (lake river, river-lake system), the matter
transported with water undergoes transformation along with the course of the river
and the lake sections disturb the continuity of the river runoff, the gradient nature of
river zones, and the ecological processes. Lakes included in the river runoff condi-
tion the stability of rivers draining them. In shaping the river runoff, they play two
main roles: equalizing and draining. The lake sections of river-lake systems and of
lake rivers perform various functions in the underground phase of water circulation.
They can increase river runoff (its underground component); they can reduce this
runoff, directing part of the water flowing into the lake via the river into aquifers;
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they can also, depending on the storage state of the catchment, increase the runoff of
the river flowing out of it or reduce it. The influence of the lake on the river runoff is
also determined by the rate of water exchange in the lake.
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Abstract Total organic carbon (TOC) resources in Polish water reservoirs are
presented as an important factor affecting water quality and ecosystem trophic
state. The study is based on hydrochemical and biological data from 47 reservoirs
from the years 2005-2017 and collected from the archives of the Polish National
Monitoring Program, provided by the Chief Inspectorate of Environment Protection.
The mean (by weight) TOC concentration in reservoirs is 6.3 mg dm ™, with a range
from 2.3 mg C dm ™ in the mountains, the Czorsztyn and Sromowce reservoirs, up
to 18 mg C dm > in the hypereutrophic, lowland Siemianéwka reservoir, varying
according to reservoir elevation. Although reservoirs are large and deep, there is a
significant negative correlation between mean reservoir depth and TOC. Seasonality
and national TOC dynamics were strongly related to the rate of precipitation, with
maximal concentrations in late spring and minimal in autumn or winter. The first
global warming symptoms of TOC changes in reservoirs are noted, which will
manifest as increased TOC and greenhouse gas emissions. Increased water retention
time, which promotes water eutrophication, increases TOC resources in most Polish

A. Go6rniak (B)
Department of Hydrobiology, Institute of Biology, University of Biatystok, Biatystok, Poland
e-mail: hydra@uwb.edu.pl

© Springer Nature Switzerland AG 2020 189
E. Korzeniewska, M. Harnisz (eds.), Polish River Basins and Lakes — Part I,

The Handbook of Environmental Chemistry 86,

https://doi.org/10.1007/978-3-030-12123-5_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12123-5_10&domain=pdf
mailto:hydra@uwb.edu.pl

190 A. Gérniak

dam reservoirs as well as in flooded areas. Mean TOC concentrations are related to
certain biological reservoir water parameters, such as phytoplankton index or diatom
index. In future planning, Polish reservoirs should be placed outside lowlands, and
their capacity should provide a high water exchange, in less than 2 to 3 months.

Keywords Dam - Reservoir - Total organic carbon - Water

1 Introduction

1.1 Aims of Study

Water resources are among the most frequently modified elements of the natural
environment. Currently, there are more 14 million dam reservoirs in the world, with
this number expected to increase in the next decades [1]. More than half of the
world’s global river systems are regulated by dams, which mostly lie in basins where
irrigation and economic activities take place. Hydropower reservoirs and those for
irrigation are dominant. The total cumulative storage of large dams is about 20% of
global annual runoff [2]; in consequence of global warming and increase of degla-
ciated land area, a large global sea level rise of 30 mm is observed [3].

The reservoirs created by damming a preexisting river resemble a basin water
storage and run-of-river system. Dam reservoirs become active modifiers of energy
and mass runoff [4]. Sediment accumulation, primary productivity, and carbon
mineralization along the river continuum are major effects of the perturbation of
organic carbon cycling caused by damming of rivers [5]. A recent estimation shows
that nearly 13% of total organic carbon global flux, carried by rivers to the oceans,
has been eliminated by reservoirs, and the rate of this loss will increase with time.

European or regional studies on organic carbon cycling in dam reservoirs are not
yet available. In this study, I present a first evaluation of the organic carbon resources
in Polish dam reservoirs of different ages, volumes, and basin conditions. Varied
environmental drivers created new organic cycle features during water storage,
dependent on landscape types. Regional and hydrological conditions for organic
carbon processing are presented for better reservoir management that can limit
environmental disturbance and energy production costs.

1.2 Organic Matter in Water

Water, as an ideal natural solvent, contains two types of components: dissolved and
not dissolved (particulate), and mineral and organic substances are found in each of
these types. Next to natural organic matter (NOM), an anthropogenic organic matter
(AOM) appears in waters from increased human activity, with a new, synthetic
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matter origin. Mineral proportions dominate over organic compounds in most of the
water bodies, with the exception of dystrophic waters [6].

Organic matter in water is a mixture of organic carbon compounds, produced in
the catchment soils, or terrigenous plants (allochthonous), or within water ecosys-
tems (autochthonous). Hydrological situation, time, season and organic matter origin
determine the relationship between dissolved (DOC) and particulate organic matter
(POC); thus, the ratio DOC/POC, with a mean of 10:1, varies over a large range [6].

Humification of the organic matter of different origins is the most common
known process, when humic and fulvic acids (HA and FA, respectively) are formed
biochemically and with the active participation of bacteria, fungi, and also inverte-
brate organisms [7]. HA and FA, as new organic structures, together with detritus
and products of incomplete decomposition, create a rich resource for autotrophs and
heterotrophs [8]. Humus substance (HS) interactions with water plants and micro-
organisms are various, determined by humus acid concentrations, origin, pH, and
mineral compound richness [8, 9]. HS are important chemical stressors in water
ecosystems with effective impact on water color and photic zone density [6, 8]. Also,
HS has a strong relationship with acidity and pH in the case of low water conduc-
tivity [7]. Humus substances account for 60-80% of dissolved organic carbon
(DOC) [6, 7]. The presence of higher HS concentrations in waters affects the
nitrogen and phosphorus cycles, because both elements are naturally associated
with organic matter. In natural conditions, the increase of total organic carbon
(TOC) concentration in water is connected with increasing N and P resources,
primarily in particulate forms in rivers. Each high flow of the river delivers a new
flux of organic matter to the reservoirs, which can become a driver of water
eutrophication depending on reservoir volume and basin type. Increase of TOC
concentrations often causes an increase of the easily assimilated energy pool for
heterotrophs and mixotrophs, but reduces the rate of primary productivity in aquatic
ecosystems [8].

1.3  Water Reservoirs in Poland

Surface water accumulation by man has had a long tradition in Poland territories, and
reservoir functions change over time, according to human needs, possibilities, and
technological progress. River water storage in small reservoirs was first connected
with the existence of watermills, and the oldest one, from 1071, was documented in
Zgorzelec on the Oder River. Also in the eleventh century the oldest Polish fishpond
was built in Lower Silesia in Southwest Poland. These functions were dominant for
water reservoirs up to the year 19 (XIX), when the water wheel was superseded by
the water turbine for electric energy production. Hydropower reservoirs began
energy production for industry and private use and at first were located in the western
part of Poland. The oldest water reservoirs still functioning in recent times were built
in the first years of the twentieth century as hydropower reservoirs on the Rivers
Boébr and Kwisa (Table 1), as are most of the largest Polish reservoirs. After the high
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floods in the Vistula River basin in 1920 and 1930, the next new reservoirs had an
important role in limiting flood effects. The next function of reservoirs was an
accumulation of potable water and for communal use for developing agglomerations
in southern Poland. Water shortage in the second part of the twentieth century
prompted the construction of the next large water reservoir on the main tributaries
of the Vistula River, and just like on the river itself near Wloctawek in the lower part
of the river course. A long-time water reservoir began to become multifunctional
wherein recreation use and fish farming were also significant. Among Polish water
reservoirs, some of them serve for retention of mine waters, for transport, or to
improve waterway quality.

In the last years in the twentieth century, nearly 140 water dam reservoirs with a
total capacity greater than 10° m> and total area near 500 km? existed in Poland
[10]. Most of these are located in the Sudety and Karpaty Mountains or in
sub-mountain regions in the southern part of Poland. Only a few water reservoirs
were built on lowland or upland rivers, but there are a significant number of
reservoirs in the Silesia region. In the Silesia Upland an “anthropogenic Lakeland”
has formed as a result of long-term surface mining of minerals, with permanent
development of post-mining depression, affected by deep coal mining [11]. Around
20% of Polish reservoirs were built before the year 1945, mainly in the Sudety
Mountains, but larger ones are situated in the Vistula River basin.

The dams of Polish dam reservoirs are not very high, mostly in the range of
20-30 m, but the highest are 54.5 m (Czorsztyn Reservoir on Dunajec River) and
60 m (Solina Reservoir on San River). The largest Polish water reservoirs have an
area of 30-40 kmz, and only the Wioctawek Reservoir on Vistula River exceeds
70 km?. The ten largest Polish reservoirs have a capacity greater than 0.1 km® and
only two have storage for 0.45-0.47 km® water (Wloctawek Reservoir and Solina
Reservoir) (Table 1). Reservoir morphology depends on geographic location,
because mountain reservoirs are deep, with maximal depth more than 40-50 m,
summer thermic stratification of the water column, and intensive sedimentation of
sand and gravels. Lowland reservoirs, such as Jeziorsko, Siemianéwka, and Turawa,
are shallow, polymictic, with large area changes during a year, with sandy silt
deposits and local bays with wetlands development. Some reservoirs, such as
Goczatkowice, Nysa, and Otmuchéw, have a morphology typical for lowland
reservoirs, but their hydrology is connected with the mountain area.

Reservoir location on the cascade system is a specific of selected mountain
valleys, formed by reservoirs Porabka—Zywieckie—Czaniec on the Sota River
(a Vistula River tributary) and another one by Topola—Otmuchéw—Nysa on the
Nysa Ktodzka River (Oder River tributary). Four reservoirs are situated on the
Dunajec River course with a total capacity greater higher than 0.4 km® (nos. 7, 8,
30, and 37 in Table 1).

High multiannual variability of precipitation and available water for reservoir
retention is observed in Polish territory [11, 12]. Therefore, the water volume in dam
reservoirs is characterized by significant long-term variability (Fig. 1). In the past
9 years (2009-2017), extreme precipitation was noted in 2010 (including a flood in
the Vistula River basin) and extremely dry years in 2012 and 2016. The variability of
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Fig.1 Changes of mean annual water retention in the years 2009-2017 in largest (upper panel) and
lowland (lower panel) reservoirs

atmospheric water supply is most visible in smaller reservoirs (<50 x 10° m®) where
the variation coefficient ranged from 20% to 80%. Lower variation of retained water
was observed in the largest reservoirs, such as Wtoctawek or Solina reservoirs
(Fig. 1). Low variability was also noted in reservoirs whose main function is energy
production. In seasonal terms, the largest reservoir filling takes place in the spring
period (April, May) and lowest level is most often in September or October (Fig. 2).
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Fig. 2 Mean monthly water volume in the largest (upper panel) and lowland dam (lower panel)
reservoirs in Poland in the years 2009-2017

Average water retention time is significantly differentiated in reservoir condi-
tions, because some of them (such as reservoirs no. 6, 32, and 37 in Table 1) have a
short retention time, less than 4-5 days. Among Polish reservoirs presented in
Table 1 are those in which theoretical full water exchange is very long, 7-9 months.
It is worth emphasizing that in the analyzed Polish reservoirs ice phenomena occur in
wintertime, which is especially dangerous for reservoir dams. Extremely dangerous
ice jams, affected by local floods, occur in the Wloctawek Reservoir in the lower
Vistula River.
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2 Total Organic Carbon in Reservoirs of Poland

2.1 Data Collection and Methodological Comments

Data for this paper are a part of the data collection of the Polish National Monitoring
Network and contain results from the years 2004-2015. I have collected all available
data from the 47 dam reservoirs, which main features are presented in Table 1.
Reservoirs with a minimum 1 year of sampling in the period 2006-2017 were
selected. The number of TOC data for each reservoir varied greatly, from 4 to
120 results. In all, 1280 units of TOC data for reservoir water were analyzed,
representing chiefly the largest reservoirs with capacities greater than 10° m® and
located in the central and south parts of Poland. Analyzed reservoirs have about
3.2 km? with area of 473 km?, which corresponds to 90% water volume cumulated in
Poland. Dammed lakes functioning as a water dam reservoir and “small retention”
objects were omitted in the present analysis. High water volume storage, 54%, exists
in mountain or sub-mountain reservoirs; in lowlands this is 36%, and in uplands,
10%.

Sampling frequency was varied, depending on reservoir function; most of the
reservoirs used for a potable water supply were sampled once per month. Reservoirs
with an energy-dominated function were sampled 4 to 6 times per year, according to
the National River Monitoring Protocol [13]. Samples were taken from the surface
water layer (0—1 m depth) and located near the dam; on some occasions, samples
were taken near the towers used for water supply. Automatic TOC measurements
were made using the Polish Norm for direct analyses of TOC in water samples (not
filtrated), using high-temperature fittings and measurement of CO, by a UV detector.
Available data of water conductivity were also collected. Laboratories of the
Voivodship Inspectorates of Environment Protection, where TOC analyses were
provided, have a national certification of quality.

Original daily hydrological data for 25 reservoirs were provided from the national
company “Polish Waters,” the National Centre for Flood Protection in Warsaw.
Averages of monthly water volume and outflow from reservoirs were calculated.
Mean yearly water retention time for each reservoir was calculated as a ratio of the
volume of water to the volume of water outflow in each calendar year. Mean TOC
resources in the main hydrological regions were calculated on the basis of average
TOC concentrations and available hydrological data for the period 2005-2017.
When actual hydrological data were not available, the official normal water volume
of the reservoir was used for calculation.

2.2 TOC Variability in Dam Reservoirs

Variability of TOC concentrations for each reservoir is presented in Table 2. The
range of TOC concentrations from collected data varied from less than 1 mg C dm >
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Table 2 Total organic carbon concentrations and water conductivity in water of Polish reservoirs

TOC [mg C dm ] Conductivity
No. Reservoirs Years n Min Max Mean [uS cm
1 Besko 2010-2015 36 2.5 8.2 4.9 294
2 Brody 2006-2015 29 3.6 |54.0 11.5 334
3 Bukéwka 2012, 2014 6 2.6 5.6 4.4 123
4 Chancza 2006-2015 19 6.7 |194 8.9 279
5 Cieszanowice 2011 4 12.1 13.9 13.3 252
6 Czaniec 2010-2015 60 2.0 43 2.8 196
7 Czchéw 2007-2011 20 1.0 6.0 2.7 155
8 Czorsztyn 2008-2012 14 1.3 33 2.3 240
9 Dobczyce 2005-2014 119 2.3 5.0 34 266
10 Dobromierz 2011-2015 15 1.5 8.1 4.8 263
11 Domaniéw 2004-2006 34 48 |16.3 10.0 378
12 Dzierzno 20102015 9 4.7 7.7 5.8 526
13 Goczatkowice | 2010-2016 63 2.6 6.8 4.7 201
14 Jeziorsko 2011, 2014 22 6.7 |11.3 9.3 382
15 Klimkéwka 2008-2012 14 1.2 5.0 3.7 202
16 Koztowa G. 2010-2015 63 2.1 [320 13.0 342
17 Le$na 2012, 2014 6 39 |10.8 7.0 124
18 Lubachéw 2011-2015 15 24 225 54 200
19 Faka 2010-2015 9 7.6 |12.0 10.3 646
20 Mietkow 2012, 2014 6 3.8 7.2 5.7 435
21 Niedéw 2011-2015 15 2.1 14.2 4.8 170
22 Nielisz 2012, 2015 13 4.5 7.2 5.8 463
23 Nysa 2009, 2012, 2015 9 2.1 |21.0 7.5 254
24 Otmuchéw 2009, 2012, 2016 9 4.1 18.2 8.1 263
25 Pilchowice 2012, 2014 6 1.8 8.6 6.2 196
26 Plawniowice 2010-2015 9 6.1 7.3 6.6 530
27 Poraj 2010-2015 9 62 |[12.0 8.6 403
28 Porabka 2010-2015 12 2.2 4.8 2.7 201
29 Przeczyce 2010-2015 9 6.8 13.0 9.5 383
30 Roznéw 2007-2012 19 1.2 5.0 2.9 162
31 Rybnik 2010-2015 9 7.6 9.6 8.7 1210
32 Rzeszoéw 2005-2012 17 38 8.9 5.5 505
33 Siemianéwka 2009-2014 47 |11.5 |46.6 18.1 286
34 Stup 2012, 2014 8 59 |12.0 9.0 359
35 Solina 2010-2014 28 1.1 6.3 3.1 197
36 Sosnéwka 2011-2015 15 2.8 9.3 5.0 98
37 Sromowce W. | 2008-2011 12 1.2 37 2.3 278
38 Sulejéw 2005-2015 120 33 [265 9.5 319
39 Topola 2011, 2013 12 1.4 8.0 4.6 294
40 Tresna 2010-2015 18 1.9 9.2 35 193
41 Turawa 2009, 2011, 2014 9 7.0 (214 11.4 299

(continued)
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Table 2 (continued)

TOC [mg C dm™] Conductivity
No. Reservoirs Years n Min Max Mean 1S cm™
42 Wiéry 2012-2015 10 4.5 7.1 5.8 390
43 Wista—Czarne 2007-2014 111 0.9 7.0 33 74
44 Wioctawek 2005-2014 89 5.1 14.0 8.6 620
45 Zegrzynski 2010-2014 89 49 (20.6 11.7 596
46 Zemborzyce 2012-2013 8 39 |11.6 7.8 360
47 Ztotniki 2012 4 6.8 10.5 8.9 111

n, number of samples

up to 54 mg C dm°; the mean value (weight by volume) for a reservoir is
6.3 mg C dm>.

The Czorsztyn and Sromowce reservoirs had the lowest TOC levels; in the
Siemianéwka reservoir, TOC concentrations were ten times higher. Increase of
TOC resources in the reservoirs was related to decrease of basin elevation (Fig. 3);
thus, water dammed in lowland, upland, and mountain reservoirs had TOC mean
(by weight) concentrations of 10.0, 8.1, and 36 mg C dm >, respectively.

These data confirm the role of soil carbon resources in the basin, because eroded
soil material is the main source of the organic carbon load to surface waters
[14]. Also, significant differences in reservoir TOC concentrations are derived
from various characteristics of size and mass of river deposits in the upper part of
each reservoir. The coarse material and that poor in organic content is buried in the
upper reference part of mountain reservoirs and has a only small part in water
enrichment by TOC in the reservoir during the active process of mineralization,
caused by variations in dam water level. In upland, and especially in lowland,
reservoirs that are more shallow, riverine material is distributed through most of
the impoundment area and creates more available conditions to additional bottom
TOC influx. Furthermore, lowland reservoirs with more varied flooded areas favor
intensive macrophyte or other hygrophyte colonization and become ‘“hotspots” of
nutrients as well as organic compounds. Mineralized detritus of water plants and
organic matter of shore-wetted soils also become sources of greenhouse gases
(GHG) [15]. It is not without significance that lowland water retention usually occurs
in shallow, polymictic water bodies, where multiple whole column mixing acceler-
ates the microbiological mineralization and utilization of organic particles [4, 6],
parallel to UV photobleaching of DOC components [7].

There are statistically significant relationships (negative) between TOC and mean
reservoir depth (Fig. 4), but larger TOC variability (four- to sixfold) was observed in
a group of shallow reservoirs than for deeper ones (two- to threefold). The same
relationships, but for highly rheolimnic reservoirs, exist with a slightly lower
concentration range.

Water retention time is important in the creation of TOC resources in the lowland,
upland, and smaller mountain reservoirs, where statistically significant positive
correlations are present (Fig. 5). Long water residence activates development of
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Fig. 3 Mean TOC concentrations in water of Polish reservoirs

bacteria and phytoplankton [6, 16, 17] and in consequence starts the eutrophication
process gradually [18], resulting from an increase of organic matter resources not
utilized by consumers in the food web [6]. An intensive allochthonous organic
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Fig. 5 Relationships between water residence time (days) and mean TOC concentrations in water
of Polish reservoirs: (A) deep and large mountain reservoirs; (B) lowland, upland, and smaller
mountain reservoirs

matter supply of water bodies, common with organic nitrogen and phosphorus,
resulted in especially high Cyanophyta development. Because blue-green algae is
mixotrophic, easily utilizes organic materials, and tolerates low water transparency,
it becomes dominant in phytoplankton eutrophic lakes [6]. This type of eutrophic
“organic” water, without additional anthropogenic water pollution, is named humeo-
eutrophication [9].
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2.3 TOC Seasonality and Multiannual Changes

Reservoir ecosystems are very dynamic because of their strong dependence on the
river hydrological regime and their main proposed function. A more objective
analysis of TOC dynamics in Polish dam reservoirs is limited, because only in a
few reservoirs is long-term monitoring provided. I have collected monthly data only
from a few reservoirs: Wista—Czarne and Dobczyce in the mountains and Sulejéw,
Wioctawek, and Zegrzyriski in the lowlands.

With increasing average TOC concentrations, seasonality is increased. Increase
of water TOC concentrations is observed in the spring and summer months (Fig. 6).
The spring period is affected by snow melting, and the summer months are associ-
ated with heavy rains and stormy season, locally inducing floods. It is noted that the
spring water inflow most significantly increases TOC concentrations in lowland
reservoirs, whereas in the mountains TOC increases during summer floods. A
variation coefficient of TOC calculated for a few reservoirs with more frequent
data indicated that mean variability variation is in the range of 22% to 55%, the
highest coefficients being characteristic of basins with wetlands. Long-term data for
the lowland Siemiandéwka reservoir showed that the organic load entering this type
of reservoir with spring waters determined the resources of organic matter in
reservoirs for the entire vegetation season [18].

The seasonal repetition of the TOC cycle in dam reservoirs is typical for semi-
natural basins, as observed in the Wista—Czarne reservoir with protected forest areas
(Fig. 7). The greater variability of TOC resources in particular seasons was recorded
in reservoirs with significant changes in basin management. Urban and agricultural
areas become more reactive to rainwater supply than forests or wetlands; then, a
rapid response of TOC export becomes significant [19, 20].

Despite the short period of research and analysis, characteristic elements of
multiannual TOC variability in Polish reservoirs were noted. In the discussed period
there were clear differences in TOC concentrations in reservoir waters under differ-
ent hydroclimatic conditions. The highest TOC values were observed in all
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Fig. 7 Long-term variation of TOC in Wista-Czarne reservoir in years 2003-2014
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Fig. 8 Yearly mean TOC concentrations in selected Polish reservoirs

reservoirs in the year 2010 with high summer precipitation and floods (Fig. 8), when
intensive soil organic carbon erosion takes place. In the dry year 2012, with low
atmospheric water supply (precipitation less than 50% of multiannual mean), TOC
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concentrations were also low. Similar results for a drought period were presented
earlier for rivers in northeast Poland [21].

2.4 Resources of Total Organic Carbon in Polish Reservoirs

Water dammed in Polish reservoirs of different regions had variable TOC mean
(weight) concentrations (Table 3). Lowlands reservoirs have a TOC concentration
four times higher than that observed in mountain reservoirs. Reservoirs located in the
Odra River basin had significantly higher TOC concentrations than reservoirs in the
Vistula River basin, 3.65 and 6.61 mg C dm >, respectively. This difference is
related to the differences in the clay content in the weathered rocks, fertility, and
organic carbon resources in the soils formed on them.

I have estimated that there is 1.29 t of organic carbon in the water of Polish
reservoirs. In the waters of six dam reservoirs, that is, Jeziorsko, Siemianowka,
Solina, Sulejéw, Wtoctawek, and Zegrzyniski, 60% of the total TOC resources of the
water of Polish reservoirs is found. Additionally, nearly 40% of these resources was
in the Witoctawek reservoir. It should be noted that the indicated TOC resource
concerns waters leaving the reservoirs and it must be assumed that they are greater in
reality. TOC concentrations in the water near the dam resulted in a balance of the
allochthonous basin TOC load and in-reservoir processes in which both the utiliza-
tion and autochthonous production of organic matter take place [22]. Reservoir
morphology, water retention time, and upstream water composition determine the
real relationship between river, transitional, and lacustrine longitudinal zones usually
highlighted in dam reservoirs. Globally, it is considered that in a reservoir carbon
mineralization exceeds carbon fixation (P < R), next to the carbon burial processes
[5]. Generally, longitudinal TOC concentration decrease was observed within the
reservoir, but in some eutrophic reservoirs with large flooded areas TOC increase
was present, as in Siemiandwka reservoir [9, 18, 23], which confirms the significant
role of flooded areas in the trophic state of reservoirs [5, 15, 24, 25].

Table 3 Regional differentiation of TOC and water resources in the investigated dam reservoirs in
Poland

Average £+ SD ‘ Mean (weight) Water ‘ TOC
Region n [mg C dm 3] [%]
Mountains 4 2.75 £ 0.51 2.85 27.2 12.2
Sub-mountains 23 5.17 + 1.61 4.68 304 224
—Vistula R. basin 10 391 +£0.92 3.65 19.9 11.4
—QOder R. basin 13 6.18 + 1.37 6.61 10.5 11.0
Uplands 11 8.52 +£2.00 8.34 6.3 8.2
Lowlands 9 11.48 +2.88 10.00 36.2 57.2
Mean 47 6.97 + 3.38 6.34
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Earlier evaluation of water TOC export along the Vistula River clearly showed
the large role of Wiloctawek reservoir in elimination of organic carbon carried from
Poland to the Baltic Sea [26], where approximately 20% of annual TOC export is
reduced.

3 Perspectives

This positive aspect of functioning Polish dam reservoirs in protection of the Baltic
Sea is connected also with an active “hotspot” of greenhouse gas (GHG) emission,
together with other Polish dam reservoirs. During global warming, from one aspect,
increase of soil organic carbon erosion is forecast, contributing to a slow increase of
the TOC pool in dammed waters. The first symptoms of that increase are being
observed now in selected Polish reservoirs (Fig. 8). Also forecast is an increase of air
temperature that will generate additional emission of greenhouse gases from water
reservoirs, while increasing the costs of electricity production. As recently globally
calculated, the carbon footprint of hydropower is greater than previously assumed
and in global warming this effect will increase [27]. Moreover, an increase of basin
TOC flux to reservoirs affected by climatic and hydrological changes will cause an
increase of water utilization costs, in consequence of changes in water treatment
technologies. A more intensive organic carbon monitoring network is needed,
covering water, sediments, and GHG emissions, in diverse Polish dam reservoir
ecosystems, especially where TOC resources are highest.

The present evaluation of TOC resources in Polish dam reservoirs was closely
related to other chemical and biological parameters of water collected by ecological
monitoring from the years 2010-2015 and provided by the Chief Inspectorate of
Environmental Protection. Average TOC concentrations in reservoirs were posi-
tively correlated with water conductivity (r = 0.58, p < 0.05). Among the biological
parameters there was an inversely proportional relationship between TOC in waters
and values of the phytoplankton index (IFPL) (r = 0.79, p < 0.001). A less strong
correlation was observed between TOC and the benthic diatom index (IOPL)
(r =0.51, p < 0.05). Established significant correlations confirm the possibility of
a wider use of the TOC parameter in assessment of the status or ecological potential
of dam reservoir ecosystems.

This first evaluation of TOC assets conducted in Polish dam reservoirs offers
conclusions for location of the next planned water reservoirs. The reservoirs should
be located outside the lowland areas, where there are vast areas of peat soils
abundantly supplying water to the TOC. The same problem of high TOC concen-
trations in lowland dam reservoirs exists in large reservoirs in the Volga River basin
[28] or in dammed rivers in Lithuania, Latvia, or Estonia.

Most of the lowland Polish dam reservoirs have low water quality and natural
high TOC resources, accelerating the eutrophication process with late summer heavy
blooms of toxic Cyanophyta, examples of which are the Sulejéw, Siemianéwka, or
Zemborzyce reservoirs [18, 29]. Future Polish reservoirs should be placed on rivers
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where relationships between the catchment areas over a reservoir area have rates
higher than 1000 (data not presented), ensuring high water exchange, and preventing
intensive phytoplankton development, especially of Cyanobacteria.
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Abstract The lakes of the Great Masurian Lakes System create the largest lake
complex in Poland hydrologically divided into three basins — Northern, Central, and
Southern. The water flow direction depends on the position of the watershed
between Vistula and Pregota Rivers which can vary depending on the water level
and the magnitude of the water outflow from the Pisa and Wegorapa Rivers. The
studies aimed to analyze the changes in the hydrological regime and the ecological
state of these lakes in 2008 and 2010-2012. In June 2010, the bifurcation zone
occurred in the central part of the system due to the high quantity of precipitation. A
positive heterograde oxygen curve in summer was in less eutrophic lakes, while a
negative heterograde oxygen curve in more eutrophic lakes and a clinograde oxygen
curve in highly eutrophic lakes. Phosphorus content was typical of medium or highly
eutrophic lakes; therefore classifications based on physicochemical elements indi-
cated below good ecological potential and status of all lakes. The least intensive
phytoplankton growth was in the Northern Basin whereas the most intensive in the
Southern Basin. Biological assessments based on phytoplankton indicated maxi-
mum potential in two lakes and good potential and status in five lakes, whereas the
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remaining lakes had moderate, poor, and bad potential and status. In 2010, when
oxygen conditions improved significantly, the classification based on PMPL indi-
cated significant deterioration up to bad ecological potential and status, in the lakes
within the bifurcation zone and in several lakes in the Southern and Northern Basins.

Keywords Bifurcation zone - Ecological classification - Phytoplankton -
Stratification - Trophy - Watershed

1 Introduction

The Great Masurian Lakes System comprises the largest lake complex in Poland and
on the North European Plain. These lakes lie in the Masurian Valley [1], and the
central valley is occupied by the largest among them, which are Sniardwy Lake
(109.7 km? surface area) and the Mamry lakes complex (102.3 km? surface area).
The Great Masurian Lakes catchment basin has a surface area of approximately
3,200 km? [2], of which approximately 20% is in the Wegorapa River Basin and
approximately 80% is in the Pisa River Basin (Fig. 1). The Great Masurian Lakes
occupy approximately 9.7% of the surface area of this catchment, and they store
nearly 2.5 km?> water, which is 12.7% of the lake water reserves in Poland [3].

The Great Masurian Lakes System includes basins with varying surface water
areas (from 19 to 11,340 ha) and maximum depths (from approximately 3 to 51 m)
(Table 1). The shallowest are lakes Szymon, Kotek, and Kirsajty, while the deepest
are Tatty-Rynskie, Betdany, and Mamry Pétnocne (Fig. 2). The smaller, shallower
lakes and Sniardwy Lake, the largest, (Fig. 3) are mixed to the bottom, while the
deeper lakes are usually fully stratified dimictic lakes. The direction in which water
masses move determines the biological and trophic conditions in individual lake
systems [4, 5].

Based on results of physicochemical and biological tests conducted in 2008 and
in the 2010-2012 period, changes in the hydrological regime, physicochemical
variables, and phytoplankton in the lakes of the Great Masurian Lakes System
were analyzed. Physicochemical and biological data collected by the Department
of Ichthyology, Hydrobiology, and Aquatic Ecology, Inland Fisheries Institute in
Olsztyn, and hydrological information from data collection stations of the Institute of
Meteorology and Water Management—National Research Institute were used for
these analyses. The lakes in this system were examined at the height of the summer
stagnation period in August.

Sampling sites were designated each time in the deepest part of the lakes. The in
situ measurements taken were as follows: water temperature and oxygen content in
vertical profiles from the surface to the bottom at intervals of 1 m with a YSI
ProODO optical dissolved oxygen meter, water electrolytic conductivity and pH
with an OAKTON pH/Con model 300 meter, and water transparency with a Secchi
disk. Water samples for physicochemical analyses were collected with a Ton-2 water
sampling dipper from the surface water layer, but water samples for biological
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Fig. 1 The Great Masurian Lakes System (northeastern Poland)
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Table 1 Morphometric characteristics of the Great Masurian Lakes

Lake Surface area (ha) Max depth (m) Mean depth (m)
A Mamry Péinocne 2,504.0 43.8 11.7
Swigcajty 968.4 28.0 8.7
Kirsajty 207.0 5.8 32
Dargin 3,030.0 37.6 10.6
Dobskie 1,776.0 22.5 7.8
Kisajno 1,896.0 25.0 8.4
Tajty 265.1 34.0 7.5
Niegocin 2,600.0 39.7 99
Wojnowo 176.3 14.2 6.3
Boczne 183.3 17.0 8.6
Jagodne 942.7 374 8.7
Szymon 154.0 2.9 1.1
Kotek 19.1 32 1.6
Tattowisko 326.9 39.5 14.0
Talty-Ryriskie 1,831.2 50.8 13.6
Mikotajskie 497.9 25.9 11.2
v Sniardwy 11,340.4 23.4 5.8
4 Beldany 940.6 46.0 10.0
Guzianka Mata 36.8 13.3 2.7
Guzianka Wielka 59.6 25.5 6.5
Nidzkie 1,818.0 23.7 6.2
Ro$ 1,888.0 31.8 114

analyses were collected from the epilimnion (stratified lakes) and from the surface to
the bottom water layer (non-stratified lakes). The basic chemical parameters were
determined with standard methods [6, 7], chlorophyll a (Chl a) content was deter-
mined with the Lorenzen method [8], and phytoplankton biomass was determined
with the Utermohl method [9] and the method based on measuring the volume of
cells using verified patterns in reports [10].

In accordance with the Water Framework Directive, six of the lakes of the Great
Masurian Lakes System that were examined (Wojnowo, Kotek, Guzianka Mata,
Guzianka Wielka, Nidzkie, Ro§) were categorized as natural water bodies (NWB),
while the remaining lakes were classified as heavily modified water bodies
(HMWB). The assessment of the ecological status of NWBs and the ecological
potential of HMWBs was based on the summer values of selected physicochemical
and biological parameters and was compared to quality class limit values for the
averages for the entire growth season in accordance with the Regulation of the
Minister of Environment of July 21, 2016, on classification methods for water bodies
and environmental quality standards for priority substances. This assessment applies
only to extreme summer situations.
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Fig. 2 Mamry Péinocne Lake
2 Hydrology of the Great Masurian Lakes

The hydrological system of the Great Masurian Lakes in its current state originated
in the nineteenth century, when a connection was dug between Lakes Sniardwy,
Niegocin, and the Mamry lakes complex. This is divided into three parts, or basins.
The Northern Basin system includes the Mamry lakes complex of Lakes Mamry
Pétnocne, Swiecajty, Kirsajty, Dargin, Dobskie, and Kisajno. The Central Basin
comprises Lakes Niegocin, Boczne, Wojnowo, Jagodne, and Tajty. The Southern
Basin includes Lakes Szymon, Kotek, Tattowisko, Talty-Ryrskie, Mikotajskie,
Betdany, and Sniardwy.
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Fig. 3 Sniardwy Lake

The system’s main tributaries are the Sapina and Krutynia Rivers. The water
supply for the lakes of the Northern Basin is from groundwater to a significant
degree. The Northern Basin is drained by the Wegorapa River, while the Middle and
Southern Basins are drained by the Pisa River [4, 11]. The Great Masurian Lakes
System has a two-way outflow of water that is regulated by weirs at the outflow. The
direction of water exchange between these waters depends on the position of the
Vistula River and Pregota River watershed. The ordinate water level in the system is
maintained at 116.0 m above sea level. The location of the first-order watershed
determines the distribution of waters between the Wegorapa and Pisa Basins (Fig. 1).
This is described by Bajkiewicz-Grabowska [4, 12] and Dabrowski [11, 13, 14] and
can vary depending on the state of the water level in the system, and it depends on
the magnitude of the water outflow from the Pisa and Wegorapa Rivers [15]. As a
rule, the first-order watershed runs at the mouth of Gizycko Canal from Niegocin
Lake. It can change within the borders of Dargin Lake to Mikotajskie Lake.

The surface area of the endorheic basin (bifurcation) when at an average water
level can lie between Lakes Kisajno and Jagodne and, in extreme cases, between
Lakes Kisajno and Mikotajskie [16] (Fig. 1). Water exchange among lakes in the
bifurcation zone is very limited. Waters from above its northern border flow from the
Great Masurian Lakes into the Wegorapa River, while those to the south of it flow
into the Pisa River. The northern end of the linear bifurcation usually corresponds to
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Fig. 4 The inflow of river waters to the Northern (a), Central (b), and Southern (c) Basins of the
Great Masurian Lakes in June in 2008-2012

the highest water table level in the system and is identified with the position of the
first-order watershed [2].

The position of the first-order watershed can change in different years depending
on the quantity of precipitation. One such extreme situation was noted in 2010 from
May to June. The most water was accumulated in the southern lakes (Fig. 4). The
first-order watershed was then located in Mikotajskie Lake. Consequently, the most
water flowed out via the Pisa River, while decidedly less flowed through the
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Fig. 5 Intensity of the river outflow from the Great Masurian Lakes on the Wegorapa (a) and Pisa
(b) Rivers in June in 2008-2012

Wegorapa River (Fig. 5). The bifurcation zone that favors water retention was the
central part of the system in June 2010 (Fig. 1).

3 Physicochemical and Trophic Water Conditions

The water surface layer temperatures of the Great Masurian Lakes fluctuated during
the summer during the study period from approximately 20 to 26°C. The waters of
Northern Basin were usually cooler, while those of the Southern Basin were warmer.
The temperature of the near-bottom water layers in stratified lakes usually ranged
from about 6 to 9°C (Figs. 6, 7, and 8). The warmest growth season was noted in
2010. The oxygen content in the summer in the epilimnion ranged from approxi-
mately 7 to 9 mg O, dm >, and the water oxygen saturation was from 70% to 110%.

The changes noted in water temperatures and oxygen contents in Sniardwy Lake
were characteristic of strongly mixed lakes. A positive heterograde oxygen curve
which describes the oxygen content distribution in the vertical profile in summer in
less eutrophic lakes occurred primarily in Mamry Péinocne Lake (Fig. 6). A negative
heterograde oxygen curve described more eutrophic lakes. In other lakes the changes
in water temperatures and oxygen contents were characterized by clinograde typical
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Fig. 6 Temperature and oxygen stratification in the lakes of Northern Basin of the Great Masurian
Lakes during summer stagnation (August) in 2008-2012
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Fig. 8 (continued)

of highly eutrophic lakes. In 2010, the oxygen content in the vertical profile
improved in most lakes of Northern and Southern Basins.

Good oxygen conditions in hypolimnion were noted in summer 2010 in most of
the lakes of the Northern and Southern Basins of the Great Masurian Lakes System.
The minimum oxygen content in metalimnion, which is typical for b-mesotrophy,
occurred primarily in Lakes Swiecajty, Mamry Péinocne, Dargin (Fig. 6),
Tattowisko, Talty-Ryrskie, and Betdany (Fig. 8). Below the thermocline, the oxy-
gen content did not usually decrease <4.0 O, mg dm > and 40% water oxygen
saturation. This unusual vertical distribution of oxygen content in summer in these
lakes resulted from intense rainfall in the spring and summer, when seston was
intensely washed out of flow-through lakes. Part of the seston accumulated in the
metalimnion, and, subject to mineralization, it contributed to lowering the oxygen
content in this layer. The rate of accumulation of oxygen deficit here depended on
the sharpness of the thermal gradient, which in the flow-through lakes included the
water layer from 5 to 9 m and fluctuated within a range of 9-14°C.

The thermoclines of flow-through lakes exhibited the Gliwicz phenomenon [17],
i.e., the formation of a refugium for filter-feeding zooplankton that provided easy
access to food and protection from planktivorous fish predation. The durability of
this refugium depended on the sharpness of the thermal gradient in the metalimnion.
When the oxygen content decreases in this layer to trace values, cold-water
planktivorous fish (European whitefish, vendace, smelt) probably do not have access
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to this refugium, because they remain in the cooler, more oxygenated zones of the
hypolimnion and, as a rule, forage less well. They are in worse condition and do not
start breeding in fall [18]. In stagnating lakes, the metalimnion thermal gradient was
less sharp at 5-9°C.

The salinity of the lakes is typical of basins located in the Polish Lowlands; hence
they are bicarbonate-lime, where the composition of dissolved ions is dominated by
Ca®* and HCO;5;™ [19-23]. The water pH in most of the lakes is alkaline because of
intense phytoplankton photosynthesis. The lakes of the Southern Basin are less
mineralized, while those in the Central Basin are much more strongly so (Table 2).
The electrolytic conductivity of the surface water layers could change from
226 puS cm ' in Nidzkie Lake situated in the forest catchment to 449 uS cm™' in
Wojnowo Lake situated in the agricultural catchment, while that of calcium could
change from 31.5 to 69.6 mg Ca** dm >, respectively, and that of bicarbonate from
90.6 to 229 mg HCO5 ™~ dm >, respectively. The contents of magnesium and sodium
did not, as a rule, exceed 12.3 mg Mg2+ dm™3, potassium did not exceed
5.7 K* mg dm >, and carbonates did not exceed 16.5 mg CO5>~. The chloride
concentration in the surface water layers in the lakes located in the lower part of the
Southern Basin varied within the range of 4.1-5.2 mg CI~ dm >, while in the
central part of the system, they increased several times up to 22.4 mg CI~ dm > in
Niegocin Lake. The concentration of sulfates changed similarly from 8.3 to
33.3 mg SO,>~ dm >, respectively.

The Great Masurian Lakes System was characterized by significant resources of
phosphorus and nitrogen that are typical of medium or highly eutrophic lakes
[24, 25]. The phosphorus content in the surface water layers was lower in the
lakes of the Northern Basin and ranged from 0.045 mg TP dm > in Kirsajty Lake
and up to 0.091 mg TP dm ™ in Swiecajty Lake, and it was higher in the lakes of the
Southern Basin, where it ranged from 0.071 to 0.128 mg TP dm > (Table 3). The
concentration of total nitrogen in the surface water layers of the system’s lakes in
summer system ranged from 0.70 to 1.3 mg TN dm™>. Lower contents of phospho-
rus and nitrogen were noted in summer 2010 in lakes located at the northern and
southern limits of the system, where intense phosphate co-precipitation with calcite
could occur. Water transparency was lower in the lakes of the Central and Southern
Basins (Tables 3 and 4). The lowest Secchi depths were noted in Kotek Lake (0.4 m)
and Lakes Boczne, Beldany, Ro$ (0.9 m), and Sniardwy (1.4 m). The waters of
Lakes Mamry Pétnocne, Dargin, Dobskie, Kisajno, and Kirsajty were more trans-
parent. Transparency in summer 2010 decreased in the Northern Basin to a maxi-
mum of 1.7 m in Dargin Lake and to 2.0 m in Kirsajty Lake, while in the Southern
Basin the maximum was 0.9 m. Only in Sniardwy Lake was it higher.

4 Phytoplankton

The summer phytoplankton assemblages in the lakes of the Central and Southern
Basins of the Great Masurian Lakes System in 1973 and 1976 were dominated
primarily by large dinoflagellates Ceratium hirundinella (O.F.Miiller) Dujardin
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[26, 27]. However, cyanobacterium Planktothrix agardhii (Gomont) Anagnostidis
& Komadrek co-dominated the phytoplankton in Lakes Guzianka Wielka, Jagodne,
Kotek, and Szymon. Other cyanobacteria taxa of the genera Aphanizomenon,
Planktolyngbya, and Microcystis were also present in most of the lakes.

In 2008 and 2011-2012, in turn, the summer phytoplankton assemblages in
all the lakes of the Great Masurian Lakes System were dominated mainly by
cyanobacteria [28]. Significant differences among the lakes concerned the
biomass-based domination within the Cyanobacteria class and mainly of species
representing three orders. Chroococcales order included primarily Aphanocapsa
incerta (Lemmermann) G. Cronberg & Komérek, and Aphanothece sp. Nostocales
order included primarily Aphanizomenon gracile Lemmermann; Cuspidothrix
issatschenkoi (Usachev) P. Rajaniemi, Komarek, R. Willame, P. Hrouzek,
K. Kastovskd, L. Hoffmann & K. Sivonen; Dolichospermum lemmermanii (Richter)
P. Wacklin, L. Hoffmann & J. Komérek; D. flosaquae (Brébisson ex Bornet &
Flahault) P. Wacklin, L. Hoffmann & J. Komarek; and Gloeotrichia echinulata P. G.
Richter. Oscillatoriales order included primarily Limnothrix redekei (Goor) Meffert,
Planktolyngbya limnetica (Lemmermann) Komarkova-Legnerovd & Cronberg,
Pseudanabaena limnetica (Lemmermann) Komadrek, and Planktothrix agardhii.
The share of Oscillatoriales increased with increasing total biomass and cyano-
bacteria biomass in the lakes from the north to the south, while the share of
Chroococcales decreased. This was an evidence of the generally increasing trophic
gradients in the lakes to the south.

The large share of the biomass of filamentous Planktolyngbya limnetica and
Pseudanabaena limnetica of the order Oscillatoriales and trichomes Aphanizomenon
gracile or Gloeotrichia echinulata of the order Nostocales also signaled progressing
eutrophication. These species are well recognized as toxic or potentially toxic
[29-32]. For example, in Niegocin Lake microcystin concentrations, presented as
the sum of MC-LR, MC-RR, and MC-YR, were confirmed at a maximum of
0.159 pg dm > [33], while in Jagodne Lake they were approximately 7.16 pg dm >
and in Lakes Szymon and Taitowisko they were 4.79 and 4.94 pg dm >,
respectively [34].

In the 1970s and 1980s, the phytoplankton biomass was the lowest (up to
2 mg dm*3); this also included the lakes of the Northern Basin [26, 27, 35,
36]. The share of cyanobacteria in the total biomass ranged from 7% to 15%,
which was similar to the share of dinoflagellates. The phytoplankton was dominated
then by nanoplanktonic forms.

Higher biomass of phytoplankton, which was already dominated by
cyanobacteria, was noted in the lakes in the Central Basin, primarily in Wojnowo
Lake at approximately 37 mg dm . The phytoplankton biomass in Niegocin
Lake in the 1970s was similar with a mean of approximately 4 mg dm . However,
the domination structure in summer differed with significantly lower shares of
dinoflagellates, and the share of cyanobacteria increased to 74%. In the 1990s, a
significantly higher total biomass of phytoplankton dominated by filamentous
cyanobacteria and high concentrations of chlorophyll a and very low Secchi depth
were noted in Niegocin Lake [19, 21, 37-39]. The phytoplankton biomass in
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Jagodne Lake was relatively low in the 1970s but with high share of cyanobacteria
(up to 70%).

The phytoplankton biomass in the lakes in the Southern Basins was the highest.
In the 1970s, in Lakes Szymon, Talty-Rynskie, and Kotek, the biomass reached
maximum values of approximately 37 mg dm >, 34 mg dm >, and 24 mg dm > and
large shares of cyanobacteria, dinoflagellates, or diatoms [26, 27]. Significantly
lower biomass and cyanobacteria shares were noted then in Tattowisko Lake. The
phytoplankton biomass in Nidzkie Lake was sixfold smaller, and in Talty-Ryriskie
Lake it was fourfold smaller. The distinct domination of dinoflagellates was also
noted. In Mikotajskie Lake, with its large share of dinoflagellates in the phytoplank-
ton, and in Lakes Guzianka Mala and Guzianka Wielka, with their co-dominant
dinoflagellates and cyanobacteria, the differences in biomass size were twofold.
Significant changes also occurred in the structure of phytoplankton from the dom-
ination or co-domination of dinoflagellates toward the notable dominance of
cyanobacteria.

Similar to previous studies, the lowest average biomasses of 1.7-4.1 mg dm >
(2008, 2011-2012) were noted in the phytoplankton in the Northern Basin, primarily
in Lakes Mamry Pétnocne, Kirsajty, Dargin, Dobskie, and Kisajno (Fig. 9). Rela-
tively low chlorophyll a concentrations of a mean of approximately 7.7 pg dm >
were also noted in these lakes (Fig. 10). Higher biomass and chlorophyll content
were noted in Swiecajty Lake (17.0 mg dm > and 17.8 pg dm >, respectively),
which was more intensely supplied by the Sapina River. In 2010, an increase in
phytoplankton abundance was noted, especially in Mamry Péinocne Lake (eightfold
higher biomass and fourfold higher chlorophyll concentrations).

In 2008 and 2011-2012, in the lakes of the Central Basin (Niegocin, Boczne,
Wojnowo, Jagodne, and Tajty), the biomass and concentration of Chl a noted were
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Fig. 9 Summer phytoplankton biomass in the Great Masurian Lakes System with the division into
basins of hydrographic system (according to Napidrkowska-Krzebietke [28], modified)
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Fig.10 Summer chlorophyll a concentration in the Great Masurian Lakes System with the division
into basins of hydrographic system

generally higher than in the lakes of the Northern Basin. The mean values noted were
5.5-13.5 mg dm > and 10.6-25.3 pg dm > (Figs. 9 and 10), respectively. These
values were similar to those noted in 2010, with the exception of the twofold higher
biomass and concentration of chlorophyll a in Jagodne Lake, which was then located
in the bifurcation zone of the first-order watershed. Currently, however, the biomass
noted in Wojnowo Lake was approximately threefold lower at a mean of approxi-
mately 12 mg dm .

The highest phytoplankton biomass in 2008 and 2010-2012 was also noted in the
lakes of the Southern Basin at means that ranged from 8.6 mg dm > to 21.2 mg dm >
(2008, 2011-2012) (Fig. 9).

The biomasses noted in Lakes Szymon, Kotek, and Taltowisko that were in the
bifurcation zone in summer 2010 and in Tatty-Ryriskie and Mikotajskie that were
below this zone were approximately twofold to fourfold higher, but in the remaining
lakes these differences were smaller. In Lakes Sniardwy, Betdany, Guzianka Mata,
and Guzianka Wielka, biomasses in 2010 were even lower than the means from 2008
and 2011-2012. Chl a concentrations were also the highest in these lakes with
similar trends in this parameter and in the total phytoplankton biomass in 2010
(Fig. 10). The maximum Chl a of 54.3 ug dm > was noted in Szymon Lake.

5 Conclusions

Classifications based on physicochemical elements averaged for the study years of
2008, 2011, and 2012 (Table 3) showed that the ecological potential and status was
below good of waters in all the lakes mainly because of increased total phosphorus



228 A. Napiérkowska-Krzebietke et al.

content. The decided majority of lakes had also bad oxygen conditions in the
hypolimnion and low water transparency (measured with Secchi disk visibility)
with the exceptions of Lakes Mamry Pétnocne, Kirsajty, Sniardwy, and Szymon.
Simplified biological assessments based on the phytoplankton index (PMPL —
Phytoplankton Metric for Polish Lakes) indicated class I, which is the maximum
potential, in only two of the lakes — Mamry Péinocne and Kirsajty (Table 3). The
deep, stratified Lakes Dargin, Tajty, and Niegocin and the shallow non-stratified
Lakes Szymon and Kotek were designated as class II, which indicates good potential
and status. The remaining lakes were designated as classes III and IV, which indicate
moderate and poor potential and status, while only Nidzkie Lake was designated as
class V, which is poor status.

In summer 2010, no significant changes were noted in total nitrogen or total
phosphorus or in conductivity, which led to similar water classifications as in the
other years of the study (Table 4). However, oxygen conditions improved signifi-
cantly compared to 2009 and 2011-2012, with the exception of the lakes in the
Central Basin, but water transparency in almost all of the lakes deteriorated. Precip-
itation was significantly higher in the spring and summer in 2010 than in the other
years of the study. The bifurcation zone, which had a direct impact on the quality of
the lakes studied, separated then the lakes of the Central Basin. Those lakes consist
of an approximate 14% share of the total area and an 18% share of the total volume
of the Great Masurian Lakes System.

The classification of biological elements based on PMPL also indicated signifi-
cant deterioration in water quality class, i.e., ecological potential and status, in 2010
compared to the other years of the study. The lakes within the bifurcation zone and
several lakes in the Southern Basin, from Lakes Jagodne to Mikotajskie, and Nidzkie
and Ro§, had then bad potential or status. Water quality also deteriorated in the
Northern Basin lakes of Swigcajty (bad potential), Mamry Pétnocne (poor potential),
and Kirsajty (good potential). The exception was Sniardwy Lake, the area of which
is 34% of the total area and 24% of the total volume of the Great Masurian Lakes
System, where water quality was better and which was designated as class II with
good ecological potential.
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Abstract One of the greatest threats to water quality is accelerated eutrophication,
resulting from human activity, like the high intensity of tourism, surface runoffs
from fertilized fields, and municipal pollution. Water eutrophication manifests as
excessive growth of phytoplankton caused by overabundant nitrogen, phosphorus,
and other nutrient supply which causes deterioration of water quality related to the
amount of bacterial biomass in eutrophicated water reservoirs. The Great Mazurian
Lake System (GMLS) is a chain of lakes located in mesoregion of the Great
Mazurian Lakes in the Northeastern Poland. All lakes of the GMLS are connected
by natural or artificial channels built in the eighteenth and nineteenth centuries
and nowadays create widely spilled, long (the easiest route from northern to southern
edge is about 110 km) gutter unique on the scale of the continent. The lakes of
GMLS are of glacial origin. During the last five decades, all lakes of the GMLS
passed different levels of eutrophication, thus significantly changing their trophic
states. This report describes past and present trophic conditions of lakes of GMLS
and analyzes environmental factors responsible for eutrophication of their waters.
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Eutrophication processes are not only responsible for high nutrients levels in
lakes, extensive growth of phytoplankton biomass and productivity, cyanobacterial
predominance, etc., but eutrophication is also responsible and connected to several
threats for water quality. Presence of pathogenic bacteria, as well as the potential
presence of many antibiotic-resistant bacteria in lakes of the GMLS, is discussed.

Keywords Antibiotic resistance - Eutrophication - Lakes - Pathogenic bacteria

1 Introduction

1.1 The Great Mazurian Lake System

The Great Mazurian Lake System (GMLS) is a chain of lakes located in mesoregion
of the Great Mazurian Lakes in the Northeastern Poland, stretched between
mesoregions: Sgpopolska Lowland, Mragowo Lake District, Mazury Forest, Etckie
Lakeland, and Borecka Forest (Fig. 1). All lakes of the GMLS are connected
by natural or artificial channels built in the eighteenth and nineteenth centuries and
nowadays create widely spilled, long (the easiest route from northern to southern
edge is about 110 km) gutter unique on the scale of the continent. The lakes of
the GMLS are of glacial origin. Of these, several basic types are distinguished.
In addition to mostly round lakes of head moraines and bottom moraine, the system
consists of numerous similar to them, but incomparably shallower, floodplain lakes
and deep gutter lakes. From the morphological point of view, the GMLS can be
roughly divided into three subsystems — complex of Lake Mamry located at the
northern outskirts of the system connected through melt-type Lake Niegocin with
deep gutter lakes (Jagodne, Tattowisko, Ryrskie, Talty, Mikotajskie, and Betdany)
and finally with complex of Lake Sniardwy. From the hydrological point of view, the
whole GMLS, which comprises about 20% of surface water resources of Poland,
consists of various trophic types of lakes belonging to two different river basins.
The northern meso-eutrophic part of the system including lakes Przystari, Mamry,
Dargin, Labap, and Kisajno drains water to the Pregota River, whereas the southern
eutrophic one comprising lakes Niegocin, Boczne, Jagodne Szymoneckie, Szymon,
Kotek, Tattowisko, Rynskie, Taity, Mikotajskie, Betdany, and Sniardwy channels
water to Vistula River (Fig. 1).

The total catchment area of the GMLS covers about 3,645 km?>. Although the
water content in the southern part of GMLS is only a little more than that in
the northern one (1,258 and 1,024 million m>, respectively), their catchment areas
differ substantially (3,030 and 615 km?, respectively). This results in a relative
stability of trophic conditions in northern lakes and a much greater susceptibility
of southern lakes to eutrophication processes [1]. The basic limnological parameters
of the GMLS lakes are included in Table 1.
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The destination of the border of the watershed, which separates both parts of the
system, was a serious problem. From the mid-nineteenth century, its location
was changed twice. For over 60 years, it ran through the Kula Channel at the
southern end of Lake Niegocin. The studies of Skibniewski and Mikulski [2]
as well as hydrometric measurements and field studies of Mikulski [3] determined
its location at the southern end of Lake Kisajno. This location confirms the Hydro-
graphic Division of Poland in force since 1980 [4]. The analysis of current research
supplemented with current observational materials now allows the separation
of the bifurcation area within the GMLS (placed between Lake Kisajno and Lake
Niegocin), which, depending on the method of water management, variously
supplies the systems of both river basins.

The Council Directive 75/440/EEC of 16 June 1975 (http://eur-lex.europa.eu/
legal-content/EN/TXT/PDF/?uri=CELEX:31975L0440&from=en) defines surface
water quality in terms of 46 biological and chemical parameters. It should be pointed
out that data concerning their concentrations in majority of Mazurian lakes are
scarce or not available. However, one can expect that in the GMLS lakes, which
are not exposed to direct chemical pollution generated by heavy industry or to waste
imported from waters flowing from other parts of Poland, concentrations of most of
them (such as heavy metals, surfactants, phenols, polycyclic aromatic hydrocarbons,
and many others) are probably below dangerous level and thus practically have
no diagnostic significance. In contrast to chemical threats, the GMLS is primarily
responsible for biological hazards such as raw and only partially purified domestic
sewages, which contain biogenic substances, pathogenic bacteria, and viruses,
overfertilization by artificial fertilizer residues, overproduction of organic matter,
and related disturbances of matter and energy flow through lake ecosystems.
Because of that to characterize water quality of the GMLS in this study, only basic
physicochemical and biological parameters were chosen. The most important
among them were water transparency (Secchi disc visibility — SD), pH, specific
conductivity, oxygen concentrations (O,) and its spatial distribution in depth
profiles, concentrations of chlorophyll, (Chl,), total phosphorus (TP), total nitrogen
(TN), and dissolved organic carbon (DOC). The trophic conditions in lakes of
GMLS were quantitatively expressed as average Carlson’s trophic state index
(TSIavg) [5] calculated as a mean value of TSI based on chlorophyll, (TSIcy),
Secchi disc visibility (TSIsp), and total phosphorus concentration (TSItp), which
is directly related to intensity of many biological processes such as gross primary
production (GPP), bacterial number (BN), bacterial production (BP), enzymatic
activity [6], and planktonic respiratory activity (dark oxygen consumption — RSP)
[7]. The uniqueness of GMLS as an experimental object for research of eutrophica-
tion and evolution of lakes of Central and Eastern Europe lies in the diversity of the
lakes that make up the system. Lakes of each part of the system share a comparable
agricultural, wetland, and urban areas. Therefore, they are, to some extent, similar
in terms of external input of mineral and organic matter and finally in their
trophic conditions (Fig. 2). On the other hand, both parts of the GMLS substantially
differ in respect to their trophic status, the size of catchment area, and the level of
anthropopressure [8]. In contrast to the catchment area of the southern lakes, where
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Fig. 2 Mean trophic state index of lakes of the northern (a) and southern (b) part of GMLS in
summer seasons (July—August) of years 2005-2017. TSIy = (TSIcpy + TSIpp + TSIsp)/3, n — the
number of determinations, thin bars — the range of variability

the largest cities in the region are located, in a much less populated drainage basin of
the northern lakes, there are no large urban centers, villages, and tourist centers.
Moreover, in opposite to southern part of the GMLS, the shores of the northern lakes
are low and in 80% overgrown with reeds. Their littoral zones that, with areas of
reeds and bulrushes, create an effective barrier protecting them from the external
input of biogenic substances are much wider and richer with submerged vegetation.
Because of that northern lakes still represent various stages of meso- and meso-
eutrophy, whereas the present trophic status of southern ones varies from low to
advanced eutrophy. The only exception together to this rule is Lake Sniardwy, the
largest Polish lake located on the southern edge of the system. In respect to trophic
conditions, its northern part is similar to meso-eutrophic northern lakes, whereas the
trophy of southern area resembles that of the southern lakes of the GMLS.



Trophic State, Eutrophication, and the Threats for Water Quality of the. . . 237

1.2 Eutrophication of the Great Mazurian Lake System:
An Overview

According to the OECD definition from 1982, eutrophication is “increasing water
content in food substances, which stimulates a series of symptomatic changes,
among which an increase in the production of algae and macrophytes and lowering
(dropping) of water quality are considered harmful and unfavorable for a human
economy.” The nutrients that particularly strongly stimulate the growth of fertility of
aquatic ecosystems are mineral and organic compounds of phosphorus and nitrogen
[9]. Apart from primary production or phosphorus and nitrogen concentrations,
good determinants of trophic status of lakes are also water turbidity, concentration
of dissolved organic carbon, secondary production, bacterial organic carbon demand
(defined as the sum of bacterial production and respiration), bacterial number,
and activity of some extracellular enzymes, such as aminopeptidase, esterase, and
summer alkaline phosphatase [6].

According to Odum [10], it is necessary to distinguish natural eutrophication as
a manifestation of the natural evolution of water reservoirs, and anthropogenic
eutrophication evoked and stimulated by human activity. Human influence on
lakes of GMLS (anthropogenic eutrophication) has started in the fifteenth century.
At the time at least, some of GMLS lakes were oligo- or mesotrophic [11, 12]. Further
colonization of Mazuria region resulting from human settlement, deforestation, and
agriculture development changed the GMLS catchment area, intensified external
input of biogenic substances to the lakes, and finally led to continuous but
slow rising in their productivity [13]. Since the beginning of the 1960s of the last
centuries, the impact of civilization on Mazuria region has significantly increased
and has become more diverse and complex. Therefore nowadays, natural component
of evolution of trophic status of the GMLS lakes has only of purely theoretic
significance because anthropogenic eutrophication processes became incomparably
faster and more important than the natural ones. This is particularly true for southern
lakes, whose drainage area has changed much more drastically than drainage area
of the northern lakes.

Present trophic status of the GMLS was shaped by four basic factors:
(1) geographical location, which determines bifurcation nature of the system and
its division into two separate parts carrying waters into two watersheds and evolving
in a diverse way; (2) relatively low anthropogenic impact on catchment areas
of northern lakes and strong anthropopressure exerted simultaneously on the catch-
ment areas of southern lakes, which resulted in accumulation of substantial amounts
of phosphorus in their waters and sediments; (3) political economic and social
changes in Poland in the years 1980-1990, which initiated a drastic decline in the
external input of nutrients caused by the collapse of nonrational agriculture and
tourism in the region; and (4) climate changes occurring in the last few decades,
resulting in an increase in mean daily temperatures in winter, shorter ice cover [14],
and also shortening of autumn and spring homothermal periods.
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In theory, lake eutrophication should be directly related to rates of phosphorus
and nitrogen loading from drainage area [15]. In practice however, this relationship
can be significantly modified by a variety of other factors such as weather conditions,
morphometric characteristics of the lake (i.e., depth, extent of the shoreline, and time
of water retention), human activity within the lake (i.e., fishery and degradation of
ecotone zones), and mechanisms of carbon and nitrogen cycling specific for a given
lake [16-18].

In order to understand the mechanisms that influenced the current trophic status of
individual lakes of the GMLS and to predict the direction of their evolution in
the future, it is useful to analyze changes in phosphorus concentration in Lake
Niegocin which is the key element of the system. Due to the location of border of
the watershed and direction of the water flow through both parts of the GMLS,
fluctuations in the trophic conditions and water quality of this lake primarily affected
the present trophic status of the southern part of the GMLS. However, they did
not affect, or influenced only to a small extent, trophic conditions of northern lakes.

Lake Niegocin is one of the largest lakes of the GMLS. The surface of the lake is
2,600 ha, average depth 10 m, and the maximum depth 39.7 m. The bottom
has numerous depressions and shallows. Water from Lake Niegocin flows through
Kula Channel to the south supplying directly Lake Jagodne and indirectly all other
lakes of the southern part of the GMLS. About 25% of its direct catchment area
covers arable land; similar part is overgrown with forests. Urban areas occupy about
20%. On the northern shore of the lake is situated the city of Gizycko — the largest
urban agglomeration in the region. In year 2016, the city was inhabited by 29,642
permanent residents but during the 4 months of the tourist season (July—September)
visited by 19,849 tourists. Until 1995, in which in Gizycko the first sewage treatment
plant was established, Lake Niegocin was a receiver of untreated municipal sewage
and pollutants from galvanizing dairy and fish canning factory. As a result of that,
in the 1980s of the last century, this lake became one of the most polluted and
degraded water reservoirs in Europe.

Analysis of total phosphorus in surface and bottom zones of this lake (Fig. 3)
showed that after dramatic changes in the years 1975-2005 [1], during the last
decade, concentrations of this biogen stabilized on acceptable level. Such trends
were not observed in the waters of the northern lakes, where the total concentration
of phosphorus as well as other determinants of the trophic state remained almost
unchanged for 30 years.

2 Trophic State of the Great Mazurian Lake System
2.1 Northern Lakes

Similarly, as in the case of the southern part of the GMLS, present trophic conditions
of northern lakes were affected, to some extent by external input of biogenic
substances from northwestern suburbs of Gizycko City, which affected directly
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relatively deep Lake Kisajno and indirectly all other northern lakes. However,
anthropogenic impact on the trophic status of Lake Kisajno was, in comparison to
Lake Niegocin, much smaller and less visible because the majority of wastes
produced by Gizycko City were discharged to the southern part of the GMLS.
Although there is no available data concerning phosphorus load collected in bottom
sediments of Lake Kisajno, one can presume that it is relatively low. Additionally,
because water column of this lake is relatively well oxygenated (Fig. 4a), insoluble
phosphates accumulated in its bottom sediments seem to be at least partially
protected against re-solubilization and penetration into the profundal zone, as in
lakes in which deep anoxia is developed. Consequently, during mixing periods only
small amounts of phosphorus compounds liberated from bottom sediments of Lake
Kisajno are exported to Lake Dargin and further to other lakes of the northern part of
the GMLS.

Variations in concentrations of P but also N forms available for phytoplankton in
the photic zone of lakes of the northern part of the GMLS are primarily dependent on
the rate of their regeneration from organic compounds in water column and to a
lesser extent on external input determined by weather conditions or poor efficiency
of their translocation from profundal waters during spring water overturn [7]. The
characteristics of the northern part of the GMLS in terms of selected physicochem-
ical and biological factors are presented in Table 2.
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Table 2 Mean values (n = 10-14) of basic physicochemical and biological parameters of surface
waters of lakes of the northern part of the GMLS during summer months (July—August) of years

2005-2015

Lake
Parameter Przystan Mamry Dargin Kisajno
Trophic state index 49.7 50.7 49.3 50.6
Secchi disc (m) 32 2.6 2.8 2.7
pH 8.2 8.2 8.3 8.2
Specific conductivity (pS/cm) 326 308 345 329
Total phosphorus (mg P/L) 0.021 0.025 0.025 0.027
Total nitrogen (mg N/L) 0.655 0.708 0.762 0.807
DOC (mg C/L) 9.7 9.9 10.3 10.1
Chlorophyll, (pg/L) 17.2 12.8 21.9 13.8
Bacterial number (x 10° cells/ml) 4.0 3.5 4.8 4.2
Primary production® (mg C/L/day) 0.621 0.770 0.631 0.790
Respiration” (mg C/L/day) 0.331 0.462 0.252 0.460

“Mean values (n = 6) for summer seasons 2009-2011
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The ratio between nitrogen and phosphorus concentrations is one of most impor-
tant factors, which determines species composition and phytoplankton production of
freshwater environments. The productivity of majority of oligo- and mesotrophic
lakes, in which TN/TP ratio is relatively high, is mainly limited by phosphorus
concentrations, whereas in eutrophic or hyper-eutrophic environments with much
higher TN/TP ratio, planktonic primary production is commonly limited by nitrogen
concentrations [23-25]. Moreover, low TN/TP ratio is commonly used as indicator
of cyanobacterial dominance [26]. It has been the topic of many studies, but their
results are equivocal. The molar TN/TP ratios, which were reported as promoting
cyanobacterial growth, varied from 11 [27] to 64-66 noticed by Smith [28] in
17 lakes throughout the world and by Noges et al. [29] in two Estonian lakes.
According to Kauppinen [30] and Siuda et al. [7], during summer period (July—
August) years 2010-2012 in northern lakes, mean TN/TP ratio (molar) was 46 and
varied from 11 in Lake Przystari to 113 in Lake Mamry. Therefore, although in lakes
of the northern part of the GMLS phytoplankton was probably limited alternately by
dynamically changing availability of P and N resources, P limitation was more
frequent. Another consequence of variations in N/P ratio in all lakes of the northern
part of the GMLS was only weak dominance of cyanobacterial over eukaryotic
phytoplankton biomass (Fig. 5).

One of the most evident symptoms of eutrophication of lakes is the increase in
concentration of dissolved organic matter (DOM) in their waters caused by growing
difference between net primary production summarized with external DOM input
and DOM respiration rates. Such a difference defines the trophic type of the lake as
net autotrophic or net heterotrophic [31] and allows drawing conclusions concerning
its ecological stability and eutrophication/deterioration rate. Although there is no

Prokaryotic
100 1 - Eukaryotic

% of total phytoplankton biomass

Przystan Mamry Dargin Kisajno
Lake
Fig. 5 Average (n = 5) percentage of prokaryotic (cyanobacteria) and eukaryotic phytoplankton

(algae) in the total phytoplankton biomass in lakes of the northern part of the Great Mazurian Lake
System during summer periods of 2009-2011. Thin bars represent standard deviations
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information on the scale of external DOM input to lakes of the northern part of
GMLS, one can assume that it is probably small, compared to the DOM produced by
phytoplankton.

During investigations carried out in years 1994-2002, Chrést and Siuda [6] found
that phytoplankton primary production in northern lakes (Przystaii and Mamry)
reached 0.65 mg C/L/day. Later research done in years 2009-2011 by Siuda et al.
[7] showed that gross primary production calculated for whole photic zone of
northern lakes was about two times lower than in lakes of the southern one and
varied from 0.24 mg C/L/h in Lake Dargin to 1.172 mg C/L/h in Lake Mamry. They
also speculated that this apparent increase in primary production rates was rather an
effect of differences in methodology used than proof of the increase in the trophy
conditions of the studied lakes. An additional evidence of stability and still relatively
low trophic status of northern lakes is the fact that in contrast to the southern part of
the GMLS, where cyanobacterial production dominated, in lakes of the northern part
of the GMLS, also contribution of eukaryotic phytoplankton to overall primary
production rates was quantitatively significant [7].

2.2 Southern Lakes

The present trophic conditions of lakes, which form the southern part of the GMLS
were strongly affected by four major factors: (1) intensive fertilization of Lake
Niegocin in years 1960—1995; (2) the collapse of agriculture and tourism in Mazuria
Region caused by economic crisis in Poland, which lasted until the end of the
twentieth century; (3) translocation of biogenic substances (mainly phosphorus
nitrogen and dissolved organic matter) down the system in years 1995-2005 and
now; and (4) mainly by internal loading of phosphorus from bottom sediments
of deep gutter lakes and rapidly increasing touristic movement. Until the early
1990s of the last century, Lake Niegocin was a main receiver of raw or insufficiently
cleaned domestic sewage from Gizycko City and pollution of agricultural origin,
mainly the rests of lavishly used artificial fertilizers and manure from animal farms.
After year 1995, large amounts of phosphorus and organic matter collected in
this lake overflowed first to relatively deep Lake Jagodne which, as a kind of
natural “settler” for Lake Niegocin, received about 30 mg P/m*/year [1] and then
to the other lakes placed down the system (Fig. 6), where “wave of the pollution”
underwent gradual dilution.

A distinct improvement in water quality in Lake Niegocin has been observed
since 2002, after the extension of the sewerage network and significant moderniza-
tion of the municipal sewage treatment plant in Gizycko City. At present, it operates
in accordance with the highest standards of Polish and EU environmental law.
In years 2005-2016, during summer months the mean trophic state index of Lake
Niegocin oscillated around 56.2 and changed from 52.6 to 63.7. Analysis of other
physicochemical and biological parameters showed that at the same time rapid
de-eutrophication of this lake observed in years 1997-2005 slowed down or even
stopped.
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Fig. 6 Changes in total phosphorus concentrations in surface waters of lakes: Niegocin,
Jagodne, and Taltowisko in summer seasons in 1977-2015. Based on published data [19-22],
Kufel (unpubl.), and results collected by Department of Microbial Ecology and Environmental
Biotechnology, University of Warsaw, in unpublished GMLS database

Lake Jagodne, and its southwestern bay treated sometimes as a separate reservoir
known as Lake Szymoneckie, is very diverse, and the whole lake is rather deep
(max. depth 37.5 m, mean depth 8.7 m) and deprived of larger areas less than 2 m
in depth. Poor afforestation of the larger part (about 30%) of its shoreline and
northwestern shores strongly transformed by man activity made it susceptible to
degradation processes. Long-term input of phosphorus from Lake Niegocin and
supplementation with dissolved organic matter, nitrogen, and other biogenic
substances throughout numerous drainage ditches draining low-lying meadows
and wetlands covering the southeastern part of lake catchment area caused its
rapid hyper-eutrophication. During the last years, water quality in Lake Jagodne
has been noticeably improved. However, analysis of physicochemical and biological
parameters of its surface waters collected in Table 3 proves that it still remains one
of the most eutrophicated and degraded lakes of the GMLS.

The impact of the moving “pollution wave” was particularly evident in Lake
Tattowisko, the deepest gutter lake located in the mainstream of water flow (max.
depth 45.5 m, mean depth 14 m). Despite the relatively high phosphorus content
in water of this lake, until the early 1970s, it was still mesotrophic, whereas in
the mid-1990s, substantial phosphorus input (about 32.4 mg P/m*/year [1] caused its
rapid eutrophication leading to hypertrophy (trophic state index = 92).

The trophic evolution of Lake Tattowisko was tightly associated with lakes
Szymon and Kotek. These small, shallow lakes are another key element of the
southern part of the GMLS and work as a kind of natural sewage treatment plants,
which protects directly Lake Tattowisko, and indirectly the rest of the GMLS from
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excessive biogenic load flowing from lakes located above. Due to “bottleneck
effect,” lakes Szymon and Kotek act as a kind of natural trap for phosphorus
compounds and organic suspension flowing down Szymoriski Channel from
Lake Szymoneckie. Capture of phosphorus and mineralization of organic matter
in these lakes is favored by rich submerged vegetation and especially location on
the navigable route. Permanent mixing of their water body and surface layers of
bottom sediments by motorboats and ships of Mazurian Shipping Company increase
their oxygenation and thus stimulate phosphorus trapping and organic matter
mineralization and affect nitrogen cycling.

It was not a coincidence that during period of economic collapse (tourism and
water transport, agriculture) two decades ago, water quality of Lake Niegocin
improved very quickly, whereas at the same time, Lake Taltowisko underwent rapid
eutrophication. When, after 2000, shipping and water tourism were reestablished
and intensified, the protective action of both of these lakes was restored — the trophic
state index (TSI) of Lake Tattowisko began to rapidly decrease (Fig. 7), and presently
parameters of its surface waters are characteristic for typically eutrophic lakes
(Table 3).

Lake Ryriskie creates a lake water complex with Lake Talty, separated by a
narrow and shallow neck, which because of the significant rise of the lake bottom in
this place does not allow for direct unrestricted flow of waters from Lake Ryriskie
to Lake Tatty. Therefore, although whole complex exchanges about 60% of their
waters per year, water exchange in Lake Ryniskie alone is probably very slow. At the
northern end of the lake lies the touristic town Ryn (about 3,000 inhabitants) with
large yacht port and tourist center hosting several thousand tourists during the
summer holidays. Over 50% of the direct catchment area of the lake is covered
by arable land, about 30% by forests and the rest (about 21%) by urbanized areas.
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Fig. 7 Changes in the trophic status of Lake Taltowisko in years 2000-2017 (Weather event® —
very hot and dry summer period 2010)
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The characteristic features of this lake are the large depth (up to 51 m), relatively
high and stable TSI, heavy phytoplankton blooms, and physicochemical parameters
characteristic for strongly eutrophicated lakes (Table 3). The relatively low produc-
tion/respiration ratio (1:1) suggests that the lake can be substantially enriched with
allochthonous organic matter [7].

In addition to surface runoff, the main source of biogenic substances reaching
Lake Ryiiskie is an effluent of purified sewage (581 m*/year) from the municipal
sewage treatment plant in Ryn. Monitoring carried out by Polish environmental
protection services in 2016 showed a bad ecological potential of the lake. The
elements decisive for low assessment were phytoplankton, low water transparency,
and anoxic hypolimnetic zone. According to unpublished data (collected by the
Department of Microbial Ecology and Environmental Biotechnology, University of
Warsaw) summer concentrations of total nitrogen (TN) and total phosphorus (TP) in
surface waters of Lake Ryriskie varied from 0.880 to 1.349 mg N/L and from 0.029
to 0.055 mg P/L, whereas in deep anoxic zone, they exceeded 1.351 mg N/L and
0.265 mg P/L, respectively.

Lake Tatty is the one of the deepest lakes of the GMLS (max. depth 44.7 m).
In terms of chemical regime and trophic conditions, one could divide it into two
different parts: a northern edge situated above Tatcki Channel and connected
by narrow and shallow neck with Lake Rynskie and a southern edge located along
the line of water flow through the GMLS. To the end of the twentieth century, the
northern part of deep gutter Lake Talty was supplemented with substantial amounts
of biogenic substances by three main sources: system of Jorka River and outputs
from Lake Tattowisko and Lake Ryrskie. During summer months of years
1990-1995 total phosphorus concentrations in surface waters of this lake varied
from 0.10 to 0.13 mg P/L, whereas in profundal zone they reached 0.470 mg P/L [7].

The pronounced decline in phosphorus content in the waters of the northern part
of Lake Talty, observed in the beginning of the twenty-first century, was probably an
effect of substantial reduction of the import of this element through Jorka River. At
the turn of the years 1970-1998, the waters of this river enriched Lake Tatty with
significant quantities of P and N carried out from Gigbokie Lake which was heavily
degraded by rainbow trout aquaculture, quitted in the second half of the 1980s [32].
Phosphorus and nitrogen loads received by the northern part of Lake Talty from
Lake Rynskie were probably low. The high depth of Rynskie Lake, high primary
production rates [7] binding large quantities of biogenic elements during summer
months and relatively slow (probably more than 2 years), water exchange [3, 33]
allows to think that the phosphorus retention time in this lake was rather long.

While at present the trophic conditions of the northern part of Lake Tatty seem to
be relatively stabilized, its southern part still undergoes substantial but decreasing
gradually human impact. The load of biogenic substances leached from Lake
Tattowisko, which reached waters of the northern part of Lake Tatty in the years
1995-2000, was considerably increased by the point input of nitrogen and phospho-
rus from the inefficiently operating wastewater treatment plant localized in town
Mikotajki. According to the data obtained in the municipality of Mikotajki, aver-
age capacity of the treatment plant in 2012 was 1,226 m*/day, and the amount of
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N and P introduced to the deep waters of the lake was, respectively, 5.4 and 0.11 tons
per year. This effect was best seen in depression of the bottom at the southern end of
the lake. During summer months (July, August) the greater part of vertical profile
(below 6 m depth) was strongly deoxygenated (O, conc. < 3-4 mg/L), and the
concentrations of DOC and mineral forms of P and N were reaching occasionally
even 16 mg C/L, 0.504 mg P/L, and 0.70 mg N/L, respectively [34]. The averaged
values of basic physicochemical and biological parameters characterizing surface
waters of Talty Lake during the years 2005-2016 are presented in Table 3.

Lake Mikotajskie elongated from the north to the south and connects Lake Tatty
with Lake Sniardwy through shallow narrowing bay. Although it was one of the
best-studied lakes in the GMLS, however, the majority of systematic investigations
on water chemistry and biology of this lake were carried out in the 1970s and
1980s of the twentieth century [35, 36]. Later studies are relatively few and often
occasional [7, 30, 33, 36-38]. Although its northern and northeastern shores along
which the city of Mikotajki extends are severed, waters of this lake are still subject
to strong fertilization. Two times a year, during mixing periods it is exposed on
large amounts of biogenic substances carried out from the bottom depression in
the southern edge of the Lake Tatty (Fig. 8). At the peaks of the tourist seasons,
when several thousand tourists visit town Mikotajki, substantial amount of pollutants
is generated by the yacht port and flows down with storm waters from the streets
contaminated more than usual. The shore vegetation is being destroyed by long-term
inflow of pollutants generated by ineffective wastewater management, unordered
tourism, and agricultural activity in the southeastern edges of its direct catchment
area. Additionally, the relatively narrow littoral zone of Lake Mikotajskie constitutes
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Fig. 8 Delayed effects of translocation of total nitrogen (TN) and total phosphorus (TP) load from
the bottom depression in the southern edge of Taity Lake to surface waters of Lake Mikotajskie.
Ellipses marked SPR — translocation of TN and TP after spring mixing periods, AUT — translocation
of TN and TP after autumn mixing periods
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poor barrier for inflowing wastes. Only southwestern shore of the lake is covered
with forest and well protected against inflow of biogenic substances.

All lake waters of the southern part of the Great Mazurian Lake System finally
are discharged to Lake Sniardwy. Lake Sniardwy constitutes the largest freshwater
lake in Poland (11,340 ha), which is shallow (average 5.8 m depth), and localized in
arelatively flat area, which results in high wind water mixing by waves. Large water
area and very long diverse shoreline (covered by wetlands, meadows, forests, and
agriculture areas) create various water trophic conditions of the different parts of
Lake Sniardwy. Generally, the southeastern bay, which receives waters directly
from Lake Betdany and Lake Mikotajskie, is highly eutrophicated contrary to the
northern part of Lake Sniardwy (Fig. 9, Table 4).

Selected data of water properties of Lake Sniardwy in summer 2012 (shown in
Table 4) indicate that depending on lake area and sampling location (Fig. 9) the
lake is generally eutrophic; however, the southeastern part in late summer reached
hyper-eutrophic conditions. The clear symptoms of highly eutrophicated conditions
(hyper-eutrophy) of this part of Lake Sniardwy were coupled with predominance of
unicellular blue-green algae in phytoplankton community. One of the most impor-
tant factors preventing Lake Sniardwy from heavy eutrophication is high microbial
respiratory activity [7] together with sufficient oxygenation due to shallow water
body and wind mixing of water column from the surface to bottom sediments.

Dziublele

Fig. 9 Lake Sniardwy sampling sites (S1-S8) (July—August 2012)
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Table 4 Selected characteristics of the surface water of Lake Sniardwy

Range of values of sampling sites | Mean and =+ standard
Parameter S1-S8 deviation®
Secchi disc (m) 1.12-1.38 1.25 £ 0.11
Chlorophyll, (pg/L) 21.4-35.8 30.1 £ 6.8
Total P (mg P/L) 0.032-0.045 0.038 + 0.005
Total N (mg N/L) 0.502-0.846 0.721 + 0.065
DOC (mg C/L) 12.4-16.2 13.8+1.3
pH 7.9-8.5 13.8 £ 1.3
Bacterial number 4.3-5.7 49+0.2
(x108 cells/mL)
Bacterial production 30.1-57.6 41.8 £ 0.9
(pg C/L/day)
TSI 60.6-65.7 62.6 £ 1.7

Range and mean values in July—August 2012 of the sampling sites shown in Fig. 9
“Mean value for surface water calculated from sampling sites S1-S8
Trophic state index (TSI) calculated from chlorophyll, data according to Carlson [5]

3 Trophic State Evolution of the Great Mazurian Lakes
System

Depending on the human impact and usage, and climatic conditions of watershed
of the Great Mazurian Lakes System, every particular lake of the system and the
total GMLS have significantly changed during the last five decades (Fig. 10).

Very drastic changes of lake water trophic conditions of the GMLS have
happened in the 1980s, when its southern part, between Lake Niegocin and Lake
Tatty, reached hyper-eutrophic conditions. Since the beginning of the twenty-first
century, these hyper-eutrophic lakes have recovered and improved their water
quality, and at the present, they show different stages of eutrophication (from
moderate eutrophic to high eutrophic state). One of the most important factors
responsible for this positive change in water quality were sewage treatment plants
built at the end of the twentieth century and changes in regional water and sewage
management policy.

Higher rates of eutrophication have been also observed in the northern part of
the GMLS (Fig. 10). Unfortunately, the most northern lakes, which were for a
long period of time oligotrophic, became mesotrophic and eutrophic during the
last decade. This was mostly caused by intensive touristic and recreational activities
developed in close vicinity of lakes.
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4 Potential Microbial Threats of the Great Mazurian Lake
System: Presence of Legionella spp. and Aeromonas spp.
in Lake Water

One of the greatest threats to water quality is accelerated eutrophication, resulting
from human activity, like the high intensity of tourism, surface runoffs from
fertilized fields, and municipal pollution. Water eutrophication manifests as exces-
sive growth of phytoplankton caused by overabundant nitrogen, phosphorus, and
other nutrient supply, which causes deterioration of water quality. In consequence,
increased content of organic matter and the amount of microplankton is positively
related to the amount of bacterial biomass in eutrophicated water reservoirs
[39]. Moreover, in the face of global climate warming, the presence of warming
conditions favoring the development of pathogenic microflora and their presence is
becoming more likely, at least temporary during periods of warm summers.

There are reports that climate changes related to global warming may affect
occurrence and survival of pathogens in the water environments [40]. Manifestations
of global warming have been already noticed in Europe in summer 2010 and 2018. We
were dealing with heat wave which contributed to the increase of the Great Mazurian
Lakes System water temperature above 25-27°C. It was proven that this incident would
not have occurred without climate warming [41]. The aforementioned circumstances
prompted to assess the impact of trophic state and physicochemical parameters of water
of the GMLS on the occurrence and amount of Legionella and Aeromonas spp.

Both Legionella and Aeromonas are closely related to environmental water
quality, and their presence, especially in large numbers, poses a serious threat to
human and animal health [42]. Legionella spp. cover more than 61 species, among
them 22 are responsible for human diseases. Pathogenic strains of Legionella
sp. contribute to severe pneumonia called Legionnaires’ disease or less-serious
Pontiac fever. Inhalation of Legionella-contaminated aerosols is the route of infec-
tion [43]. This microorganism strictly associated with man-made water systems is
often reported in natural water reservoirs [44]. The studies prove that it is able to
survive at temperatures from O to 63°C and multiplies at temperature ranging from
20 to 45°C [45]. In turn Aeromonas sp. initially associated with fishes and cold-
blooded animal pathogen is currently described also as emerging human pathogen.
Among all Aeromonas species, Aeromonas hydrophila is at the forefront of causing
diseases in human. The main illnesses caused by contagion of Aeromonas species
are gastrointestinal, skin, soft tissue, and urinary tract infections [46, 47].

Figure 11 presents the results of principal component analysis, aimed to display
the impact of various physicochemical and biological parameters on the number of
Legionella spp. and Aeromonas spp. in lakes with different trophic states.

The studies were conducted based on samples collected during summer season
in 2016. For the analysis, 16 lakes belonging to the system of the Great Mazurian
Lakes System covering the entire geographical location were selected. These lakes
differed in the trophic status calculated on the basis of the phosphorus and
chlorophyll, concentration and Secchi disc visibility according with Carlson
[5]. Therefore, the studied lakes included water reservoirs from mesotrophic, with
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Fig. 11 Principal component analysis (PCA) results showing the impact of physicochemical and
biological water parameters of the Great Mazurian Lakes System on Legionella spp. and
Aeromonas spp. abundance. Cond conductivity (ps/cm), DOC dissolved organic carbon
(mg C/L), Leg Legionella spp. number (copies/L), Chl a chlorophyll a concentration (pg/L),
HNF heterotrophic nanoflagellates (cells/mL), TN total nitrogen amount (ug/L), Turbid turbidity
(NTU), Temp temperature (°C), A. hydro A. hydrophila number (copies/L), O, conc oxygen
concentration (mg O,/L), SD Secchi disc visibility (m), NH,” ammonium concentration
(mg N/L), TP total phosphorus concentration (pg P/L), PO, orthophosphate concentration (pug
P/L), Aero Aeromonas spp. number (copies/L)

mean TSI value equals 42.2 in the case of the least eutrophicated lake, to hyper-
eutrophic ones (mean TSI = 70). The principal component analysis indicated that the
amount of chlorophyll,, total nitrogen content, water turbidity, and presence of
heterotrophic nanoflagellates (HNF) mainly promoted the occurrence of Legionella
spp. The amount of dissolved organic matter also slightly promoted the presence of
Legionella spp.

In turn, the presence of Aeromonas spp. was promoted by concentrations of total
phosphorus and orthophosphates, as well as, ammonium concentration (Fig. 11).
Furthermore, the number of Aeromonas hydrophila was included in the analysis, and
as it turned out, inter alia temperature is a factor promoting its occurrence. All these
factors affecting the number of potentially pathogenic bacteria are closely related to
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eutrophication, and the influence of temperature on Aeromonas hydrophila presence
can be a sign of the threat posed by climate warming. Particularly noteworthy is the
fact that increased amount of nutrients, which is the main reason of eutrophication
resulting from excessive anthropogenic pressure, affects the number of Legionella
spp. and Aeromonas spp. Also, chlorophyll, concentration, which is a measure of the
phytoplankton amount and one of the main indicators of water body’s trophic state,
was positively correlated with the Legionella spp. number [48]. Water turbidity,
which is a parameter of general amount of suspension in water consisting living
microorganisms and dead organic and mineral matter, was also correlated with
Legionella spp. number. It is important due to the fact that as the turbidity increases,
the trophic state of water also rises [49].

S Antibiotic Resistance of Bacterial Community
in the Great Mazurian Lake System

Antibiotics are among one of most often used antimicrobial drugs in modern
pharmacology. Because of their irresponsible, excessive use, antibiotic resistance
has become an important issue of current microbiology. There are more than
200 different antibiotics registered for use in medicine and veterinary [50]. They
belong to many different groups, wherein beta-lactams account for approximately
55-70% of total antibiotic use. Antibiotic consumption, expressed in doses (DDD),
increased by 65% (from 21.1 to 34.8 billion DDDs) between 2000 and 2015 [51],
and the global consumption of antimicrobials will increase by 67%, from
63.51 £ 1.560 tons to 105.596 4 3.605 tons between 2010 and 2030 [52].

Several antibiotics, such as certain beta-lactams or streptomycins (up to 80%),
are naturally produced by microorganisms, and the soil environment is the largest
reservoir of bacteria and fungi capable of producing natural antibiotics [53, 54].
Flow from the catchment may play some role in antibiotic input into the aquatic
environment. Nevertheless, the largest source of antibiotics and antibiotic-resistant
bacteria is human medicine and the food production sector, including animal and
plant production and/or aquacultures. The presence of antibiotic resistance genes in
natural water is often associated with their transfer from wastewater treatment plants,
which receive municipal and hospital wastewater. In this type of sewage, resistant
microorganisms are often present and can be transferred into the environment along
with the outflow. For example, Korzeniewska et al. [55] have demonstrated the
presence of extended-spectrum beta-lactamases (ESBL)-producing Escherichia coli
from the hospital and the municipal sewage and water treatment area of wastewater
treatment plants located in Olsztyn (Poland). The presence of relatively high con-
centration of antibiotics in Polish sewage treatment plant has also been confirmed
[56]. It is no surprise that antibiotic-resistant strain of bacteria is found in many
aquatic habitats in Poland as in the Baltic Sea, rivers, and many lakes [57-59].

Though there are many studies concerning antibiotic resistance in the environ-
ment, up-to-date information about antibiotic concentration and occurrence of



254 W. Siuda et al.

antibiotic-resistant bacteria in GMLS, the biggest lake complex in Northern Poland,
are strongly limited. Hereby, we present the preliminary results of an assessment of
antibiotic resistance in the bacterial community inhabiting GMLS. Water samples
were taken from littoral zone (1-3 m depth) during summer 2016 from the selected
lakes of the GMLS.

For the assessment of the expressed antimicrobial drug resistance at the commu-
nity level, the Biolog PM MicroArrays plate’s tests (PM11C i PM12B, Biolog Inc.,
USA) were used [60]. The analyses were conducted according to the Biolog (USA)
manufacturer procedure with modifications. Before measurement, the samples were
preincubated for 12 h in 24°C with 0.1 x Biolog IF-10b GN/GP Base for GN and GP
bacteria (Biolog, Inc.) to avoid potential carbon limitation. For fungi inhibition,
5-fluorocytosine was added (final conc. 0.3 mg/ml). After preincubation, the optical
densities of samples were checked; the initial differences were lower than 5%.
For respiration intensity detection, the x1 Biolog Redox Dye Mix D and samples
were transferred to the plate wells. The absorbance (ABS) of reduced Redox Dye
Mix D was measured every 2 h for 12 h in Synergy H1 (590 nm, BioTek Corpora-
tion). Only the wells with maximum concentration of every antibiotic were included
in the analysis. Wells without any antimicrobial drugs treated in the same way as
wells containing antibiotics or other antimicrobial drugs were used as control wells.

The relative respiration intensity was calculated as the difference between ABS
measured in time O and time 12 h. The potential antibiotic influence on the bacterial
community was calculated as a percentage of respiration in wells containing specific
antibiotic or antimicrobial drug compared to respiration in control wells (separately
for every lake sample). Table 1 contains groups (first column) and names (second
column) of all tested antimicrobial drugs.

We used the following scale to define the relative susceptibility of bacterial
communities to tested antimicrobial drugs. When the respiration rates in antibiotic-
containing well exceeded 90% of the respective rates in the control well, we assumed
that the bacterial community was resistant to tested antibiotics and belongs to class
IV. When the respiration rates were lower than 10% of the control, we assumed the
bacterial community to be highly susceptible to tested antibiotics and belong to class
1. Between these values we defined the bacterial community as moderately suscep-
tible (class 2, from 10% to 50% of the control respiration rates) and moderately
resistant (class 3, from 50% to 90% of the control respiration rates).

Table 5 shows the susceptibility profile of bacterial communities from nine lakes
belonging to the GMLS. The highest susceptibility of bacteria in all lakes was
recorded with regard to a wide spectrum of macrolides, aminoglycosides, and
tetracyclines impairing protein synthesis (like rifampicin, spiramycin, chlortetracy-
cline, minocycline) or DNA replication (like novobiocin). We found the highest
resistance of bacteria to beta-lactams, which may be caused by their high occurrence
in natural environments. The high resistance of aquatic bacteria to beta-lactams
was well documented [61].

Higher antibiotic resistance was demonstrated for the microorganisms present
in less eutrophicated, northern lakes (Fig. 12). For example, bacteria communities
from Lake Przystan were resistant (class 4) or moderately resistant (class 3) to up to
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Table 5 Relative impact of the various antibiotics and other antimicrobial compounds influence on

bacterial communities inhabiting lakes of the GMLS

Lake®
Group Name P|M|K|N|JI T, T |M|S
Amino-coumarins Novobiocin 21 |1 |1 (1|1 |1 |1 |1
Aminocyclitol Spectinomycin 313 |3 (2 |33 2
antibiotics
Aminoglycosides Amikacin 2 (2 (2 (2 |2(2 |1 |1 |2
Capreomycin 202 |2 (2 (1|2 |1 |1 1
Gentamicin 2 (2 |2 (3 (2(2 |1 |2 |2
Kanamycin 2 12 |2 (2 (2(2 |1 |2 |2
Neomycin 2|1 |2 |2 (1|1 |1 |1 |2
Paromomycin 202 |2 (2 12 |1 |2 |1
Sisomicin 2 12 |2 (3 (2(2 |1 |2 |2
Tobramycin 212 |2 |2 1|1 |1 |1 1
Chloramphenicol Chloramphenicol 202 |2 |2 (1|1 |1 |2 |1
Cyclic peptides Colistin 4 14 |4 |4 |33 |2 |3 |2
Fluoroquinolones Enoxacin 202 |2 |1 (1|2 |2 |2 |1
Lomefloxacin 202 (2 |2 (2|3 |2 |2 1
Ofloxacin 313 (2 (2 (2|3 |2 (2 |2
Glycopeptides Bleomycin 3 /3 |3 |3 (3|4 |23 |3
Vancomycin 202 (2 |2 |2(2 |2 (2 |2
Macrolides Spiramycin 21 |1 |1 1|1 |1 |1 |1
Erythromycin 202 (2 (2 |1 (1 |2 |2 1
Lincomycin 202 (2 |2 |2(2 (2|2 |2
Rifampicin” 2 (2 |2 |1 (2|1 |1 |1 |1
Polypeptides Polymyxin B 314 |3 |3 (34 |2 |4 |4
Quinolones Nalidixic acid 212 (2 (2 |23 (2|2 1
Sulfanilamides Sulfamethazine 314 |3 (3 (3(3 |2 (2 |2
Sulfadiazine 313 (3 |3 (2|3 |2 (2 |2
Sulfathiazole 313 |3 (3 [3(3 (2 (2 |2
Sulfamethoxazole 314 |3 |3 (3(3 |3 (2 |2
Tetracyclines Chlortetracycline 212 |2 |1 (1|1 |1 |1 |1
Demeclocycline 202 (2 |2 |2(2 (2|2 |2
Tetracycline 202 (2 |2 (2|2 (2|2 |2
Penimepicycline 302 |3 (2 (11(2 |2 (2 |1
Minocycline® 1 /1 |1 |1 |1|1 |1 |1 1
Beta-lactams Amoxicillin 2 13 |3 (2 (2(2 |2 |2 |2
Cefazolin 313 |3 |3 |4 |4 |4 |4 |4
Ceftriaxone 313 (3 |2 |3]2 |3 |3 3
Cephalothin 314 |4 |3 |43 |4 1|4 |3
Cloxacillin 2 (2 |2 (2 (2]2 |22 |2
Nafcillin 212 |2 (2 (2(2 |2 |2 |2
Penicillin 414 |14 |3 |33 |3 |3 |4
Oxacillin 212 |2 (2 (2(2 |2 |2 |2
314 |4 |3 |3 |3 |3

Carbenicillin

[O%)
[O¥)

(continued)
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Table 5 (continued)

Lake®
Group Name P/M|K|N|J|T, T|M S
Other Potassium tellurite 313 (3 |3 |3(3 |2 |2 3
2,4-Diamino-6,7-diisopropyl- 213 |3 |2 3 (2 (2 |3

pteridine

p,L-Serine hydroxamate

Benzethonium chloride

5-Fluoroorotic acid
L-Aspartic-B-hydroxamate

[SSHE \SRE SRECS R S}
AR NN SRR S RN S
NSRESRESRRCRE S
NN W —
\SHESRE SRS SR
BN —
\SHESRE SRS SR
NSHESRE SRR S RN S
[SSHE \SRESRE SRR S}

Dodecyltrimethylammonium
bromide

Numbers correspond to the susceptibility of bacteria to tested chemicals: 1, highly sensitive
(less than 10% of control respiration); 2, moderately sensitive (10-50% of control respiration);
3, moderately resistant (50-90% of control respiration); and 4, resistant (more than 90% of control
respiration). The italic characters indicate antibiotics that are characterized by low effectiveness
against aquatic bacteria living in the studied lakes (only 3 or 4 for all studied lakes). The bold
characters indicate the most effective antibiotics (mostly in class 1)

“Lake: P Przystai, M Mamry, K Kisajno, N Niegocin, J Jagodne, T, Taltowisko, T Talty,
M; Mikotajskie, § Sniardwy

"Macrolide analogue

“Tetracycline analogue

50 -

45 4

do 4 1- highly sensitive
8 35 4 = 2 - moderatly
-_.S sensitive
:-§ Y = 3 - moderatly
t resistant
% 1 4 istant
[ m 4 -resistan
© 20 -
2
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Fig. 12 Summarized numbers of antibiotic and antimicrobial compounds belonging to four classes
of effectiveness in microbial respiration inhibition
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18 tested chemicals and highly sensitive to only 1 tested antibiotic minocycline.
In the southern lakes, generally more eutrophicated, except from Lake Sniardwy,
bacteria were highly susceptible (class 1) to 9-15 tested chemicals. However, this
result does not necessarily mean that the southern lakes were poorer in potentially
antibiotic-resistant bacteria species.

The test used by us is based on the measurement of bacterial respiratory activity.
Thus, we did not test the potential antibiotic resistance of bacterial community (the
presence of antibiotic resistance genes) but the expressed antibiotic resistance
by active microorganisms. The activity of individual bacteria in aquatic ecosystems,
also GMLS, is a complex phenomenon and not yet fully explained [61-63]. It is
affected by many factors such as the bacterivorous pressure, the competition
between bacteria of different species, the quality and quantity of available organic
carbon, as well as the physicochemical conditions, including oxygen saturation [64].
Favorable living conditions in a given lake increase the respiratory activity of
bacteria, allowing them to cope more easily with the threat of antibiotics. Bacteria
living in sub-optimal conditions are exposed to many stress factors, which may
handicap the mechanism of active antibiotic detoxification, for instance, energy
dependence efflux of tetracyclines. Therefore, due to difficult conditions in
eutrophicated environments (strong nutrient competition, potential toxic metabolites
of e.g., cyanobacteria, bacterivorous pressure, less carbon source liability), the
potential antibiotic resistance may not be fully expressed. This could also explain
the lack of the expected influence of sewage treatment plants on bacterial resistance
in Lake Tatty and Lake Niegocin (where two sewage treatment plants are located).
The relatively long distance (few hundred meters) of the sampling area from the
outflow of efluent wastewater and the potentially insufficient survival rate of
sewage-derived bacteria in natural lake water may further explain these results.
Additionally, using Illumine sequencing we found (data not yet published) that the
phylogenetic composition of the bacteria community from the northern and southern
parts of the GMLS differs significantly, which may also influence the antibiotic
resistance pattern.
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Abstract In order to determine the nutrient balance two groups of the lakes were
selected: ten flow lakes, namely, Mielenko, Karczemne, Klasztorne Male,
Klasztorne Duze, Pastek, Wyméj, Sarag, Leguty, Isag and Suskie (located in Olsztyn
Lake District and Kashubian Lake District), and ten non-flow lakes, namely, Czarne,
Dtugie, Podkéwka, Starodworskie, Sukiel, Track, Tyrsko, Kepijko, Paskierz and
Podabek (located in Olsztyn Lake District and in Itawskie Lake District).

The annual phosphorus load introduced into flow lakes ranged from 17.2 kg P
(Mielenko) to 7,754.5 kg P (Isag) and nitrogen from 202.6 kg N (Mielenko) to
81,876.5 kg N (Isag). Nutrient load was mainly introduced with surface water inflow
(46-96%). In the group of flow lakes, Mielenko, Karczemne and Suskie were fed
primarily with surface runoff from the basin. The surface watercourses flowing into
them were periodic, and the amount of water flowing through them was small.
Annual load of phosphorus introduced into non-flow lakes were from 4.4 kg N
(Czarne) to 169.8 kg N (Track) and nitrogen from 89.4 kg N (Czarne) to
2,311.8 kg N (Track).

In case of non-flow lakes, the main source of supply was usually the runoff from
the direct catchment (from 40% to 97%).

It was found that the majority of flow lakes (except Lakes Isag and Suskie)
showed negative retention in relation to nutrients. Non-flow lakes retain the charge
of phosphorus and nitrogen, which is introduced from various sources.
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1 Introduction

Lake eutrophication is a natural process resulting from the gradual accumulation of
nutrients, increased productivity and slow filling in of the basin with accumulated
sediments, silt and organic matter from the watershed and long-lasting phenomenon
leading to their disappearance [1-3]. Human activities, such as urbanization, indus-
trialization and agricultural use of areas neighbouring water reservoirs, dramatically
increase the rates of eutrophication or even degradation of waters. Lakes situated in
cities are particularly endangered as they have a role in pollutions receiving from
municipal, industrial and storm wastewater. High nutrient load from anthropogenic
sources can result in hypoxic or anoxic conditions in stratified lakes and particularly
algal blooms and the development of blooms that may include toxic algal species of
cyanobacteria [4, 5]. Phosphorus and nitrogen are elements, which are the most
responsible for the water eutrophication [6]. When nutrients are introduced into
aquatic ecosystems, they participate in a variety of processes known as the circula-
tion of matter [7, 8].

In order to protect lakes from excessive eutrophication, one should precisely
determine the area of supplying the lake — the catchment — and recognize all sources
from which nutrients reach the lake water. Estimating the amount of nutrients
introduced into water is very difficult, especially when the source of emission is
dispersed. In the case of preparing the nutrient balance for a given water reservoir,
when estimating charges introduced from various sources, factors and indicators are
used to determine the approximate or average values of individual components.
Preparing a nutrient balance for a specific water reservoir is a statement of their
income and loss in an annual period [9]. The difference between the external load
(from the catchment) and the load leaving the lake with outflow is called retention
[10]. The size of retention is dependent on hydrological and morphometric factors or
the physical-chemical processes which favourable immobilization of a particular
compound in the sediment [11].

The aim of the work is to present the nutrient balance in selected flow and
non-flow lakes located in north-eastern Poland.

2 Material and Methods

Two groups of lakes were selected to determine the balance of nutrients: ten flow
lakes (Mielenko, Karczemne, Klasztorne Mate, Klasztorne Duze, Pastgk, Wymdj,
Sarag, Leguty, Isag, Suskie) and ten non-flow lakes (Czarne, Dlugie, Podkéwka,
Starodworskie, Sukiel, Track, Tyrsko, Kepijko, Paskierz and Podabek).
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. Lakes:
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Karczemne
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Fig. 1 Location of study lakes

Lakes Pastek, Wymoj, Sarag, Leguty, Isag, Czarne, Dlugie, Podkéwka,
Starodworskie, Sukiel, Track, Tyrsko, Kepijko and Podabek are located in Olsztyn
Lake District (physico-geographical mesoregion in the Masurian Lake District) [12]
(Fig. 1). The Olsztyn Lake District stretches along both banks of the upper Lyna,
reaching in the west after Pasleka. The landscape was formed as a result of the last
glaciation, whose disappearance phases appear in the form of arches of moraine
embankments stretching to the west to Morag, to the south to Nidzica, and in the east
to the Szczytno-Biskupiec line. The height of moraines does not exceed 200 m above
sea level.

The ground is mainly covered with boulder clay. In the valleys of glacial gutters
and post-lake meadows, there are peat bogs and meadows. Lakes Suskie and
Paskierz are situated in Itawskie Lake District (a geographical macroregion in
north-eastern Poland. It lies between the Vistula, Osa, Drweca and Pasteka. Area —
about 4,230 kmz) [12] (Fig. 1). Lakes Mielenko, Karczemne, Klasztorne Mate and
Klasztorne Duze are located about 30 km west of Gdarisk, within the administrative
boundaries of the city of Kartuzy in the Kashubian Lake District. It is a physical
geographical mesoregion belonging to the macroregion of the East Pomeranian Lake
District [12] (Fig. 1).

Lakes selected for nutrient balance analysis have a wide range of areas (from 1.5
to 397.5 ha) and depth (from 1.9 to 54.5 m) (Tables 1 and 2).
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Table 3 The catchment areas of analysed lakes

The direct The direct
Selected Total catchment | catchment Selected catchment
flow lakes area [km?] area [km?] non-flow lakes | area [km?]
Mielenko 3.8 0.22 Paskierz 0.30
Karczemne 5.15 0.45 Kepijko 1.95
Klasztorne 7.45 0.13 Czarne 0.13
Mate
Klasztorne 12.2 1.03 Dlugie 1.15
Duze
Pastek 54 0.80 Starodworskie | 0.30
Wymoj 22.6 0.60 Sukiel 1.02
Sarag 187.2 10.50 Podkéwka 0.26
Eeguty 241.5 1.10 Tyrsko 0.68
Isag 246.7 4.90 Track 2.48
Suskie 8.5 5.38 Podabek 0.76

The surface of the catchment of the analysed lakes was determined based on
a topographic map at a 1:10,000 scale and field observations in the case of a dubious
course of given water divide. Measurements of the surface of the catchment
were taken with polar (PL—1) and cylinder (KP9ON) planimeters (SOKKIA, Japan).
The size of the lake basin is shown in Table 3 and their land-use management in
Fig. 2a, b.

In 2017 morphometric measurements of water inflowing and outflowing from the
lakes Mielenko, Karczemne, Klasztorne Mate, Klasztorne Duze, Pastgk, Wymdj,
Sarag, Leguty, Isag, Kepijko, Paskierz and Podabek (depth, width) were taken,
and water velocity was measured with a Valeport (model 801) electromagnetic
flowmeter. The calculations of the amount of nutrients that are annually brought to
the lakes with inflow and carried out from the outflow were performed based on their
actual concentration in water (TP and TN) and flows measured on the individual
stations during yearly field studies. Nutrient loads were calculated with a generally
accepted method of time periods. In the water samples, the consecutive parameters
were determined: total phosphorus (after mineralization with sulphuric acid and
ammonium persulphate by spectrophotometry with ammonium molybdate and
tin (I) chloride, Macherey-Nagel NANOCOLOR UV/VIS) and total nitrogen (car-
bon and nitrogen analyser type IL 550 TOC-TN, HACH Inc.).

Data for other lakes were obtained from the Lossow [13] study and Dunalska [14].

The balances of nutrients (phosphorus and nitrogen) were calculated as follows:

LDO +LDC+LP+ LR +LF+LAT+LB =LOD +R

where expressed in kg year '

LDO - load discharged with surface water inflow
LAS - load discharged from the direct catchment-area sources
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Fig. 2 (a) The land use of direct catchment (flow lakes). (b) The land use of direct catchment
(non-flow lakes)

LP - load discharged from the point sources
— load discharged from dispersed sources
LA —load discharged by anglers with groundbait
LAT - load discharged from the atmosphere delivered with precipitation
LB - load discharged from bathers
LOD - load flowing out along with the outflow water
R — retention of given element in the lake ecosystem
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The magnitude of a lake load with nutrients originating from surface flows from
the direct catchment was calculated with a method that is recommended and applied
by OECD; this method consists of calculating the loads with flow coefficients [15]
which depend on land management way and the denivelation surface of a given area.

LAS = Ago Weo + Ay War + A Wi+ A, W, + A, W, (kgy ™)

where:

Ag, — arable land area (ha)

Ay, — grassland area (ha)

A, — forest area (ha)

A,, — barren land area (ha)

A, — urban area (ha)

We, — the flow coefficient of TP or TN from arable lands (kg ha='y™")
W,, — the flow coefficient of TP or TN from grassland (kg ha~'y ")
W, — the flow coefficient of TP or TN from forests (kg ha 'y~ ")

W, — the flow coefficient of TP or TN from barren lands (kg ha™'y ™)
W, — the flow coefficient of TP or TN from urban areas (kg ha~' y ")

The load taken by the bathers (LB) was determined by the formula:
LB=NB-WB:D

where:

D — duration of the tourist season (days)
NB — number of bathers in reservoir waters during the tourist season
WB — unit load introduced by bathers (g person")

The load discharged with sewage (point sources)
LP=Lpo-V:D

where:

Lpo — TP or TN concentration in sewage (kg m>)
D — number of days in which sewage is dumped into the lake
V — sewage volume (m3)

The load discharged from dispersed sources
LD= (M -W-365+T-W-D) (1 —Rg)

where:

M — number of residences
T — number of tourists



Nutrient Balance of North-Eastern Poland Lakes 269

D — duration of the tourist season
W — unit load introduced by person (g person™ )
R — infiltration in soil

The load discharged by anglers
LA=NA-D-Z

where:

NA — number of anglers
D — duration of the fishing season
Z — unit load introduced with groundbait (g P, g N)

The load of nutrients introduced to a given lake with precipitation was
determined based on the coefficients of pollution deposition per surface unit
(a lake in this case) that is annually published by VIEP (Regional Inspectorate for
Environmental Protection).

3 Results and Discussion

The annual phosphorus load introduced into flow lakes ranged from 17.2 kg P
(Mielenko) to 7,754.5 kg P (Isag) and nitrogen from 202.6 kg N (Mielenko) to
81,876.5 kg N (Isag) (Table 4). Nutrients were mainly introduced with surface water
inflow (46-96%).

In the group of flow lakes, only Mielenko, Karczemne and Suskie were fed
primarily with surface runoff from the basin, because the surface watercourses
flowing into them were periodic and the amount of water flowing through them
was small. Maximum loads were recorded during maximum flows associated with
rain-snow and snowmelt supply. In the lakes forming the river and lake system
(Mielenko, Karczemne, Klasztorne Mate, Klasztorne Duze—Klasztorna Struga lakes
complex and Pastek, Wymdj, Sarag, Leguty, Isag—upper Past¢ka lakes complex), the
load grew with the increase of the basin. In the case of lakes Wyméj, Sarag, Leguty
and Isag, the load of phosphorus and nitrogen carrying by Pasi¢ka water fluctuated
around 90% of the total external load, whereas in the Klasztorne Male and
Klasztorne Duze, the load of phosphorus and nitrogen supplied by Klasztorna Struga
ranged between 47% and 95%. The high load of nutrients introduced with river
water was dependent on the flow rate and, above all, was the result of the highly
agricultural character of the Past¢ka drainage basin and the introduction of domestic
and industrial sewage to Klasztorna Struga. According to Somorowski and Mosiej
[16] and Somorowski [17], migration of substances from farmland occurs as a result
of complex physical, chemical and biological processes in soil, which — apart from
the surface runoff — are caused by water and wind erosion. The non-point load enters
waters via the surface runoff during the thaws and rains, mainly in the form of
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organic and mineral suspension. Nitrogen compounds are leached from soil while
phosphorus compounds migrate mainly through erosion of the soil material. A close
relationship has been found between the amount of fertilizers introduced to a land
and phosphorus and nitrogen load runoff to surface water [18-21]. Increased runoff
of nutrients takes place in plants with shallow root systems and poorly developed
side roots (e.g. rapeseed). This type of plants is requiring strong mineral and organic
fertilization.

Annual phosphorus load introduced into non-flow lakes ranged from 4.4 kg N
(Czarne) to 169.8 kg N (Track) and nitrogen load from 89.4 kg N (Czarne) to
2,311.8 kg N (Track). In the case of this lake type, the main source of supply was
usually the surface runoff from the direct catchment (from 40% to 97%). The size of
the external load depended on the size of the catchment area and on the way of land
use. The lakes surrounded by arable lands were burdened with a particularly high
nitrogen load (Podabek). In the nutrient balance of lakes Sukiel, Podkéwka and
Tyrsko, important load of phosphorus and nitrogen has been introduced from the
atmospheric precipitation (60% of total charge) (Table 5). Pool of nutrients reaching
the other analysed lakes with atmospheric precipitation did not matter in the annual
balance sheet. Kopacek [22] and Lo and Chu [23] emphasized that due to the
seasonality, atmospheric precipitation can be a serious source of nutrients, but
only during their occurrence.

Lakes Mielenko, Karczemne and Klasztorne Mate received a high load of nutrient
from point sources — mouths of rainwater collectors (from 14% to 42% of the total
phosphorus load and from 16% to 42% of the total nitrogen load). Lakes Mielenko,
Karczemne, Klasztorne Mate, Klasztorne Duze and Suskie were fed with phospho-
rus and nitrogen load introduced by anglers with groundbait. Nutrient load reaching
from this source was varied from 7.7 kg P to 27.4 kg P and from 30.7 kg N to
109.5 kg N (Table 4). According to Wotos [24], anglers introduce 3.27 g of
phosphorus and 18.15 g of nitrogen into the lake and with the fish biomass remove
about they extract about 7.35 g of phosphorus and 31.08 g of nitrogen.

Matter circulation in a lake is not a fully closed cycle. It is not a full cycle because
part of the matter is precipitated and deposited in bottom sediment and does not
participate in further circulation. It is also not a closed cycle, because the lake
constantly is receiving matter from the outside. The part of the matter is carried
out by the river water outflowing from the lake [25].

The estimated retention or removal (negative retention) values of phosphorus and
nitrogen in the analysed flow and non-flow lakes are summarized in Figs. 3a, b and
4a, b. It was found that the majority of flow lakes (except Lakes Isag and Suskie)
showed negative retention in relation to nutrients. The highest loads of phosphorus
and nitrogen were discharged from Sarag and Leguty lakes (over 5 tons of phos-
phorus and 50 tons of nitrogen) (Fig. 3a, b).

The relative retention of both phosphorus and nitrogen depends strongly on the
duration of the hydraulic retention time in the lake.

The longer retention time the higher the loss percentage of the added phosphorus
or nitrogen during its passage through the lake.
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Fig. 3 (a) Phosphorus retention in flow lakes. (b) Nitrogen retention in flow lakes
The whole groups of lakes without flow stored nutrients were a “trap” for them.

Nitrogen retention in lakes does not only occur as incorporation in sediment
organic matter but also, and largely so, via denitrification, where nitrate is exploited
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Fig. 4 (a) Phosphorus retention in non-flow lakes. (b) Nitrogen retention in non-flow lakes

for the bacterial turnover of organic matter [26]. Thereby nitrate converts to
ammonium or to free nitrogen (N,) that may diffuse into the water phase and the
atmosphere and thus is lost from the system. Average 77% of nitrogen retention can
be ascribed to denitrification [27]. In eutrophic lake estimated ca 90% of the
nitrogen is to be removed via denitrification, while 10% remains permanently
buried in the sediment [27]. As for phosphorus, the connection between retention
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time and phosphorus retention has been modelled by Vollenweider [28]. In turn,
Grochowska [29] developed models of nitrogen and phosphorus retention in flow
lakes. The models of P and N retention indicate that the retention of nutrients in
flow lakes is primarily affected by the size of the volume of flow at the inflow and
outflow of river to lake. Important factor to be considered in determining the value
of retention is P and N release from sediment.

4 Conclusion

In the group of flow lakes, nutrient load was introduced mainly with surface water
inflow (46-96%). Only Mielenko, Karczemne and Suskie were fed primarily with
surface runoff from the basin, because the surface watercourses flowing into them
were periodic and the amount of water flowing through them was small. The size of
the load introduced to non-flow lakes depended on the size of the catchment and on
the way it was managed. The lakes surrounded by arable lands were burdened with a
particularly high nitrogen load (Podabek). Undoubtedly, the nutrient balance in the
lake depends on the amount of water exchanging in the reservoir during the year.
The whole groups of examined non-flow lakes stored nutrient were a “trap” for them.

It is noteworthy that in most of the analysed flow lakes, they showed negative
retention in relation to phosphorus and nitrogen, but the total load introduced from
different sources into these lakes was many times higher than that introduced into
non-flow lakes. Such a high external load, even with negative retention, is intensified
by the eutrophication process.
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Abstract We hypothesized that the variability of P internal loading in lakes and
reservoirs depends on the trophic state of analysed waterbodies, as well as spatial
(different water depths) and temporal (season) aspect in particular waterbodies.
Additionally, year-to-year changes of P loading in lakes restored with variable
methods (sustainable restoration, P inactivation with iron compounds and magne-
sium chloride, nitrate treatment and effective microorganisms (EM) application)
were expected. To verify these assumptions, we have analysed the process of
internal P loading in 40 waterbodies situated in Western Poland, based on the ex
situ experiments on intact sediment cores, collected from different water depths in
various seasons. Additionally, basic sediment characteristics (TP and its fraction
content, organic matter, SRP and TP in pore water and water above sediments) were
studied. The most intensive P release from sediments into water column was noted in
summer, especially at greater depths and in heavily eutrophicated lakes. Internal P
loading in restored lakes usually decreased, apart from lakes in which EM were used.
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1 Introduction

Freshwater reservoirs are complex ecosystems with functioning strongly dependent
on nutrient concentrations. One of them — phosphorus (P) — often plays a limiting
role for primary production. It comes from many external sources such as water-
courses feeding the lake, surface runoff from catchment areas with variable cover,
point sources as well as precipitation and recreation. Bottom sediments are crucial
source of P for water column due to long-term P accumulation in various com-
pounds; thus sediments are considered as ‘black box’. Ca. 80-90% of P in lake
ecosystem is buried in a 10-cm-thick surface sediment layer. This ability to bind and
release P determines the role of sediments in lake as a trap or a source of this element.
P retention in sediments is a consequence of two processes with opposite directed
flux rate, i.e. sedimentation of different particles as a downward flux and the release
of dissolved P via the interstitial water as upward flux. The domination of P release
over its accumulation is called ‘internal P loading’ [1-5]. P release from sediment is
influenced by a number of factors being biological (microorganism activity, organic
matter decomposition), chemical (oxygen concentration, redox potential, pH,
nitrates or Fe-P ratio) as well as physical (temperature, wind causing resuspension)
[6, 7]. Variable factors may play the most significant role in a particular lake due to
local conditions [8].

The exchange of phosphorus between sediments and water is one of the most
important pathways of P circulation in lake ecosystem. The intensity and duration on
internal P loading may exert a crucial impact on P concentrations in lake water as
well as on lake water quality [9—11]. Therefore, P release shall be introduced into a
broad program of lake research prior the restoration, to assess the impact of sedi-
ments on lake productivity and to propose proper methods of reclamation. The
diagnosis of processes responsible for P loading enables the use of treatment
dedicated to efficient P release diminish.

We hypothesized that the variability of P internal loading in lakes and reservoirs
depends on the trophic state of analysed waterbodies, as well as spatial (different
water depths) and temporal (season) aspect in particular waterbodies. Additionally,
year-to-year changes of P loading in lakes restored with variable methods were
expected. Furthermore, selected sediment characteristics related to P release/accu-
mulation were of concern, i.e. P and organic matter content in sediment, P content in
interstitial and over-bottom water and P fractions in sediment.
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2 Study Site

Internal P loading was studied in 40 lakes and man-made reservoirs located in
Western Poland, most of them in a radius of 45 km from Poznan, in Wielkopolski
Lake District (Fig. 1). Waterbodies varied in size, maximum and mean depth as well
as water volume. Nine of them had surface area over 100 ha, with the greatest
742.5 ha, and twelve were characterized by area 30—100 ha, while the most were
small (under 15 ha). In case of maximum water depth, the majority of lakes were
shallow (under 10 m), and only six of them had depth over 15 m. Mean water depth
varied from 0.5 to 8.6 m, but usually it did not exceed 5 m (Table 1).

Nine of the studied waterbodies were under restoration treatment. Hypolimnion
aeration, P inactivation (with iron compounds and/or magnesium chloride) and
biomanipulation were conducted in lakes Durowskie, Géreckie and Swarzedzkie
[17-19], whilst in Jelonek and Winiary, restoration program included P inactivation
in sediments with a Proteus device [20], biomanipulation, barley straw and macro-
phyte mowing. Lakes mentioned above were included into Group 1, i.e. waterbodies
restored with combined physical, chemical and biological methods, but only to the
extent that is necessary for the gradual reconstruction of the ecosystem — so-called
sustainable restoration [21]. P inactivation with iron compounds and magnesium
chloride was introduced in Rusatka reservoir throughout the analysed period [22]
and in Uzarzewskie Lake in years 2006-2007 [23, 24]; thus these waterbodies were
turned into Group 2. Uzarzewskie Lake has been treated with nitrate doses from
natural springs to hypolimnion since 2008 [24, 25]; therefore the results from this
period were introduced to Group 3. Finally, lakes Konin and Wielgie were restored
by Effective Microorganisms (EM) application, forming Group 4. In part of these
lakes, internal P loading was analysed year to year for 3—10 years, whilst for the rest,
it was for 1 year only.
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Fig. 1 The location of lakes presented in this paper (numbering convergent with the Table 1)
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3 Materials and Methods

Internal P loading research were conducted in the years 2005-2017 in ex situ
experiments on undisturbed sediment cores. Samples were collected in three seasons
(Sp, spring; Su, summer; A, autumn) from stations differing in water depth, oxygen
content by the bottom and macrophyte cover. In case of depth spectrum, four zones
were distinguished: zone I (Z I) included water depth from O to 2 m, zone II (Z II)
2-5 m, zone III (Z III) 5-10 m and zone IV (Z IV) over 10 m. According to Carlson
[26] criteria, trophic state was determined. Studied lakes were classified as
mesoeutrophic (M-E), eutrophic (E) and hypertrophic (H).

Sediment cores were collected with modified Kajak sediment sampler to trans-
parent tube made from PMMA (polymethyl methacrylate). Each transparent tube,
6 cm in diameter, containing the collected sample of intact sediment core (ca. 15 cm
in length) and the overlying water, was sealed with rubber stoppers. The cores were
incubated under laboratory conditions at temperature and oxygen concentrations that
corresponded to the ambient values determined during field research. Samples of
water from above the sediment cores were collected at definite intervals (1-3 days)
over a period of 2-3 weeks from every tube (Fig. 2). Analyses of total phosphorus
content were done spectrophotometrically with ascorbic acid as the reducer
[27]. Water temperature, dissolved oxygen concentration, pH and conductivity
were measured before water sampling in tubes with a WTW Multi 350i metre. P
concentrations were calculated into mgP/m2 d, based on water volume and sediment
surface. Positive values indicate P release from sediment whilst negative its
accumulation.

Selected sediment characteristics were analysed as well in samples collected from
each station: total P and its fractions, according to Psenner et al. [28]; organic matter
(OM, after combustion in 550°C); TP and orthophosphates (SRP) in pore water
(after centrifugation for 1 h at 3,000 rpm); and in the water collected above sediment.
Statistical calculations were made using STATISTICA version 10.0 software.

4 Results

4.1 Internal P Loading and Sediment Characteristics
in Trophic, Spatial and Temporal Aspect

Ex situ experiments revealed explicit variability of internal P loading in relation to
trophic status, season as well as water depth. In most cases the highest P release from
sediments was noted in summer (Fig. 3). In the shallowest zone (Z I), the greatest
prevalence of P loading on its accumulation was observed in hypertrophic lakes,
where it reached 18.9 mgP/m? d in spring. Littoral zone of mesoeutrophic lake was
characterized by low P release — 0.6 mgP/m* d on average — and P binding in
sediments was stated in autumn, zone II, with water depth 2—5 m, notable P loading
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Fig. 2 Scheme of laboratory ex situ experiment

occurred in summer, both in eutrophic (6.1 mgP/m* d) and hypertrophic (6.6 mgP/
m? d) lakes. Higher amounts of P were released into water columns in the deepest
zones Z III (5-10 m) and Z IV (>10 m), especially in case of hypertrophic lakes in
summer — mean ca. 16.0 mgP/m? d. To sum up, internal P loading increased with
water depth, particularly in zones Z I to Z III, whilst in Z IV it was similar to Z III or
slightly lower. More intense P release was observed in lakes with higher trophic
state. The greatest values characterized hypertrophic waterbodies in zones I and III,
ca. 13 mgP/m? d (10.41 mgP/m? d on average), lower in eutrophic lakes (6.57 mgP/
m? d on average) and the lowest in mesoeutrophic lakes (1.48 mgP/m? d on average)
(Fig. 6).

No significant variability in sediment P content was noted in particular season.
The lowest concentrations were observed in the littoral zone (Z I) of mesoeutrophic
lakes — up to 0.8 mgP/g DW in summer. The same zone in hypertrophic lakes was
characterized by P content exceeding 1.2 mgP/g DW. In other zones TP values were
slightly higher: in Z II and Z IV maximum was noted in hypertrophic water bodies
(1.5-1.7 mgP/g DW) whilst in Z III eutrophic ones (1.53 mgP/g DW).
Mesoeutrophic lakes had clearly lower P content in Z III, whilst in Z IV it was
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Fig. 3 The accumulation (negative values) or release (positive values) of P from bottom sediments
of waterbodies with different trophic states in particular seasons at different depth zones (see Sect. 3
for abbreviations)

similar to values noted in eutrophic waterbodies; however, in general, the higher the
trophic status, the greater the P concentration in sediments (0.92 mgP/g DW for
mesoeutrophic, 1.34 mgP/g DW for eutrophic and 1.33 mgP/g DW for hypertrophic,
on average (Figs. 4 and 06)).

The higher amounts of organic matter in the shallowest zone were observed in
hypertrophic lakes — up to 31.2% on average in spring. With increasing depth of
strongly eutrophicated waterbodies, the percentage of OM decreased, reaching
25.2% in Z 11 and 17.4% in Z 1II, wherein higher values were noted in spring.
Nevertheless, in Z IV of studied lakes, organic matter amount rose again to 21.8%. In
mesoeutrophic lakes higher contribution of OM was stated in summer — from mean
10.1% in Z 1 to 43.6% in Z 11. Eutrophic lakes were characterized by higher amounts
of OM in Z I and Z III — ca. 26-28% with maximum in summer (Fig. 5). To
conclude, organic matter content was lowest in mesoeutrophic lakes (18.02% on
average) and similar in eutrophic and hypertrophic ones (23.7% and 24.5%, respec-
tively, on average (Fig. 6)).

Both SRP and TP concentrations in pore water of sediments increased with water
depth. Highest values were usually noted in summer. It reached up to 0.25 mgP/L
(SRP) and 0.47 mgP/L (TP) in Z I of mesoeutrophic lakes and up to 1.91 mgP/L and
2.63 mgP/L, respectively, in Z IV. In case of eutrophic waterbodies, noted values
fluctuated from mean 1.42 mgP/L (SRP) and 1.82 mgP/L (TP) in Z II up to
3.61 mgP/L (SRP) and 4.05 mgP/L (TP) in Z IV. The highest concentrations of P
compounds were observed in hypertrophic lakes — from mean 1.67 mgP/L (SRP) and
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Fig. 4 P content in sediments in waterbodies with different trophic states in particular seasons at
different depth zones (see Sect. 3 for abbreviations)
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Fig. 5 The percentage of OM in sediments in waterbodies with different trophic states in particular
seasons at different depth zones (see Sect. 3 for abbreviations)
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2.16 mgP/L (TP) in Z I up to 3.61 mgP/L (SRP) and 4.05 mgP/L (TP) in Z IV
(Fig. 7). P content in pore water increased together both with lake trophic state and
water depth (Fig. 8).

The greater the water depth, the higher the SRP and TP concentrations in water
above bottom. Maximum values were usually noted in summer or autumn. SRP
content varied from 0.05 mgP/L in Z I to 0.29 mgP/L in Z IV whilst TP from
0.11 mgP/L to 0.40 mgP/L, respectively, in mesoeutrophic lakes. In case of eutro-
phic waterbodies, this range increased to 0.04 mgP/L (Z 1)-0.88 mgP/L (Z 1V) for
SRP and to 0.05 mgP/L-0.91 mgP/L for TP, respectively (Fig. 9). Thus, P com-
pound concentrations in water above sediments increased both with water depth and
lake trophic state (Fig. 10).

Res-P fraction, i.e. P permanently buried in sediments, was characterized by the
highest mean contribution in total P in sediments. Distinctly greater values were
noted in eutrophic and hypertrophic waterbodies, over 53% on average, whilst in
mesoeutrophic lakes, it was 39.8%. The contribution of Res-P increased with depth
in hypertrophic lakes (Fig. 11). Three biologically most available fractions,
i.e. NH4CI-P (loosely sorbed on sediment particles), BD-P (bound with Fe) and
NaOH-P (bound with Al), had a share in total P in sediment fluctuating from 14 to
16%. In case of NH,CI-P and BD-P, lower values were noted in hypertrophic lakes
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Fig. 7 The concentration of SRP and TP in interstitial waters of sediments in particular seasons in
waterbodies with different trophic states at different depth zones (see Sect. 3 for abbreviations)
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Fig. 8 The concentration of SRP (a) and TP (b) in interstitial waters of sediments in waterbodies
with different trophic states at different depth zones (box, mean =+ standard deviation; whiskers, min
and max)

(under 5%) and higher in eutrophic ones (ca. 6.2%). In mesotrophic lakes, on the
other hand, greater contribution was observed for NaOH-NRP (P bound in organic
compounds) and HCI-P (bound with Ca) — 23.4% and 20.7%, respectively. In
comparison, it was under 20% in eutrophic and hypertrophic lakes.
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Fig. 9 The concentration of SRP and TP in water above sediments in particular seasons in
waterbodies with different trophic states at different depth zones (see Sect. 3 for abbreviations)
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Fig. 10 The concentration of SRP (a) and TP (b) in water above sediments in waterbodies with
different trophic states at different depth zones (box, mean =+ standard deviation; whiskers, min and
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4.2 Internal P Loading and Sediment Characteristics
in Lakes Under Restoration

Four depth zones were represented in lakes introduced to Group I. In the shallowest
one, internal P loading did not exceed 7.5 mgP/m? d. Lake Jelonek, analysed in the
Oth year from the beginning of restoration only, stood out with greater values in
summer (up to 18.6 mgP/m? d). Mean P loading varied from 1.8 to 4.6 mgP/m? d. In
case of the lakes studied for 5 subsequent years, it remained stable; however, the
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Fig. 11 The percentage of P fractions in sediments of analysed waterbodies (a NH,CI-P, b BD-P,
¢ NaOH-P, d NaOH-NRP, e HCI-P, f Res-P) (box, mean =+ standard deviation; whiskers, min and
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range of values decreased (Fig. 12). Zones Z II and Z III were characterized by
gradual diminish in internal P loading. The change of mean values was from
ca. 7.5 mgP/m? d to ca. 2 mgP/m* d in Z IT and from 17.3 mgP/m? d to less than
4.0 mgP/m? d in Z II1. Slighter changes were noted in Z IV, where P loads were less
than 4 mgP/m? d in the first and last 3 years, increasing in the period from the 4th to
6th year of restoration to 20.8 mgP/m? d maximally (Fig. 12).
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Fig. 12 Internal P loading in Group I restored lakes at different depth zones

TP content in sediments has gradually risen in Z I and Z II — mean values were
ca. 1.0 mgP/g DW at the beginning of treatment, increasing up to 1.7-1.8 mgP/g DW
in the latter years (Fig. 13). Similar tendency was noted in Z III, where TP content
grew from less than 0.9 mgP/g DW to 1.30 mgP/g DW on average. However, a fall
was observed in the 6th year of restoration to 0.88 mgP/g DW. Such a tendency was
not noted in the deepest lake parts. The amount of P in sediments varied from 0.88 to
1.42 mgP/g DW on average. Lowest values, both in case of mean and minimum,
were stated in the middle of the research period (Fig. 13).

Pore water TP concentrations in Z I diminished from 1.44 mgP/L initially to
0.80 mgP/L in the 2nd year of restoration and then increased again back to
1.46 mgP/L. Once more Lake Jelonek stood out from other lakes with the greatest
range of values 0.45-2.56 mgP/L (Fig. 14). A decreasing trend was observed in Z II
and Z III, but the zones differ in concentrations. Mean values in Z II varied from 0.27
to 2.62 mgP/L and from 2.69 to 5.16 mgP/L in Z III. Highest pore water TP was
observed in the first 2 years, decreasing in the subsequent ones. The deepest zone
was characterized by mean TP in interstitial water, 2.08-2.93 mgP/L. It increased in
years 2-5 of the restoration period in comparison to initial year but fell again in years
6-9, both mean and minimum concentrations (Fig. 14).

Two depth zones were represented in lakes introduced to Group II, and in both,
internal P loading decreased as a result of restoration. Mean values changed from
6.1-9.8 mgP/m? d in the first 2 years to 1.8-4.1 mgP/m? d in the last 3 years in Z 1. A



Internal Phosphorus Loading in Eutrophic Lakes in Western Poland

291

28 24
26 r4 22
24 o0
22
20 18
E 1,8 '| E 1,6
216 | 2 14
= 4
g 14 1 [ g 12
Al {0
3 - |_J
08 * 08
0,6 0,6
0,4 . 0,4 -
1 3 5 6 7 8 9 [1meanssD 72 3 4 5 6 7 8 9 Ameansp
year I min-max year T min-max
18
ZIv
16
1,4 @
E]
z Z 12 E] ]
o o
g £ ol 1 g
£ g [a T |
08 . .
06
0,4 . 0,4 = Mean
T2 8 4 5 6 7 gmeanssp 1 2 3 4 5 6 7 8 9 (meansSD

year I min-max year T min-max

Fig. 13 TP content in sediments in Group I restored lakes at different depth zones

slight accumulation of P in sediments was noted in the 9th year (—0.24 mgP/m” d on
average). Z III was characterized by initial mean P loading of 32.0 mgP/m? d,
decreasing to 19.6 mgP/m* d in the 2nd year of restoration and gradually to less
than 10.0 mgP/m? d in following years (Fig. 15).

TP content in sediments of Z I was quite stable, varying in case of annual mean
values from 0.96 to 1.11 mgP/g DW. Lower variability was noted in the 10th and
12th year of treatment, higher in the 11th. In Z II the amount of P increased
significantly between the first (0.98 mgP/g DW) and second (1.44 mgP/g DW)
year of treatment and remained on the level of ca. 1.5 mgP/g DW in the following
years, except a fall in the last year to 1.15 mgP/g DW (Fig. 16).

Opposite tendencies of pore water TP concentrations were stated in depth zones.
In Z I mean values were decreasing from 2.4 to 0.38 mgP/L whilst in Z III rising
from 4.6 to 9.38 mgP/L (Fig. 17).

Two depth zones were represented in lakes from Group I11, differing in temporal
changes of internal P loading. Mean annual values varied in the range of
3.65-13.85 mgP/m” d in Z I. Maximum loading reached even 35.0 mgP/m” d in
summer, whilst in in spring and autumn, an accumulation was noted periodically.
Deeper lake part was much more susceptible to restoration treatment, and the amount
of P released from sediment decreased gradually from 19.38 mgP/m* d in the 1st
year to —1.63 mgP/m? d in the last one (Fig. 18).



292 K. Kowalczewska-Madura et al.

2,8 4,0

261 Z1 T 4|
24 35 ]
22 3,0
2,0
1.8 25
E 1,6 E‘
o 14 o 20
E 2 E
1,0 1,5
08
06 10 E
0,4 0,5
0,2 -
0,0 = mean 0,0 = mean
1 2 3 4 5 6 7 8 9 []meantSD 1 2 3 4 5 6 7 8 9 m@meantSD
year T min-max year T min-max
7 5,0
Zl
4,5
6
4,0
5 3,5
S 5 30
f= f=2
€ 4 E o5
2,0
3
- 1,5
2 1,0
= mean 0,5 = mean
1 2 3 4 5 6 7 @ mean+SD 1 2 3 4 5 6 7 8 9 [ mean+SD
year 1 min-max year I min-max

Fig. 14 Pore water TP concentrations in sediments in Group I restored lakes at different depth
zones

30 60
Zl rAlll
25 50
20 40
o o
& S .
E 15 £ 30
[ o
= =]
5 A “ UE H B
ol - 08B N |
-5 b - - - - -~/ » mean =10 ‘ - . . = w mean
1 2 9 10 " 12 @ mean+SD 1 2 9 10 11 12 (] mean+SD
year L min-max year L min-max

Fig. 15 Internal P loading in Group II restored lakes at different depth zones

Mean TP content in sediments of littoral zone was high at the beginning of
restoration (1.63 mgP/g DW), falling to less than 1.3 mgP/g DW in years 3-7,
then increased, reaching finally over 1.21 mgP/g DW. Similar trends were observed
in Z 111, but at the end of research period, the amount of P bounded in sediments was
higher than prior the restoration, reaching 3.1 mgP/g DW maximally (Fig. 19).

Pore water TP concentrations varied in time in Z I, fluctuating from 0.74 mgP/L
in the 7th year to 3.58 mgP/L in the 3rd year. Z III was characterized by much higher



Internal Phosphorus Loading in Eutrophic Lakes in Western Poland 293

1.8 2,6

zZi Py Zii
1,6 22
14 20
E E 1,8
° 1,2 ) 1,6
o a 14
£ 10 l €12 EI
1,0
0,8 08
0,6 0,6
0,4
0,4 = mean 0.2 = mean
1 2 9 10 1 12 @ mean+SD 1 2 9 10 11 12 @ meanzSD
year I min-max year I min-max
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ZI ZI
5 12
10
4
3 o
E S ol
2
4
0 . = mean 0 = mean
1 2 9 10 11 12 @ mean+SD 1 2 9 10 11 12 [ mean+SD
year 1 min-max year min-max
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Fig. 18 Internal P loading in Group III restored lakes at different depth zones

values in years 1-4 (4.98-7.30 mgP/L), falling down since the 6th year
(2.12-3.47 mgP/L, Fig. 20).

Lakes introduced to Group IV were shallow, with depth varying from 2 to 5 m;
thus only one depth zone was represented. An increase of mean values was observed
in the 2nd year of treatment in case of internal P loading and pore water TP
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Fig. 20 Pore water TP concentrations in sediments in Group III restored lakes at different depth
zones

concentrations. Amounts of P released from sediments grew fivefold from 1.22 to
6.60 mgP/m? d and decreased again to 2.60 mgP/m? d in the 3rd year. Pore water TP
content rose from 1.07 to 1.89 mgP/L, but in the last year, a fivefold fall was
observed to 0.37 mgP/L. TP content in sediments was very similar in the first

2 years (1.24 mgP/g DW), increasing to 1.59 mgP/g DW in the last year of
restoration (Fig. 21).

5 Discussion

Trophic state of lake waters as well as season and water depth strongly influenced the
internal P loading. Mesoeutrophic lakes were characterized by the lowest P amounts
released from sediments, especially in littoral zone, where P binding was observed as
well [29-31] as a result of good oxygen conditions in sediment-water interface and
thus high redox potential. These two factors determine the direction of P exchange in
the lake ecosystem [7]. In other trophic types of lakes, P loading from sediments
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Fig. 21 Internal P loading (a), TP content (b) and pore water TP concentrations (¢) in sediments in
Group IV restored lakes at Z II

dominated, with greatest intensity in hypertrophic waterbodies, both in profundal,
suffering from oxygen depletion, and well-oxygenated littoral [29, 32—-36]. Statisti-
cally significant differences of the intensity of P loading between depth zones were
confirmed (Kruskal-Wallis test, p < 0.05), apart from Z II. The increase of P release
with lake trophic state resulted from oxygen deficits in sediment-water interface,
typical in summer in eutrophic lakes. Anaerobic conditions are one of the most
important causes of a significant P release from bottom sediments [37]. Under
aerobic ones, iron is in the form of insoluble compounds and adsorbs P, whilst
during anoxia, iron is reduced and its compounds are soluble, releasing P to the water
column. Anaerobic conditions are accompanied by a decrease in redox potential and
an accumulation of organic matter in sediments, subjected to decomposition. Total
oxygen depletion results in redox potential —100 to —200 mV, being conducive to P
release from sediments [7].

Internal P loading was usually increased with water depth. Statistically significant
difference in P loads in depth zones was noted for mesoeutrophic and hypertrophic
lakes (Kruskal-Wallis test, p < 0.05). It was determined by the dissimilarities in P
circulation in deep and shallow lakes. In the first ones, hypolimnion acts as a
temporary sink for settled P as the release of the compound is much greater and
faster than biotic uptake as well as the chemical precipitation reactions. Thus,
profundal zone is a place of seasonal dissolved P accumulation. Shallow waterbodies
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are characterized by the lack of thermocline; therefore P release dominated over its
binding [38]. Additionally, P release in shallow lakes is accelerated by instant
changes in oxygen content by the bottom, short-term thermal stratification or
wind-driven circulation from throughout the water column [6, 39, 40]. This is of
paramount importance for shallow waterbodies, where the external nutrient loads
determine the overall water quality, yet the sediments play a crucial role for the
in-lake P cycling [41].

The hand-in-hand relation between internal P loading and water depth was as well
observed in restored lakes due to mentioned reasons. It was explicit in Groups II and
III, where summer oxygen deficits strongly affected the increase in P loads from
sediments in Z III. In case of Group I lakes, Z IV stood out with lower P release in
comparison with more shallow lake zones. This results from trophic status of two
lakes taken into consideration in this case. One of them — Lake Durowskie — is of
eutrophic character [17, 36, 42], whilst the second, Lake Goéreckie, is hypertrophic
[43]. Higher P loads in years 4—-6 were determined by results from the latter lake,
which was analysed for 3 years only. Nevertheless, a reduction of P loads under the
influence of combined restoration measures was noted, both in mean and maximum
values.

The intensity of P release was affected by season as well. Both oxygen depletion
by the sediment in deeper lakes and increased water temperature were observed in
summer [35, 44]. The latter factor strongly accelerates the organic matter decompo-
sition, thus increasing P loads from sediments [45, 46], being especially important in
shallow eutrophic lakes at maximum pelagic primary productivity during large parts
of the summer and controlling the P concentration in the lake water [41, 47]. Addi-
tionally, gas bubble emission boosts in summer, increasing the resuspension of
sediments together with pore water rich with P [4, 6]. In case of deep lakes,
thermocline limits the P circulation from hypolimnion to epilimnion, but the process
of P release occurs at the greatest depth due to oxygen deficits. It was confirmed,
i.e. in mesotrophic Lake Strzeszyriskie, where the dominance of P release over its
binding was largest in summer [31]. Eutrophic and hypertrophic lakes were charac-
terized by the highest internal P loads in Z III (5-10 m) than Z IV (>10 m) due to
abundance of fresh organic matter, reaching the profundal zone of the shallower
area, particularly in summer. This matter of phytoplanktonic origin was mineralized
by bacteria present in sediment in anaerobic conditions [39, 48]. It was already stated
that microorganisms have a significant impact on P circulation due to organic matter
decomposition [38].

Biological processes like primary production and plankton sedimentation are of
great importance for internal P loading in lake littoral, influencing as well the
possibility to reduce the amount of P released within restoration treatment. Z I
(0-2 m) was represented in all three groups of restored water bodies, and in one
only there was a decrease in internal P loads, namely, Group II, i.e. lakes restored
with P inactivation with iron sulphide and magnesium chloride. The method of P
inactivation aims at increasing sorption complex of sediments, thus reducing the
amount of P released to the water column. Magnesium chloride reacts to both
phosphates and ammonium nitrogen, forming struvite (magnesium ammonium
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phosphate), which in the form of crystals sediments to the lake bottom. Additionally,
positive effect was accelerated by submerged macrophytes, covering the bottom of
Lake Rusatka in the first half of the year. Macrophytes, which may occur in great
number in shallow lakes, have both negative and positive impacts on phosphorus
cycle. Oxygen released from the roots may increase redox-sensitive phosphorus
sorption; however when the macrophyte cover is dense, the phosphorus release may
increase due to a diminish in oxygen concentration in water [6, 49, 50]. Increasing
macrophyte cover might be then responsible for an increase of internal P loads in Z 1
of Group II in years 10-12 in comparison to year 9. Nevertheless, the addition of
P-binding agents during restoration resulted in clear fall of P loading from sediments
between years 1-2 and 9-12, especially since the deeper zone in Group II lakes
(Z TII) was subjected to a decrease in internal P release as well, what was related to
macrophyte cover to a much lesser extent. As it was mentioned above, in Z I of
restored lakes from Groups I and III, internal P loads remained quite stable despite
the restoration treatment, however on a lower level than deeper lake parts. None-
theless, P released from the sediment in the littoral zone passes directly to the
trophogenic zone, causing water blooms, especially in summer [24].

Z 11 and Z 1T in Groups I and III revealed a steady decreasing trend in P loading
from sediments due to restoration results expressed by the gradual sustainable
rebuilding of the lake ecosystem. The application of three reclamation methods,
supporting each other, resulted in a decrease of primary production and organic
matter sedimentation as well as the reduction of organic matter readily decomposed
by bacteria [48]. In case of Group I lakes, it was stimulated by hypolimnetic
oxygenation by wind-driven aerators. Although it did not provide high amounts of
oxygen, the organic matter decomposition was not accelerated [17]; however the
content of oxygen was enough to enable denitrification as well as anammox reaction
to occur and thus to increase the redox potential [51]. Rising P internal loads in the
2nd year of restoration with the use of aerator might be a consequence of sediment
resuspension immediately after the installation, but in the following years, this
phenomenon was not observed. In case of Uzarzewskie Lake, representing Group
III with hypolimnetic nitrate treatment [25], the addition of nitrates to water above
the bottom resulted in an increase of the redox potential in the sediment-water
interface as well, causing internal P loading reduction [24]. Additionally, this
method eliminates the hydrogen sulphide in the water overlying the sediments and
reduces nitrogen concentration, due to the denitrification process. Hydrogen sul-
phide was observed in all deep lakes hypolimnion during summer as a product of
bacterial sulphate decomposition that can block Fe™ as an insoluble sulphide.
Furthermore, P mobilization and SO42_ reduction in anoxic sediments generate a
pH increase that would inhibit P sorption [52].

A completely different restoration method applied on two lakes introduced to
Group IV, i.e. Effective Microorganisms (EM), resulted in boosted internal P
loading. The use of a composition of photosynthetic bacteria, lactic acid bacteria,
actinomycetes, yeasts and fermenting fungi [53] resulted in an acceleration of
organic matter decomposition and P release to the water column in the 2nd year of
restoration. In the following vegetation season, sediment P loads decreased but
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remained higher than prior the treatment, indicating the lack of success in case of
lake sediments.

Internal loading of P in lakes is a complex process which is mainly determined by
the amount and species of settled P as well as their subsequent diagenetic transfor-
mation in the sediment [38]. TP content was distinctly lower in mesoeutrophic lakes
and higher in eutrophic and hypertrophic waterbodies; however statistically it was
confirmed only in Z I (littoral) and Z III (5—10 m) (Kruskal-Wallis test, p < 0.05),
whereas the differences between all depth zones were statistically important for
mesoeutrophic and hypertrophic lakes (Kruskal-Wallis test, p < 0.05).

In most groups of restored waterbodies and depth zones, TP content increased
together with falling internal P release, proving the augmentation of P sorption
complex and successful binding of P both with Fe (from iron compounds) and
magnesium (from magnesium chloride, binding both phosphates and ammonium
nitrogen as struvite). Not only was the amount of binding agent increased, but the
conditions for P binding were created by increased redox potential by additional
restoration method (Group I), the main method itself in a case of a lake already
supplied with Fe (Group III) or the macrophyte cover exert a positive impact on
sediments (Group II). In Group IV lakes, TP content decreased together with internal
P loading in the second year of treatment whilst distinctly increased in the third year
as the P loads fell down.

P fractions in sediments are more informative in the aspect of P internal loads than
total P amount in sediments [4]. Res-P, i.e. biologically inaccessible P fraction of
insoluble inorganic and organic compounds, was dominant in studied lakes. As this
P is permanently buried in sediments, its high contribution limits the role of
sediments as an internal P source [4]. No statistically significant differences were
stated for Res-P between lake trophic states in case of Z I, whereas in all eutrophic
and hypertrophic waterbodies, there was a significant difference between depth
zones (Kruskal-Wallis test, p < 0.05). Greatest amounts of this fraction were already
noted, i.e. in lakes Swarzgdzkie, Géra and Uzarzewskie, situated in the River Cybina
watercourse [33, 54]. Res-P was followed by NaOH-NRP fraction, i.e. P in organic
matter, which dominated in mesoeutrophic lakes, what was determined by the
presence of macrophytes and charophytes. This relation was confirmed in Lake
Strzeszynskie [30]. Statistically important differences in NaOH-NRP content in
lakes of various trophic states were observed only in Z IV (Kruskal-Wallis test,
p < 0.05), but no differences were stated between water depths. P in compounds
with calcium is represented in sediments as biologically inaccessible HCI-P fraction,
with the highest contribution in mesoeutrophic lakes (especially littoral) and the
lowest in eutrophic lakes (deep zones). Calcium-bound P is not sensitive to redox
potential, and once deposited in bottom sediments, it may be stored there for a long
time [55]. Statistically significant differences for this P fraction were stated between
trophic lake types in Z IV only whereas in eutrophic and hypertrophic lakes between
all depth zones (Kruskal-Wallis test, p < 0.05). Fractions of paramount importance
for internal P loading were the most mobile, i.e. NH4CI-P, BD-P and NaOH-P,
representing P bound to iron and aluminium and loosely sorbed on sediment
particles. Total amount of those three fractions diminished together with lake trophy
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due to P loading increasing in the same direction. Eutrophic lakes were characterized
by higher contribution of NH4CI-P whilst mesotrophic waterbodies by BD-P, where
it decreased with water depth. Lower pH is stated as more conducive for insoluble
Fe-P bound formation [4] in mesotrophic lakes, whilst oxygen depletion promotes
iron reduction and the release of adsorbed phosphorus into the water column in
eutrophic and hypertrophic ones [4, 56].

Organic matter content in sediment depends on numerous factors, i.e. primary
production and allochthonic matter from catchment [4]. Our results indicated lower
amounts in mesoeutrophic lakes, whilst in eutrophic and hypertrophic ones, its
content decreased together with depth. This finding was consistent with higher
productivity of waterbodies with greater trophy, where sediments are supplied
with fresh matter from sedimenting phytoplankton. Both organic matter sources,
allochthonic and autochthonic, increased the amount of organic compounds in
littoral sediments; thus a relation between internal P loading and organic matter
content was stated for Z I only (p < 0.05). In all depth zones, statistically important
differences were stated among trophic lake types as well as depth zones (Kruskal-
Wallis test, p < 0.05).

The pore waters of the sediment are important for the SRP transport in sediment-
water interface [57, 58]. SRP in this medium are a direct link with the water above
and a solid-liquid boundary between water and sediment [8]. In our research both
SRP and TP in pore water increased together with lake trophy and depth. It was
already noticed in lakes Swarzedzkie, Strzeszyniskie and Uzarzewskie [30, 31,
59]. Usually highest P content was observed in summer, as well as internal P
loading, and this relation was confirmed in long-term studies in Lake Swarzgdzkie
[59] and statistically significant in analysed lakes (p > 0.05). In all depth zones,
statistically important differences were noted between lake trophic type and depth
zones (Kruskal-Wallis test, p < 0.05).

The relations between pore TP concentrations and internal P loading in restored
lakes proved that P content in the interstitial water allows to predict the P pool
potentially available to be released from the bottom sediments [7]. In most groups
and depth zones, the lower the P loads, the lower the TP in pore water. Statistical
significance of this relation was revealed: in Z II Group I (b = 0.48, p < 0.05,
n=27),inZII Group I (b =0.42, p < 0.05, n = 23), in Z IV Group I (b = 0.36,
p < 0.01,n =56),in Z I Group I (b = 0.79, p < 0.01, n = 25), in Z I Group III
(b=0.60,p <0.01,n=23),in ZIII Group Il (b =0.52, p < 0.05,n=23)and inZ
II Group IV (b = 0.80, p < 0.01, n = 13).

SRP and TP concentrations in water above bottom increased together with lake
trophy and water depth. Maximum values were noted in summer due to an accumu-
lation of released from sediments P in hypolimnion, isolated from shallower waters.
This relation was already confirmed in mesoeutrophic Lake Strzeszyrnskie and
hypertrophic Lake Uzarzewskie [24, 31, 60]. A correlation between internal P
loading and P concentration in water above sediments was noted only for Z III
(p < 0.05).
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6 Conclusion

Internal P loading is of great importance for lake water quality of freshwater lakes
and reservoirs. Analysis based on results of multiannual research on numerous
waterbodies in Western Poland indicated distinct variability of this process in
relation to lake trophic status, water depth and season. P accumulation outweighed
P loading periodically in mesoeutrophic lakes, whilst in eutrophic and hypertrophic,
P release was more common. Most intensive P loading was observed during summer
due to oxygen depletion, emission of gas bubbles and higher water temperature in
case of shallower zones. Additionally, greater content of TP and organic matter was
found in sediments of heavily eutrophicated lakes due to intensive sedimentation of
organic particles. The higher the trophic status and water depth, the greater the SRP
and TP concentrations noted in pore and above bottom waters, and these sediment
characteristics were correlated with internal P loads. To diminish them, and to
improve water quality as well, restoration treatment has been conducted in part of
analysed lakes. A decrease in P release and, at the same time, higher TP content in
sediments were found in lakes from Groups I to III, i.e. restored with different
methods, mainly P inactivation. This resulted from increased sorption complex and
formation of conducive conditions for P binding with used agents. Such results have
not been observed in case of lakes restored with Effective Microorganisms.
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Abstract Hydrochemical research conducted in the dam reservoirs often show
strong eutrophication of their waters. This usually results from high supply of the
mineral forms of nitrogen and phosphorus from the river waters. The reduction
of the supply of nutrients to the reservoir below the level causing water quality
deterioration can be limited in the case of the agricultural land use in the catchment.
In order to reduce nutrients input and to improve the ecological state in the one of
the reservoirs in the Eastern Poland, it has been proposed solution: a change of the
functioning of the reservoir from dammed to lateral and construction of an additional
preliminary reservoir above the existing one.
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1 Introduction

Rivers constitute open systems exchanging energy and matter with the surrounding
environment. Along the course of water flow, the ecological status of the river is
characterised by relative homoeostasis the continuum of which [1] is disturbed in the
case of construction of a dam reservoir [2]. A change in the conditions of water flow
affects the physical, chemical, and biological processes occurring in the reservoir
and usually causes deterioration of water quality [3]. The scope of such changes
largely depends on the parameters of the reservoir, and particularly on its area, depth,
time of retention, and water exchange, as well as quality of the waters inflowing
to the water body [2, 3].

Physical and chemical indicators strongly degrading the quality of surface waters
include biogenic substances. They contribute to the acceleration of water eutrophi-
cation, and deterioration of the ecological state of the water body, and its useful
values. In the case of weak/bad water quality in water bodies, costly methods of their
protection and reclamation have frequently been implemented. They rarely provided
expected results [2, 4].

This confirms the thesis that efficient improvement of water cleanliness should
first of all involve the identification of the primary pollutants reaching the water
body and their limiting/liquidation. The last stage should involve the implementation
of reclamation methods in reference to the water body. A threat of eutrophication
and risk of appearance of cyanobacterial blooms constitute the basic elements to
be considered while designing, using, and reclaiming a water body [5, 6]. Such an
approach to the protection of water bodies constitutes the basis of the area of
knowledge described as ecohydrology, developing in recent years [7]. One of the
methods of limiting deterioration of water in dam reservoirs is construction of
preliminary reservoirs [8, 9].

2 Study Area

The objective of this paper is the assessment of the effect of the Zemborzyce
dam reservoir on forms of biogene migration and trophic status of the waters of
the Bystrzyca River (Fig. 1), as well as the determination of solutions which may
contribute to an improvement of water quality in the reservoir and river below it.
The Zemborzyce Reservoir was established in 1974 in the Bystrzyca River
valley. It is a dam reservoir. It has an area of 282 ha, length of 3 km, maximum
width of 1.3 km, maximum depth near the dam of 4 m, and volume of 6.3 million m°.
The area of the Bystrzyca River catchment reaching the dam profile amounts to
725 km”. The land use structure of the catchment is dominated by arable land:
cultivated land occupies approximately 71% of the area, meadows and pastures 4%,
and orchards 3%. Forests constitute almost 11% of the area and built-up areas
approximately 10%. The eastern part of the direct catchment is occupied by forests.
The western part is dominated by built-up areas and land under agricultural use [10].
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Fig. 1 Location of water sampling sites for analyses in the Bystrzyca River catchment and
Zemborzyce Reservoir (water sampling sites: 1, above and below the reservoir; 2, in the reservoir;
3, from overland flow; 4, from springs; 5, main rivers; 6, watershed of the Bystrzyca River
catchment; 7, reservoir)
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The water body is fed by the waters of the Bystrzyca River. In the multiannual
19602010, minimum discharges below the reservoir amounted to 0.5 m>/s, average
3.0 m*/s, and maximum discharges exceeded 50 m/s. Therefore, water exchange
in the reservoir during low discharges occurred after 146 days, during average
discharges after 25 days, and during maximum discharges even within 1 day.
Based on hydrometeorological data from the period 2008-2012, components of
the water balance of the Bystrzyca River until the dam profile had the following
values: precipitation 625.0 mm, total runoff 129.1 mm, and surface runoff 10.9 mm.
The balance of the catchment in the profile above the reservoir should be
supplemented by losses to evaporation from its area which was calculated in
accordance with the Iwanow formula (for the period with no ice cover) to amount
to 2.0 mm. The river particularly transported waters from underground drainage
which constituted approximately 90% of total runoff. In the multiannual, the
contribution of groundwater recharge in total runoff amounted to approximately
25% [10].

During groundwater alimentation of the river, its discharges showed average and
low values. Water in the river channel originated from drainage of Upper Cretaceous
and Palaeogene rocks, opokas and marly opokas, as well as sandy-gravel Quaternary
formations filling river valleys. Groundwaters in the area were abundant in nitrogen
and phosphorus compounds, particularly of agricultural origin [6]. Surface alimen-
tation of the river was considerable during snowmelts and after abundant rainfalls,
resulting in the highest discharges. The river was also discharged with municipal and
industrial sewage [11, 12] with the total volume in the analysed period constituting
approximately 2% of total runoff.

An example of a dam reservoir where considerable deterioration of water quality
occurred is the Zemborzyce Reservoir on the Bystrzyca River (Fig. 1). Its ecological
state has been bad for many years (reports on the state of the environment in the
years 2008-2012), particularly as a result of “water blooms” — a consequence of
the occurrence of cyanobacteria, chlorophytes, and diatoms. The discussion on
the manner of improvement of water quality in the reservoir was a subject of three
conferences [13—15]. The effect of the first two meetings was the implementation of
hydrobiological and biomanipulation methods of improvement of the cleanliness
of the water body. They were expected to improve water quality through the
implementation of biological barriers in the form of rosettes with emergent vegeta-
tion for capturing biogenes, stocking with predatory fish and harvesting herbivorous
fish, planting vegetation limiting direct supply of biogenes from agricultural fields
to the water body, and improvement of the state of the water-sewage management
in the catchment. All of the implemented methods, however, did not contribute to the
improvement of the ecological state of the water body.

The objective of this paper is the assessment of the effect of the Zemborzyce
dam reservoir on forms of biogene migration and trophic status of the waters of
the Bystrzyca River, as well as the determination of solutions which may contribute
to an improvement of water quality in the reservoir and river below it.
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3 Study Methods

Hydrochemical research on the waters of the Zemborzyce Reservoir was conducted
in the period 2008-2012. The research works involved field measurements of the
basic physical and chemical water properties, water sampling, and laboratory ana-
lyses (Table 1). Approximately a dozen measurements of water transparency by
means of a Secchi disc were also performed in the field. Water sampling sites were
located on the inflow and outflow of the reservoir and periodically within the basin
(Fig. 1). Measurements and water sampling from the profile above and below the
reservoir were performed at least once per quarter. Measurements inside the water
body were performed three times in the summer season of 2010 and 2012 and in the
winter season of 2012. Water samples for identification of the basic anions and
cations were filtered through a membrane filter 0.45 pm by means of a vacuum set by
Nalgene. After drying, the filters were used for TSS determinations. Water for TN
and TP analyses (without filtering) was preserved with sulphuric acid in glass
containers of 40 mL.

The level of dissolved mineral/dissolved inorganic carbon (DIC) was calculated
as the sum of concentrations of C-HCO3;™ and C-COy,q). The concentration of
dissolved mineral/dissolved inorganic nitrogen (DIN) was calculated as the sum of
ions N-NO5~, N-NO,", and N-NH,*.

In the analytic process, calibration solutions by Merck were used for the calibra-
tion of devices and certified reference material Environment MISSIPPI-03 and QC
NUTRIENTS and complex and simple RTC for the verification of the accuracy of
the performed analyses. Results of determinations of the basic ions were also verified
by means of the method of water ionic balance. The assessment of differences in
mean values of the studied indices on the inflow and outflow from the reservoir
involved the application of a t-Student test for dependent samples from package

Table 1 Methods of research on physical and chemical indices and equipment

Index Method/norm | Equipment

Temperature (T) Electrometric | Hach HQ40d

Water reaction (pH) Electrometric

Dissolved oxygen(O,) Optical

Carbon dioxide (CO,) Electrometric OxyGuard CO, Analyser

Chlorophyll (CHLa) Fluorometric AquaFluor by Turner Designs

NO5~, NO,™ CI', SO+ [20] Ion Chromatograph MIC 3 by Metrohm
NH,*, Na*, K*, Mg?* [21]

Ca* [22] Digital Burette Solarus

Alkalinity [23] Digital Burette Solarus

Total suspended solids (TSS) [24] Analytical Balance Radwag AS 60/220/C/2
Orthophosphates POS) [25] Spectrophotometer UV/VIS AquaMate Plus
Total nitrogen (TN) [26] by Thermo

Total phosphorus (TP) [27]

Total organic carbon (TOC) Deconvolution | Spectrophotometer Pastel UV
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Statistica 6.1. Indices of water saturation with calcite (SI.,) were calculated by
means of hydrogeochemical programme AQQA.

The trophic status of the analysed waters was assessed based on Trophic State
Indices (TSI) [16, 17]. TSI were calculated for total phosphorus concentration
TSItp = 14-In(TP)+4.15, total chlorophyll “a” concentration TSIcy, = 9.81:In
(CHLa)+30.6, and total nitrogen concentration TSIty = 14.43-In(TN)+54.45. The
level of TSI signifying oligotrophy takes values below 40, mesotrophy 40-50,
eutrophy 50-70, and hypertrophy above 70.

The load of N, P, and C provided to the reservoir, their runoff, and retention
were also calculated. The calculations applied the values of the median of biogene
concentration in the analysed water samples collected from the Bystrzyca River
in the period 2008-2012 and mean water discharge (SQ) from groundwater alimen-
tation and overland flow. The level of biogenes supplied directly to the reservoir
from atmospheric precipitation was calculated based on data on the chemistry of
precipitation waters collected in a daily cycle in Lublin. Concentrations of N, P,
and C in river waters originating from groundwater alimentation were determined
based on analyses of water samples collected from nine springs draining the
main Cretaceous aquifer in the Bystrzyca River catchment. Water samples from
the springs were collected at least once a year. The content of biogenes in overland
flow was determined based on 76 water samples collected from episodic overland
flow on slopes. Forty water samples were collected from overland flow from
snowmelt and 36 from that resulting from rainfall. The difference between total
load of biogenes reaching the reservoir and total load from groundwater alimenta-
tion, overland flow, and atmospheric precipitation was interpreted as the load of
biogenes discharged to the river together with sewage.

Loads of nitrogen and phosphorus reaching the Zemborzyce Reservoir were
also compared with the values of acceptable and dangerous load of the reservoir
with biogenes according to the static (no inflow-outflow) and hydrodynamic model
(inflow-outflow) by Vollenweider [18, 19]. Acceptable load is the amount of nitro-
gen or phosphorus supplied to the water which should not cause algal blooms.
Dangerous load of nitrogen or phosphorus is their amount which can cause
algal blooms.

4 Physical and Chemical Water Properties of the Bystrzyca
River

The physical and chemical properties of water samples collected from the Bystrzyca
River above and below the Zemborzyce Reservoir usually showed high diversity
(Table 2). In the case of 17 analysed indices, mean values above and below the
reservoir were statistically significantly different (p < 0.05). In the case of five
indices, CI~, SO4>~, Na*, Mg”*, and NH,*, the calculations showed no statistically
significant differences between mean values. Therefore, for the majority of the
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analysed indices, the reservoir had a considerable impact on the development
of physical and chemical properties.

In hydrochemical terms, the analysed water samples were characterised by the
dominance of pairs of ions HCO5s-Ca. Electrolytic conductivity in the waters of
the Bystrzyca River above the reservoir was usually at a level of 500 pS/cm and
below the reservoir 330-450 pS/cm. Water reaction changed in a range from
approximately pH 7 to almost pH 9 and suggested a seasonal rhythm. Higher values
were usually recorded in the summer half-year. In the near-shore zone of the
reservoir, during abundant development of phytoplankton, water reaction values of
even more than pH 9 were recorded (Fig. 2). Significant changes caused by the
impact of the reservoir also occurred in the case of dissolved oxygen concentration.
In the reservoir, the highest contents of oxygen and water saturation, similarly as in
the case of water reaction, occurred in the period of intensified development of
phytoplankton.

In the waters of the Zemborzyce Reservoir, chlorophyll “a” showed a high
concentration. Particularly in the summer half-year, it frequently exceeded
100 pg/L. In the winter half-year, it usually showed a lower concentration, from a
dozen to several tens of pg/L. The level, however, was several times higher than
that in the waters of the Bystrzyca River above the reservoir. Periodically,
during intensive development of phytoplankton, “water blooms” were observed in
the reservoir, and maximum contents of chlorophyll “a” exceeded 1,000 pg/L [28].
High fertility of the waters of the reservoir was the cause of low water transparency.
In the summer season, the values usually varied from 0.3 to 0.6 m and in the winter
season from 0.4 to 0.7 m. Water temperature was an important factor determining
phytoplankton development. The low depth of the reservoir facilitated the process of
its warming in the vegetative season. Water temperature in the reservoir exceeding
20°C, favourable for the development of cyanobacteria, was frequently recorded
already at the end of April. The maximum temperature of surface water in the
summer season exceeded 35°C, and the minimum temperature under the ice cover
was below 1°C. Periodical thermal water stratification occurred in the reservoir,
usually not higher than 3°C. On the outflow from the reservoir, water temperature in
the Bystrzyca River was usually below 20°C. The transparency of water inflowing
to the reservoir during groundwater alimentation amounted to 0.5-1 m. During
overland flow, when the waters were abundant in suspension, it decreased to less
than 0.2 m.

On the inflow to the reservoir, the concentration of suspension in the period
of groundwater alimentation of the river amounted to approximately 10 mg/L.
In periods of high water stages, it was maintained at a level of approximately
30 mg/L, and the maximum values exceeded 100 mg/L. The reduction of suspension
in the reservoir during high water stages was almost fivefold. In the winter half-year,
on the outflow from the reservoir, the concentration of suspension reached
up to several mg/L, and in the summer half-year, it was at a level of approximately
10 mg/L and was often higher than on the inflow. The reservoir also affected
the character of suspension. On the inflow, its mineral form was dominant and on
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Fig. 2 Content of selected physical-chemical properties in Zemborzyce Reservoir waters in
summer and winter seasons in 2012. (a) Total dissolved solids, (b) water reaction, (c) dissolved
oxygen, (d) chlorophyll “a”. 1, concentration of the indices corresponds to circle diameter; 2, winter
2012; 3, summer 2012

the outflow, organic form. Over the period of functioning of the reservoir (40 years),
suspension sedimentation led to a decrease in its volume by approximately
20% [29].
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5 Effect of the Reservoir on the Content of Biogenes
and Trophic Status of Water

Waters of the Bystrzyca River above the reservoir were characterised by consider-
able abundance of biogenes, particularly their mineral forms (DIN and DIP). Mineral
nitrogen in the profile of the Bystrzyca River above the reservoir constituted
approximately % of total nitrogen. Below the reservoir, the concentration of mineral
nitrogen showed considerably lower values, approximately 20% of total nitrogen.
Similar correlations occurred in the case of phosphorus. The dominant role in the
outflow was therefore played by organic forms of N and P, suggesting intensive
development of biological life in the reservoir and, as a consequence, low water
quality.

The trophic indices of waters inflowing to the reservoir, TSItp [16] and TSIy
[17], were characteristic of waters varying from eutrophy to hypertrophy (Table 3).
In the case of TSIcyr, [16], the values were characteristic of mesotrophic to
eutrophic waters. Below the reservoir, the values of TSIyp, TSIty, and TSIcyya
usually exceeded 70. They suggested the hypertrophic status of the waters, i.e. their
excessive fertility. Differences in the assessment of the trophic status of waters above
the reservoir between indices TSItp, TSIy, and a TSIchp, suggest a limited
possibility of application of TN and TP values in the assessment of the trophic status
of river waters. The indices, of synthetic character, included mineral as well as
organic forms of nitrogen and phosphorus. In the case of DIN and DIP, they were
forms easily absorbed by plants in the processes of photosynthesis. Therefore, they
did not determine the trophic status of waters, but the possibility of production of
organic compounds from inorganic matter. They pointed to the “trophic potential”
and not “trophic status” of the waters. In the studied object, after including DIP and
DIN supplied to the reservoir in the biological chain, organic forms of N and P with
similar weights were obtained. The observed indicator of such processes was
greenish water colour and a decrease in water transparency. Analytically, the process
was identified as an increase in chlorophyll “a” concentration. Therefore, dissolved
mineral forms of nitrogen and phosphorus (DIN, DIP) can be used for predicting the
trophic status of river waters resulting from the construction of a dam reservoir,
e.g. in documents such as environmental impact assessments.

Research on the concentration of biogenes in different phases of water circulation
(Table 4) was used for the calculation of their load introduced to the Zemborzyce
Reservoir through precipitation waters, overland flow, groundwater alimentation,

;[:I?Sbll)e[? 6 Tlr%phifc St:lte Index  “yalue Minimum Maximum Median Mean
cbovelborow " ;v;nelzorzyce TSlp 65.4 100.7 83.8 84.3
Reservoir in the years 5713 87.8 732 754
2008-2012 TSIchia 30.6 64.3 54.9 56.6
54.9 88.3 76.1 77.1
TSIty 62.9 84.2 70.9 71.4
56.5 71.5 64.1 66.3
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Table 4 Characteristic values of nitrogen, phosphorus, and carbon concentration in atmospheric
precipitation, overland flow, and groundwaters (springs) of the Bystrzyca River catchment
(minimum-maximum value/median from years 2008 to 2012)

Precipitation Overland flow Groundwaters (9 springs —
Index (384 samples) (76 samples) 69 samples)
TN mg/L 0.2-12.5/1.5 0.3-31.4/6.3 0.4-4.5/2.1
DIN mg/LL. | 0.17-9.93/1.08 0.15-14.1/3.38 0.4-4.2/1.88
TP mg/L <0.01-0.11/0.03 0.10-8.42/0.76 0.05-0.30/0.15
DIP mg/L <0.01-0.05/0.02 0.05-4.81/0.42 0.05-0.28/0.13
TC mg/L <1-10/3 8-60/20 51-78/66
DIC mg/L <1-6/1 6-50/11 51-77/65
TOC mg/L | <1.0-7.5/1.6 1.4-15.2/8.6 <1.0-2.2/<1.0

Table S5 Comparison of the actual and acceptable and dangerous load of phosphorus and nitrogen
inflowing into the Zemborzyce Reservoir in the years 2008-2012 according to Vollenweider’s
static and hydraulic model [18, 19]

Acceptable Dangerous
Model
Load Actual Static Hydraulic Static Hydraulic
TP, gP/m?/year including: 8.51 0.07 0.37 0.13 0.75
Groundwater alimentation 4.57
Overland flow 2.14
Sewage 1.78
Direct precipitation 0.02
TN, gN/m?/year including: 106 1.0 - 2.0 -
Groundwater alimentation 64.1
Overland flow 17.9
Sewage and other 23.1
Direct precipitation 0.9

and sewage. The calculated actual (external) load of the reservoir with nitrogen
and phosphorus (Table 5) exceeded the acceptable and dangerous loads of the
elements for water bodies functioning according to the so-called Vollenweider’s
static and hydraulic model [18, 19]. Therefore, biogenes supplied to the Zemborzyce
Reservoir, and particularly mineral forms of N and P, contributed to the intensity of
the process of eutrophication of waters and low ecological status of the water body.

Calculation results showed that the level of biogenes (N and P) in the waters
of the Bystrzyca River was particularly determined by groundwater alimentation of
the river (Tables 5 and 6). More than half of phosphorus and approximately 2/3
of nitrogen reaching the reservoir originates from this phase of water circulation.
Their load introduced through overland flow and sewage was also of considerable
importance for the supply of N and P (approximately 20% each). Therefore,
non-point pollution sources (NPS) of agricultural character had the basic impact
on the eutrophication of the waters of the reservoir. At the current low level of
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Table 6 Balance of nitrogen, phosphorus, and carbon in the Zemborzyce Reservoir in the years
2008-2012

TN DIN |TP  |DIP |[TC DIC |TOC
Index t/year
Inflow including: 296.8 229.2 23.8 16.2 5,983 5,678 304
Groundwater alimentation 179.5 160.7 12.8 11.1 5,641 5,555 43
Overland flow 49.8 26.7 6.0 33 158 90 |68
Direct precipitation 2.6 1.9 0.05 0.04 5 2 3
Sewage and other 64.8 39.9 4.9 1.7 179 31 191
Outflow 182.6 32.8 11.2 1.9 4,393 3,915 478
Retention 114.1 - 12.5 - - 1,763 -

fertilisation (approximately 80 kg/ha of nitrogen and 30 kg/ha of phosphorus),
reduction of the supply of biogenes below values which confine the water eutrophi-
cation process in the reservoir is limited, even in the case of complete elimination of
supply of biogenes discharged to the river with sewage.

6 Deposition of Biogenes in the Reservoir

The research showed that the reservoir was an important biogeochemical barrier in
the case of migration of nitrogen and phosphorus (Table 6). In the study period,
the average annual nitrogen retention in the reservoir amounted to approximately
114 tonnes, and that of phosphorus approximately 12 tonnes, and was higher than in
the years 2005-2007 by approximately 15% and more than 80%, respectively [6].
In the currently deposited sediments of the reservoir, the content of nitrogen was
at a level from several to a dozen g/kg N and phosphorus approximately 1 g/kg P
[30, 31]. Further shallowing of the reservoir will presumably result in intensified
resuspension of the deposited N and P and therefore an additional load of biogenes
contributing to water eutrophication. Such unfavourable processes will particularly
occur during intensive water mixing with sediments, e.g. during higher than average
water stages or strong winds.

The Zemborzyce Reservoir was also an important biogeochemical barrier in the
case of migration of dissolved inorganic carbon (DIC). Measurements performed
in the years 2008-2012 showed that in the summer period, a reduction of carbonates
in the reservoir reached 100 mg/L CaCOs;, and in the winter season, it was twice
lower. On average, almost 14.7 thousand tonnes of CaCO;3; was deposited in the
reservoir per year (1,760 t/year of DIC). Intensive deposition of carbonates in
the reservoir is evidenced by results of research on the bottom sediments, where
the content of CaCOs5 locally exceeded 50% of their dry mass [30]. Considerable
oversaturation of waters with carbonates, to the point of their precipitation, occurred
as a result of the biological breathing of the reservoir — use of carbon dioxide in the
processes of photosynthesis. In the fluvial part of the reservoir (so-called sleeve),
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carbon dioxide was primarily used by macrophytes. In the basin of the reservoir,
where limnic processes prevailed, deposition was primarily caused by phytoplank-
ton. The potential possibility of deposition of carbonates was suggested by the index
of water saturation with calcite SI.,; which on the inflow to the reservoir was at
a level of approximately SI., +1 and in the reservoir showed values from Sl +1 to
SI..; +2. Deposition of carbonates resulted in a decrease in electrolytic conductivity
of water in the reservoir by approximately 30%.

7 Concluding Remarks

The ecological status of the Zemborzyce dam reservoir was determined by the inflow
of biogenes with the waters of the Bystrzyca River. The main load of biogenes
supplied to the reservoir constituted forms of DIP and DIN originating from
the groundwater alimentation of the Bystrzyca River. Considering the present
agricultural land use in the catchment, and morphological parameters of the reser-
voir, reduction of their level to values which would not negatively affect water
quality is limited.

For the purpose of reduction of the load of biogenes supplied to the reservoir, a
change in the way of its functioning was proposed, from the dam to lateral type,
as well as deepening (extraction of peats and currently deposited sediments). The
altered reservoir should be constantly or periodically fed with waters from the
small preliminary reservoir with reduced discharge. In the preliminary reservoir,
hydrobiological and chemical manipulations should ensure a reduction of nutrients
to a level limiting the processes of water eutrophication in the main reservoir. Areas
suitable for the construction of the preliminary reservoir are located below the
Cienista Street (Fig. 3). A new river channel should be formed on the side of the
Zemborzyce village. Existing pump station for flood waters can be used for main
reservoir supplying. Such a solution will eliminate direct supply of polluted waters
from the built-up area and overland flow from cultivated fields to the reservoir.

The proposed changes in the functioning of the reservoir will limit the supply of
pollutants from point and non-point sources directly reaching the reservoir and
therefore will contribute to an improvement of water quality. They will reduce
the inflow of waters from groundwater alimentation with high trophic potential.
The negative effect of hydrotechnical infrastructure on the discontinuation of the
river, and particularly its self-cleaning processes, will be eliminated. Such measures
will be incorporated into the strategy of sustainable management of surface waters
in the Bystrzyca River catchment.
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Abstract The Konin lakes are a system that has been artificially heated by power
stations since 1958 and has continuously been the subject of ecological research. The
coolest of the lakes remains Lake Slesifiskie, while the warmest is Lake Lichenskie.
Both of the lakes are eutrophic, and their ecological potential is decidedly below
good. Low water retention in the lakes facilitates the increase of easily absorbed
organic matter flowing in from the catchment area, and the higher temperatures
of the waters intensify processes of their decomposition. Summer phytoplankton
blooms are noted in both lakes; they are more intense in Lake Lichenskie. A
significant increase in primary production, higher cyanobacteria biomass, and the
limited development of large cladocerans and copepods and the domination of small
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rotifers are confirmed in this lake. The lake system is inhabited by approximately
100 alien species. These frequently include invasive plant and animal species
such as Vallisneria spiralis, Dreissena polymorpha, Sinanodonta woodiana, and
Pseudorasbora parva, which contribute to the structure and functioning of the lakes.
The best water quality is in the post-mining water basin, which was created in 2010
by inundating it with Early Cretaceous and Tertiary waters, the physicochemical
and biological aspect of which indicate good or maximum ecological potential.

Keywords Alien species - Phytoplankton blooms - Sinanodonta woodiana -
Vallisneria spiralis

1 Introduction

The Konin lakes (Gostawskie—Slesiriskie) are a compact system of five lakes
connected by a system of canals located in Central Poland some 40 km from
Konin and heated artificially by power stations; the system was created in an early
glacial group of lakes in the Kujawski Lake District in the Warta River catchment
(Fig. 1). The two small Biskupia and Kleczewska streams are the only natural
inflows into the lakes.

The lakes are characterized by diverse morphometry (Table 1). Lakes Gostawskie
and Patnowskie are shallow and polymictic, and Lake Licheriskie is slightly deeper
and stratified only in summer, while lakes Wasosko-Mikorzyiiskie and Slesiriskie
are deep and remain stratified in both the summer and winter seasons.

The lakes are in basins located on the outwash plain above the level of the
Warta River. Lakes Patnowskie, Wasosko-Mikorzyrskie, and Slesiriskie are the
top segment of the Morzystawski Canal (Warta-Gopto) that links the Warta River
with Lake Gopto (Fig. 1). In the lower segment of the canal, water from the Warta
is usually pumped into the lakes to maintain the appropriate level and to facilitate
power station water uptake. Excess water in the lakes can be returned to the Warta
or directed to Lake Gopto through Lake Slesiriskie at the upper segment of the
canal and then further through the Note¢ River to the Warta or the Brda and Vistula.
These hydrological conditions mean that the Morzystawski Canal can be recognized
as an important transfer pathway for alien species migration.

The configuration of the lake catchment (surface area 418 km?) was shaped
during the last Baltic glaciation. It created moraine and kames, sandy outwash plains,
and troughs occupied by the lakes that are located on Mesozoic deposits of the
Upper Cretaceous and Tertiary sediments of the Miocene and Pliocene and cover
lignite deposits. Coal exploitation began in 1942, and open-pit mining began in
1956. Consequently, the landscape of this region was altered over time by the mining
and energy industries. New forms of exploiting the land were created including
the system of canals for water uptake and post-cooling effluent discharge of
a combined total length of 26 km, various types of fish ponds, excavated areas
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Fig. 1 Scheme of the Konin lake system

of exploited coal deposits, reclamation of land surpluses, isolated landfills, Konin
power station retention reservoirs, and pit lakes. Lakes Licheriskie and Gostawskie
are pile up in relation to the others.

Lakes Patnowskie, Licheniskie, and Wasosko-Mikorzyriskie were included in the
cooling system of post-cooling effluents of the Konin power station with an output of
600 MW in 1958, while lakes Gostawskie and Slesifiskie were included in 1970 after
the Patnéw power station with an output of 1,200 MW (Fig. 2) became operational.
The initial cooling reservoir is an artificial reservoir that was built in 1976 to receive
warm post-cooling effluents from the Konin power station. The post-mining water



324 B. Zdanowski et al.

Table 1 Konin heated lake system®

Area, ha Depth, m
Gostawskie lake 454.4 5.3
Lichenskie lake 147.6 12.6
Patnowskie lake 282.6 5.5
Wasosko-Mikorzyriskie lake 251.8 36.5
Slesiriskie lake 152.3 24.5
Initial cooling reservoir 75.0 4.2
Post-mining water basin 364.0 48.0
Ponds (p) 272.0 2.0

“See Fig. 1

Fig. 2 Patnéw power station by Lake Gostawskie

basin is an artificial reservoir with no outlet that was built in 2010 in a depleted pit
mine, and it was inundated with Early Cretaceous and Tertiary waters (Fig. 3).
Lake Patnowskie has always been the reservoir for the Konin power station,
which can take up water in nominal quantities of 30 m’ s™'. Post-cooling effluents
from the power station, which are heated to a maximum temperature of 35°C in
summer, are discharged into the canal that connects to the Patnéw power station
canal and then further to lakes Lichenskie and Patnowskie and Wasosko-
Mikorzynskie (Fig. 1). During spring, these waters are directed to fish ponds.
Because of the critical degree to which the water is heated in the system, during
the summer the so-called extended water cooling circuit for post-cooling effluents is
used that includes Lake Slesiriskie, which receives waters from Lake Licheriskie.
Lakes Gostawskie and Patnowskie are water reservoirs for the Patnéw power
station and have always been its basic water cooling circuit (Fig. 1). The power
station can take up water in nominal quantities of up to 50 m®> s™' from the uptake
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Fig. 3 Post-mining water basin (in the foreground: remains of the ramp to transport coal from the
open-pit mine)

located on the western shore of this lake and then discharge warm effluents (up to
35°C) on the eastern shore of Lake Gostawskie, while 50% of these waters are
redirected again to lakes Patnowskie, Wasosko-Mikorzynskie, and Licheriskie.

Post-cooling effluents from the power stations are discharged into the lake
system through a series of overflows, gravitational canals, and cascade canals.
Close to 50% of post-cooling effluents from both of the power stations were received
by the most intensely heated Lake Licheriskie until 2000. The retention time of
the post-cooling effluents in the lake in the summer were reduced to that range
of 3 (Lake Gostawskie) to 7 (Lake Wasosko-Mikorzyrskie) days.

After 2010 and following the modernization and reconstruction of the Patnéw
power station, which now has an output of 1,700 MW, the nominal load of post-
cooling effluents discharged into Lake Gostawskie and the other lakes has been
maintained. After the reconstruction of the Konin power station to a thermal power
plant with an output of 180 MW, the quantity of post-cooling effluents discharged
into the lakes has been reduced significantly to 7 m® s~'. Consequently, the water
retention time in the lakes during the summer season has increased in lakes
Licheriskie and Patnowskie to 9 days and in lakes Slesiriskie and Wasosko-
Mikorzynskie to 36 days. The initial cooling basin, like Lake Slesifiskie, is only
included in the post-cooling effluent cooling circuit in periods when temperatures
are high. Lake Licheriskie, which formerly did not freeze in winter, now only
lacks ice cover in the zone where post-cooling effluents are discharged.
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Patalas [1] conducted SWOT analysis of the consequences of including the Konin
lakes in the Konin power station water cooling circuit based on results of studies
performed in the 1960s. This indicated that heating the lake waters had a negative
impact and limited the occurrence of cold-water fishes (Coregonus albula L.) and
those that prefer colder environments (Esox lucius L., Perca fluviatilis L., Sander
lucioperca L.). Increasing the water temperature in the lakes (>28°C) also nega-
tively impacted indigenous populations of cyprinid species [2, 3]. The vegetative
season in the heated lakes commenced one and a half months earlier than in unheated
lakes in this region of Poland, and the peak of the season was in late June and early
July. Balanced high energy transfer at specific trophic levels was positively assessed,
and it limited water eutrophication. Phytoplankton blooms in Lake Licherskie
dominated by cyanobacteria were noted in the late 1960s. These were the conse-
quence of grass carp (Ctenopharyngodon idella Val.), which had been introduced
into the lakes, destroying the hydrophytes that had formed highly productive sub-
merged meadows in the littoral and sublittoral zones of the lakes. With time, these
lake zones came to be inhabited by the green algae Cladophora glomerata (L.)
Kiitz., which supported developing concentrations of Dreissena polymorpha (Pall.),
followed by Najas marina L. and in recent years the thermophilic alien aquarium
species Vallisneria spiralis L.

The post-mining waters rich in minerals that were discharged into the lakes
and emissions of pollutants from the power plants and the aluminum smelter
occurred to be key in shaping the physicochemical and trophic relations of the
waters in the lakes in the late 1970s and early 1980s [4, 5]. Atmospheric emissions
of sulfur (0.130 mg m~>) and deposition of alkaline dusts (200 t km~?) from
brown coal incineration caused increased water salinity and progressive siltation
in the lakes. The increased alkalinity of the water provided conditions for binding
the phosphorous load (up to 2.9 g m ™), which the lakes received from the catchment
area and was already significant in that period, into sedimenting forms of calcium
carbonate that dangerously exceeded the annual lake load of phosphorus (up to
0.2 gm™?).

The short water retention time and the forced intensive water exchange, which
equalized the natural trophic differences among the lakes, limited the disadvanta-
geous occurrence of troublesome cyanobacteria blooms. Lake bottoms covered with
sedimented minerals proved to be an excellent substrate for the then vegetatively
developing communities of Vallisneria spiralis.

Substances in surface runoffs from the catchment area and municipal pollution
from recreation and aquaculture played decisive roles in altering the environmental
and trophic statuses of the lakes that were noted in the decade from the late twentieth
to early twenty-first centuries [6, 7]. The persistent, significant phosphorous loading
of Lake Gostawskie from post-mining waters discharged by Biskupia stream (up to
3.0 g m 2 annually) and the pollutants flowing into lakes Licheriskie (1.3 g P m >
annually) and Wasosko-Mikorzynskie (0.5 g m~2 annually) from fish culture in
discharge canals were still considered to be dangerous.

Protasov and Zdanowski’s [8] SWOT analysis indicated that the key factors
contributing to the degradation of the ecological status of the lakes included their
settlement by alien, invasive species of plants and animals and progressing pollution



Heated Konin Lakes: Structure, Functioning, and Succession 327

with organic compounds. Increasing concentrations of organic material in waters
taken up by the power plants could provide excellent substrate for the development
of microorganisms on the heat exchangers of power station energy blocks [9-12].
The formation of biofilms, 0.1 mm thick, can reduce heat exchange rates by as much
as fourfold, and this is particularly dangerous for nuclear power plants located on
rivers and large dam reservoirs. Until recently, the growth of biofilms on boiler
limescale did not force the Konin power stations to renovate energy blocks more
frequently than once annually.

Since 1965 the Konin lakes have been under continuous study. Based on its
results, the directional, long-term changes of environmental and trophic in the lakes
that result from discharging warm post-cooling effluents that affect the thermal
regimes and hydrology of the waters have been defined. These results also permit
identifying the consequences of the expansive settlement of the lakes by alien,
invasive, species of plants and animals. The newest results, unpublished, from the
last decade of research with only retrospective references to the rich publications
of the previous period were presented. Further, key theses are presented that
could be helpful in assessing changes shaped by the Earth’s changing climate as a
consequence of the greenhouse effect.

2 Environment

The average quantity of post-cooling effluents discharged into the lake system by the
Patnéw power station remained unchanged in the 2008-2015 period at approxi-
mately 40.0 m® s~'. The volume of heated water discharged into the system by the
Konin power station decreased significantly to just 7.0 m> s~'. Lake Slesiriskie was
used less intensively as part of the extended water cooling circuit. The average
amount of post-cooling effluents pumped from Lake Licheriskie to Lake Slesifiskie
decreased to 3.4 m® s™! (Table 2).

Table 2 Changes in quantities of discharged post-cooling effluents — mean (range) in the cooling
system of the Patnéw and Konin power stations and water retention times and mean (range) in lakes
Lichenskie and Slesiriskie in 1995-2015

Discharge of cooling waters, m’s™! Retention time, d

Patnéw power Konin power Lake Lake
Period station station Lichenskie Slesiriskie
1995-1999* | 40.0 204 4 18

(34.1-46.0) (19.2-21.9) (3-5) (3-26)
2000-2007 423 15.6 4 22

(36.3-45.7) (13.1-17.1) (4-5) (5-32)
2008-2015 38.8 7.0 5 26

(32.0-42.5) (3.5-8.3) (1-9) (7-36)

#According to Stawecki et al. [13]
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The average level of water heating in the Konin power station (4.2°C) and in the
Patnéw power station (6.3°C) was lower than in previous years by 2.9 and 1.4°C,
respectively. The water retention time in Lake Lichenskie lengthened by 1 day, on
average, while in the cooler seasons of the year, it was 4 days longer and in Lake
Slesiriskie it was from 8 to 10 days longer (Table 2).

The hydrology of Lake Gostawskie, as the main reservoir for post-cooling waters
from the Patnéw power station, remained stable. The coolest lake in the system
(approximately 14°C on average) is still Lake Slesiriskie. The oxygen concentration
and saturation in the entire mass of water in this lake decreased (Table 3). The most
heated of the lakes, with a mean temperature of approximately 15°C at the surface
and 11°C at the bottom, is Lake Licheriskie, which is heated year round. This lake
still receives the largest load of post-cooling effluents at about 60% of the total water
discharge from both power stations. The temperature of the surface layer water in
this lake decreased only slightly. The oxygen content and saturation of the waster
did not change significantly either. The occurrence of extremely high temperatures
exceeding 30°C was limited to episodic instances that were noted only during
heat waves. The near-bottom water layer was colder, on average, by more than
2°C. Oxygen concentration decreased by an average of 4.4 mg dm >, while satura-
tion decreased even more to 37%. During summer stratification there were substan-
tial deficits in oxygen content in the water layers beneath the thermocline in both
lakes. In the post-mining water basin, which had better oxygen conditions, fluctua-
tions in oxygen content were not large.

Once summer thermal stratification was established, the distribution of oxygen
content in the vertical profile was described by a heterograde oxygen curve with
the oxygen maximum in the metalimnion. The mean oxygen concentration and
saturation in the near-bottom water layers did not decrease below <6.0 mg O, dm >
or < 50%, respectively (Fig. 4).

The waters of lakes Licheriskie and Slesifiskie were characterized by calcium
carbonate salinity. The content of carbonates and bicarbonates in the total concen-
tration of ions dissolved in the water was approximately 86%, sulfates 9%, and
chlorides 5%. The linearly increasing electrolytic conductivity of the water (up to
650 pS cm ') indicates the continued accumulation of clay minerals in lakes that are
supplied to them in the runoff from the catchment area [14—17].

The pH of the surface water layer in the lakes was alkaline (pH >8.3) throughout
the season. Higher pH values (up to pH 8.7) were noted during spring-summer
phytoplankton blooms. The water of the post-mining basin was characterized
by less mineralization (calcium carbonate) and lower electrolytic conductivity
(approximately 550 pS cm ™) and, as a rule, lower pH (7.7-8.0).

In terms of nutrient resources, lakes Licheriskie and Slesifiskie can be classified
as highly eutrophic. The mean content of phosphorous in the surface water layer
increased in the 2004-2015 period to approximately 0.140 mg dm . This is
determined by the substantial phosphorus load from aquaculture pollutants that is
estimated to be approximately 23 g m™~ 2 annually in Lake Licheriskie. The low
nitrogen to phosphorus ratio (N:P ~7-8) indicates that phytoplankton development
is already dependent on the availability of nitrogen.
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3 Microorganisms

The microorganisms in the Konin lakes constitute a highly structurally and
functionally diversified grouping. The low temperatures and relatively high water
retention in the fall-winter period facilitate the domination of the microbiological
decomposition of organic compounds and their mineral decomposition. These
processes are conducted by specialized groups of heterotrophic and chemolitho-
trophic bacteria with relatively low reproduction rates. The intensity of these
processes determines the lowering of concentrations of dissolved forms of organic
matter and the increase of the mineral forms of nitrogen and phosphorus. The greater
availability of nutrients impacts the intensity of primary production, as is reflected
in more abundant blooms of phytoplankton in early spring.

Including the lakes in the cooling circuit for warm waters discharged by
power stations radically changed the structure and functioning of microorganisms in
the spring-summer period. Low water retention in lakes facilitated significantly increas-
ing quantities of easily absorbed organic matter flowing in from the catchment area.
Significant increases in water temperature affected the intensity of microbiological
processes characterized by, inter alia, the development of bacterioplankton, high
bacterial production, and the initiation of a cascade of phenomena within the microbi-
ological loop [18-21]. The intense bioconversion of organic matter, in which organisms
from various trophic levels participate, was essential in stabilizing the structure and
functioning of the entire ecosystem of the lakes. The multidimensional reaction of
the biocenosis to anthropogenic pressure combined with the simultaneous existence
of strong, effective trophic connections among particular groups of organisms played
fundamental roles in these processes.

4 Phytoplankton

From the perspective of almost 50 years of research, the greatest phytoplankton
biomass formed in Lake Licheriskie at a maximum of approximately 82 mg dm ™ in
the 1960s, and the summer blooms consisted primarily of cyanobacteria (Table 4).
Power station discharges of waters with elevated temperatures (up to 35°C) were
at the time one for the factors that modified the abundance and structure of the
phytoplankton, and the strong pressure exerted by grass carp compounded this
effect. The phytoplankton biomass in Lake Slesiriskie prior to its being included
in the cooling circuit was 14 mg dm™>. In the 1970s and 1980s, the maximum
was 12 mg dm > and 7 mg dm >, respectively, for the two lakes. At this time the
functioning of the cooling devices stabilized, and intense water flow limited
the development of phytoplankton.

The maximum phytoplankton biomass of up to approximately 50 mg dm > was
noted in these lakes in the 1990s. At this time, eutrophication processes intensified
as were manifested in oxygen depletion in the hypolimnion of the lakes, shallowing
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Table 4 Annual total phytoplankton biomass and cyanobacteria relative biomass in lakes
Licheriskie and Slesiriskie in 1965-2015*

Lake Lichenskie Lake Slesiriskie

Total biomass, Total biomass,
Study period | mg dm—* Cyanobacteria, % | mg dm™> Cyanobacteria, %
1965-1969 | 16.1 (0.9-82.1)  [40.9 4.0 (0.1-14.0) 28.2
1977-1980  [5.9 (2.4-12.0) 30.6° 3.6 (0.6-7.2) 36.1°
1983-1984 | 1.5° (0.6-1.9)° 16.4 1.2° (0.6-4.0)° 11.6
1989-1991  [4.8 (0.4-17.9) 10.9 5.7 (0.2-24.0) 8.5
1992-1994 | 9.4 (0.4-49.3) 7.0 10.0 (0.6-35.1) 42
1995-1999 | 4.2° (0.3-18.6) 43 5.6 (0.2-46.7) 5.1
2000-2003 | 5.0 (0.3-24.8) 3.6 5.4 (0.2-30.0) 3.4
2004-2005 | 3.0 (0.2-8.6) 4.7 3.6 (0.4-13.2) 5.0
20112015  [19.6°(5.2-35.1)° | 14.4° 8.9° (4.3-13.7)° 8.9

“Data from 1965 to 2005 according to Spodniewska [22], Sosnowska [23], Simm [24], Socha [25—
27], Socha, Hutorowicz [28] and Napiorkowska-Krzebietke [29]
"Summer period

and siltation, increased salinity, and deteriorating sanitary status of the waters
[6, 30, 31]. In the early 2000s, large biomass was still noted (at a maximum of
25 mg dm > and 30 mg dm >, respectively, in lakes Licheriskie and Slesiriskie);
however, by 2004-2005, this had decreased by approximately two- to threefold.

In recent years, the phytoplankton biomass in summer increased to 35 mg dm >
in Lake Licheriskie, which was the effect of increased phosphorus loading and
the extended water retention times. At this time, the significance of cyanobacteria
in the assemblage also increased, which was similar to observations made in
1965-1966 [23]. The maximum biomass exceeded significantly the biomass
limit value (8 mg dm™®) that is characteristic for phytoplankton blooms and
typical lakes in the temperate zone in advanced stages of eutrophication [32, 33].
The domination or co-domination of diatoms throughout the vegetative season
[22-29], and especially in summer, was undoubtedly the consequence of artificially
halting water flow through both lakes. The higher share of cyanobacteria in the
phytoplankton of Lake Licheriskie has recently been linked with increased trophy
and increased water retention times and also with decreased zooplankton pressure on
the phytoplankton.

In the most heated of the lakes, Lichenskie, which has been loaded with
phosphorous from aquaculture in recent years, the total maximum biomass of the
summer phytoplankton assemblage ranged from 6.1 to 35.1 mg dm > in 2011-2015
(Fig. 5). Similarly, significant changes were noted in primary production, the value
of which, in such a short period of time, increased approximately threefold, i.e., from
2,700 kcal m 2 150 ™" in 2011 to over 7,000 kcal m > 150 d~' in 2013-2015
(Fig. 6). The comparison of nearly 50 years of research results indicated that such
high primary production values as those recorded in 2014 had not been noted
previously in this lake. In Lake Slesifiskie, the coolest of the system, the summer
phytoplankton biomass maximum ranged from 5.0 to 12.8 mg dm > (Fig. 5).
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Fig. 5 Summer phytoplankton biomass and structure in lakes Lichetiskie and Slesifiskie and in the
post-mining water basin (PWB) in 2011-2015; Cha, planktonic charophyta; Eug, Euglenophyta;
Ochr, Ochrophyta

Differences in the structure of the phytoplankton assemblages of these two
lakes were noted (Fig. 5). The most intense diatom development consisting of
approximately 50 to 88% of the overall biomass was noted in the flow-through
of Lake Licheriskie. The diatoms were dominated by Aulacoseira granulata
(Ehrenberg) Simonsen, and the associate species were mainly Ulnaria ulna
(Nitzsch) Compere, Fragilaria crotonensis Kitton, and species of the genus
Cyclotella. Cyanobacteria was present in summer contributing from 5 to 38% of
the total biomass; the dominants were Anabaena oscillarioides Bory ex Bornet &
Flahault and picoplankton colonies of species from the genera Aphanothece and
Aphanocapsa. On the other hand, another phytoplankton group that contributed a
maximum of 10% was formed by dinophytes, mainly Naiadinium polonicum
(Woloszynska) S. Carty and the green algae Binuclearia lauterbornii (Schmidle)
Proschkina-Lavrenko and FEudorina elegans Ehrenberg. The cryptophytes
Cryptomonas erosa Ehrenberg and Cryptomonas curvata Ehrenberg had a relative
biomass of up to approximately 8%.

The phytoplankton assemblage of Lake Slesifiskie was dominated by diatoms
(2-75%), cryptophytes (10-59%), green algae (10-27%), and dinophytes (9-27%).
Cyanobacteria constituted a large share of the overall biomass that ranged from
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Fig. 6 Trends of changes in primary production (gross) in Lake Licheriskie in the vegetative period
(May-September) in 1966-2015 (data from 1966 to 1983 according to Patalas [34], Hillbricht-
Ilkowska et al. [35], Zdanowski [36, 37])

less than 1 to 27% (maximum in 2013). The same species noted in Lake Licheriskie
dominated, e.g., Aulacoseira granulata, Cryptomonas erosa, C. curvata, Anabaena
oscillarioides, and Binuclearia lauterbornii, along with the dinophytes Parvodinium
umbonatum (Stein) S. Carty, Peridinium willei Huitfeldt-Kaas, and Kolkwitziella sp.

The summer phytoplankton biomass that formed in the post-mining water basin
was substantially smaller at less than 1 mg dm—> (Fig. 5). The assemblage was
dominated at this time by the medium-sized diatom Ulnaria acus (Kiitzing) Aboal
and the larger U. ulna as well as small nanoplanktonic species of the genus
Cyclotella. The picoplanktonic colony-forming chroococcalean cyanobacteria of
the genera Aphanocapsa and Aphanothece and the chrysophytes of the genera
Dinobryon contributed a large share. The very low summer phytoplankton biomass
dominated by diatoms in the post-mining basin is comparable to the biomass noted
in oligo-mesotrophic lakes [38].

5 Ciliates

Among the protozoans, the ciliates (Ciliata) are distinguished by the greatest species
richness. They occur in both oxygenated and anoxic waters. The greatest number of
ciliates was confirmed in the bottom sediments and on the surfaces of aquatic plants
(Fig. 7), and 150 species of ciliate occur on the macrophytes of the Konin lakes [39].
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Fig. 7 Number of ciliated protozoa species found on different macrophytes in three Konin lakes
(data according to Babko et al. [39])
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It was noted most frequently on Vorticella campanula Ehrenberg, Vorticella
convallaria complex, Coleps hirtus (Miiller), Cinetochilum margaritaceum
(Ehrenberg), and Stylonychia mytilus (Miiller).

Twenty-nine species were confirmed in the bottom sediments and ten in the water
column. Just three species — Pelagovorticella mayeri (Faure-Fremiet), Tintinnopsis
cylindrata Kofoid & Campbell, and Urotricha pelagica Kahl — were noted exclu-
sively in the plankton. Of the 29 species confirmed in the bottom sediments, only
ten do not occur in other habitats. Coleps elongatus Ehrenberg, Colpoda steinii
Maupas, Loxodes magnus Stokes, and Spirostomum minus Roux were indicator
species of poorly oxygenated conditions, while Brachonella spiralis (Smith),
Metopus contortus Levander, 1894, and Metopus es Miiller were indicative of
anoxic conditions.

Ciliates of the genus Stenfor are among the largest. Of the eight common
species [39], six were confirmed in the Konin lakes, e.g., Stentor coeruleus (Pallas),
S. igneus Ehrenberg, S. muelleri Ehrenberg, S. multiforme (Miiller), S. polymorphus
(Miiller), and S. roeseli Ehrenberg. All of these species occurred in the coolest of the
lakes, Slesiriskie, while in the heated Lake Licheriskie, only four species of this
genus were confirmed.

Overall, the occurrence of over 163 species of ciliates from 10 classes was
confirmed in the Konin lakes [40, 41], of which 113 in Lake Licherskie,
85 in Lake Slesiriskie, and 100 in Lake Wasosko-Mikorzynskie. The faunal similar-
ity of ciliates in the lakes, which was calculated with the Jaccard similarity index,
fluctuated from 42 to 45%. The greatest number of species was confirmed in Lake
Licheriskie, the warmest of the lakes. The elevated water temperature increased
ciliate diversity. The protozoan fauna was highly diversified and changed across
the thermal gradient.
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6 Zooplankton

The zooplankton species density, biomass, and domination structure differed among
the lakes. Zooplankton most similar to that in biocenoses of natural lakes with
similar trophic conditions was noted in the least and sporadically heated Lake
Slesiriskie [42, 43]. The highest zooplankton biomass was noted in the northern
part of this lake, which is beyond the impact of the main stream of heated waters, and
also in spring when this lake is not yet included in the water cooling circuit. The
higher share of Cladocera (Daphnia cucullata Sars, Daphnia hyalina Leydig) and
juvenile stages of Copepoda [44], similarly to that in the late 1970s and early 1980s
[44—46], are evidences of the maintenance of the transfer of matter from the primary
link which limits the occurrence of summer phytoplankton blooms.

The natural trophic system of the plankton was transformed the most in lakes
Licheriskie and Gostawskie, where higher temperatures and water flow limited
plankton development, increased its mortality, and altered the species domination
structure. In addition to heterotrophic bacteria and protozoans, detritivorous plank-
tonic rotifers participated in the transformation of organic matter [42, 47, 48]. In
early spring, cryophilic species typical of this season were displaced [49]. Declines
in zooplankton abundance were noted in summer when the water in the lakes was
heated by 5-6°C and the discharged water temperature exceeded 30°C. At this time,
large cladocerans and copepods were eliminated, and the dominants were small
rotifers [47, 50].

The dominant rotifer species in Lake Lichenskie in the last decade were Keratella
cochlearis f. tecta (Gosse) and Polyarthra longiremis Carlin. Among crustaceans,
the dominants were juvenile copepod forms (nauplii), the small cladocerans of
Bosmina coregoni Baird and Bosmina longirostris var. typica (Miiller), and the
thermophilic cladoceran predators of Ceriodaphnia quadrangula (Miiller) and
Diaphanosoma brachyurum (Lieven).

The zooplankton in the warm discharge canals was poorer because of high
thermal and hydraulic selection occurring in this habitat. The mortality of organisms
passing through the cooling system is as high as 80%. The highest mortality is noted
in cladocerans, which, in comparison to rotifers, are larger and they have delicate
swimming and filtration appendages [42, 44].

The extensive littoral area overgrown with V. spiralis currently provides
refuge for zooplankton [48, 51]. Species not formerly noted in Poland were identi-
fied here including [52], inter alia, Asplanchnopus hyalinus Harring, Beauchampia
crucigera (Dutrochet), Lecane inopinata Harring & Myers, Lecane shieli Segers &
Sanoamuang, Lecane undulata Hauer, and Lepadella apsida Harring. The abun-
dantly occurring predatory species of Cupelopagis vorax (Leydig), which is known
in Europe, Asia, North America, and Australia but which occurs rarely in Poland,
was also noted.
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7 Invertebrates

The diversity of Chironomidae has been lower that was reported by Leszczyriski [53]
for the 1960s. The number of snail taxa (Gastropoda) noted in the lakes was also
lower in comparison to basins with a natural thermal regime. More species of snail
were only noted [54] during the initial period of lake heating.

As early as the mid-1990s, progressive declines in the species abundance of
Gastropoda and Bivalvia were apparent [55, 56]. The primary Bivalvia representa-
tive in the zone with moderate water heating (<28°C) was Dreissena polymorpha,
while in the zone with intensely heated waters, it was Sinanodonta woodiana Lea
[57]. Indigenous bivalve species inhabited the cooler parts of the system. Declining
species diversity was also noted within other taxonomic groups, including the
Hirudinea (leeches), Isopoda, and Hydrachnidia (water mites). Thirteen Hirudinea
species still occurred in the 1960s, while only seven did by 1970 [58], and in
2000-2001, there were just three [57]. The diversity of Hydrachnidia during this
period was smaller than that of Biesiadka confirmed in the 1970s [59, 60].

The bottom fauna of the flow zones that were heated intensively were the poorest.
Mainly Oligochaeta occurred here as they are more tolerant of high temperatures.
The development of bottom macrofauna was more intense in environments that were
more oxygenated. The highest concentration of macrophytes was noted in the littoral
and sublittoral zones of Lake Lichenskie [56].

The primary epibiontic fauna on S. woodiana was colonies of D. polymorpha.
More intense zoobenthos development was confirmed in the zone dominated by
these two species [57]. Phytophilous fauna, represented mainly by Chironomidae,
developed more decisively in the Ceratophyllum demersum L. and Myriophyllum
spicatum L. assemblage than in the V. spiralis assemblage. A newly discovered
cryptogenic species is the predatory Chaetogaster zdanowski that occurs on
C. demersum only in Lake Slesifiskie, while the alien species Urnatella gracilis
Leidy, originating from Brazil, was found to have settled on the shells of dead
bivalves; this is the only representative in Poland of the class of goblet-shaped
Kamptozoa, that inhabit fresh waters and reproduce in reservoirs with heated
waters [55].

8 Alien Species

The heterogeneous habitats the Konin Lake system offers provide conditions that
facilitate the settlement of alien, often invasive, species. According to the assessment
by Najberek and Solarz [61], as many as 41 alien species are noted in the system,
and there are at least 58 cryptogam species, the origin of which has not been
determined. These were dominated by chordates (Chordata), mollusks (Mollusca),
and flat worms (Platyhelminthes). The ichthyofauna of the lakes has been enriched
with 12 alien fish species, three of which have formed stable populations, inter alia,



338 B. Zdanowski et al.

Pseudorasbora parva (Temminck and Schlegel), Carassius gibelio (Bloch), and
Carassius auratus (L.) [62].

The circumstances under which the lake system was settled were only established
for 58% of the species. Most of the species originate from the Pontocaspian and
Asian regions. Species originating from North and South America were also noted,
as well as a few from Australia, Oceania, and Central America. A significant number
of species have settled the lakes after having arrived as “stowaways.” Some
were introduced to the lakes purposefully, e.g., the Asian herbivorous fish species
of grass carp, silver carp [Hypophthalmichthys molitrix (Val.)], and bighead carp
[Aristichthys nobilis (Rich.)], or were the “escapees” from culture facilities and
fishkeeping, for example, Acipenser spp., Oncorhynchus mykiss, Oreochromis
niloticus, and Carassius auratus [63—65], while others were introduced along with
so-called plantings (Fig. 8).

Most of these species are unable to reproduce in the heated lakes. The effect
they have on the environment and the already weakened indigenous ichthyofauna of
the lakes is unknown. Commercial fish catches in the lakes, primarily of common
bream and common roach, excluding introduced alien species, decreased, on aver-
age, from 26 kg ha~' noted in 1958-1992 [66] to barely 3 kg ha" in 2005-2016.
The fish fauna of the lakes is currently under strong angling pressure. Heated lakes
may also be accessed by piscivorous birds and mammals in winter when many
natural water bodies and rivers are covered with ice and they are unable to access
their usual source of prey.

Fig. 8 Alien water lily Nymphaea x hybrida, with plantings in Lake Slesiriskie (2016)
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The key species that shape the structure and functioning of the lakes are tape
grass, the zebra mussel, the Chinese pond mussel, and topmouth gudgeon.

Tape Grass (Vallisneria spiralis L., Hydrocharitaceae) naturally occurs in the
tropic and sub-tropic zones [67, 68]. In Europe, it reaches the southern edge of the
Alps [63]. It occurs in Konin lakes from 1993 [7, 55, 69, 70]. V. spiralis covers
the entire bottom of lakes Gostawskie and Patnowskie. It inhabits the littoral zones
of lakes Licheniskie and Wasosko-Mikorzynskie up to depths of 4 m. It does not
occur in Lake Slesiriskie. It is the main structural element of aquatic ecosystems
(Fig. 9). It dominates among submerged vegetation. Its wet weight in Lake
Licheriskie is estimated to be 30 kg m 2 [7]. It accumulated nutrients and heavy
metals and stabilizes the bottom sediments [71]. It accelerates sedimentation
and limits water flow. The dead parts of the plant pollute the shores of the lakes
and decrease the throughput of the canals [7]. Significant diel changes in water
physicochemical parameters are noted, specifically increased water pH and oxygen
content, in habitats with dense V. spiralis stands. Water oxygen saturation in
summer can increase to 300%, while at night it can fall to as low as 20%.

V. spiralis stands in the littoral zones of lakes offer habitats for diverse groups of
animals [57, 69], including new species of aquatic fauna [52, 62]. It determined the
occurrence and diversity of juvenile fish assemblages [69]. Habitats that were totally

Fig. 9 Vallisneria spiralis L. assemblages in Lake Licheriskie (in the background: the Sanctuary
of Our Lady of Lichen in Lichen Stary, which is visited by approximately 1.5 million tourists
annually)
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overgrown by V. spiralis were characterized by the highest fish biomass. Diel
variations in their species structure and abundance were also noted [72]. Fish reacted
to the high water temperature and the significant oxygen oversaturation by moving
to areas with less dense macrophytes during the day.

Zebra Mussel (Dreissena polymorpha (Pallas, 1771), Bivalvia) is an invasive
Pontocaspian species that began settling in Polish waters in the second half of the
nineteenth century (Fig. 10). It is an excellent filter feeder that maintains water
cleanliness in better condition.

The first information about the occurrence of zebra mussel in the Konin lakes was
published by Leszczynski [53] and Berger and Dzigczkowski [54]. Stariczykowska
[73], Kornobis [74], and Staiiczykowska et al. [75] studied the occurrence of larvae
in the lake pelagic zone, the growth rates of settled bivalves, and the densities of
various age groups in the late 1980s and early 1990s. These researchers noted
significantly decreased growth rates in bivalve communities in the bottom sublittoral
zone in comparison to those in lake littoral zone and also decreased life spans of
just 3 to 4 years in waters that were intensely heated and the domination in these
environments of juvenile specimens (0—1+).

The peak of zebra mussel population development in the Konin lakes recorded in
1997-2001 (Fig. 11 [76, 77]) occurred during the period when there was constant,
intense water exchange among the lakes. The highest bivalve biomass was noted
in the initial cooling reservoir (up to 18 kg m~2). The mussel population, which was
genetically homogeneous [78], formed subpopulations that differed in phenotype
depending on the environmental conditions [55, 79]. In environments that were
intensively heated, the populations were unstable, the share of females was greater,
life span shortened, and individual maximum mussel mass decreased [76, 77].

Fig. 10 D. polymorpha Pall. aggregations on Chinese pond mussel (Sinanodonta woodiana Lea,

1863)
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Fig. 11 Dreissena polymorpha Pall. biomass in the Konin lake system in 1993-2014 (data from
1993 to 2006 according to Sinicyna and Zdanowski [76, 77])

The survival of populations in these environments was possible only through
increased reproductive potential, including the participation of females, and
increased number of reproduction cycles. Under conditions of stress, inter alia,
long-term increased water temperatures (>28°C), massive bivalve mortality was
noted.

Zebra mussel settlement in the lake system has been less intense in recent years.
The maximum mussel biomass in different years ranged from 0.3 to 3.5 kg m 2
(Fig. 11). Stable populations occurred only in the cooler parts of the system.
Bivalves of greater size (>2.5 cm) and of heavier weights (>1.5 g) were rarely
noted.

Chinese Pond Mussel (Sinanodonta woodiana Lea 1864, Bivalvia) (Fig. 10),
which occurs in the Amur and Yangtze rivers, was introduced to Poland from
Hungary along with herbivorous fishes in the early 1980s. It was found by accident
in the summer of 1993 during underwater exploration of the bottom discharge canal
of the Patnéw power station. The aim was to determine the degree of silting from the
intensive cage fish culture that was being conducted there. Its biomass at the time
was estimated to be 50 kg m 2. Because of the excellent feeding conditions at this
location, individuals occurred here that weighed approximately 1 kg with a shell
length of 25 cm. Upstream from the cages, the occurrence of the African snail
Melanoides tuberculatus (O. F. Miiller, 1774) was also noted at this time [64].

The Chinese pond mussel is an expansive species. It already occurs in the lower
Oder River near power station heated water discharges and in carp ponds in various
regions of Poland. It is gonochoristic. Its main reproduction site in the Konin lakes
was the initial cooling reservoir [65]. The mussels avoided stagnant water zones,
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those with strong turbulence, and coarse-grained substrates. They preferred sites
with higher water temperatures (up to 35°C). They did not displace indigenous
Unionidae species. They are very effective filter feeders [80]. In 1993-2002, this
species settled the warmer parts of the Konin system, forming cohorts that biomass
of which ranged from 30 to 50 kg m 2 (Fig. 12). This species was more dispersed in
the littoral of the warmer lakes [55, 56, 65, 81], while in the coolest lake, Slesiriskie,
they occurred in small numbers and in worse condition.

The maximum biomass of Chinese pond mussel decreased progressively in
2007-2014 to 15 kg m™> (Fig. 12). Stabile populations occurred only in the
discharge canals of the Patnéw power station and in the canal that connects lakes
Licheriskie and Patnowskie. The dominant mussels here measured 150 cm in length
and weighed 200-300 g. The bivalve biomass in the initial cooling reservoir did not
exceed 10 kg m 2.

Topmouth Gudgeon [Pseudorasbora parva (Temminck and Schlegel, 1846)]
(Fig. 13) inhabits over 50 sites, most of which are within pond complexes [82].
The impact of P. parva on populations of indigenous fish species included decreas-
ing the abundance and species richness of autochthonous fish species through
predation, food competition, disrupted spawning, and the destruction of spawning
sites [62, 83, 84].

P. parva is one of the 12 species of alien fish that has been very successful
in colonizing the Konin lakes. With its growing abundance, changes have
been noted in the structure of small-sized fish assemblages that inhabit the shallow
littoral zones [62]. Particularly drastic declines in abundance have been noted
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Fig. 12 Sinanodonta woodiana (Lea, 1863) biomass in the Konin lake system in 2003-2014
(data from 1993 to 1994 according to Protasov et al. [55, 56], data from 1999 to 2002 according
to Kraszewski [81], Kraszewski and Zdanowski [65])
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Fig. 13 Topmouth gudgeon [Pseudorasbora parva (Temminck and Schlegel, 1846)]

in Alburnus alburnus (L.) and Tinca tinca (L.). Adult P. parva specimens were noted
for the first time in Lake Lichenskie in 2002 [85, 86].

P. parva prefers more shallow lake littoral zones (<1.0 m). It occurred most
abundantly in the zone covered with V. spiralis stands. Reproduction occurred from
April to September at water temperatures of 15-30°C. P. parva spawns eggs in
several portions most frequently onto aquatic vegetation. The smallest sexually
mature females measured 18.9 mm. The mean body length of mature females was
33.9 mm [87, 88].

9 Conclusions

The Konin lakes can be classified according to Water Framework Directive (WFD)
[89, 90] as “heavily modified bodies of water,” or, in other words, “bod[ies] of
surface water which as a result of physical alterations by human activity [are]
substantially changed in character” (Table 5). Classification based on physicochem-
ical elements indicated that the ecological potential of the waters of lakes Licheriskie
and Slesiriskie was markedly deteriorated. This was determined primarily by the
mean total phosphorus content and the mean oxygen saturation of the hypolimnion
waters during the vegetative season.
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Table S Ecological potential assessment of the water of the Konin lakes according to selected
physicochemical and biological parameters

Hypolimnion Conductivity Total Total Secchi disk
Lake/ Study oxygenation  in 20°C nitrogen  phosphorus  visibility Physicochemical Chl P me

Basin year % Sem! mg dm™ g m assessment

2004 1.6
2005 0

2006 6.8
2007 8.1

Lake 2009
Lichenskie 2010
2011
2012
2013
2014

Lake
Slesinskie

Post- 2012
mining 2013
Water 2014
Basin

Legend:

Biological assessment
cassil class 1V RSO potential |

Physicochemical assessment

¢ ~ for TP and SDV

class II for TP and SDV
below good potential

“partial metric of phytoplankton multimetric PMPL

A simplified biological assessment based on chlorophyll indicated that Lake
Licheriskie is classified as class II through classes III and IV to class V, which
correspond to waters that range from good to bad ecological potential. However, the
waters of Lake Slesiiskie were classified as classes Il and III, which correspond
to waters that range from good to moderate ecological potential.

The best water quality was in the post-mining water basin, which, based on
physicochemical elements, was classified as class II, except in 2015 because of
elevated phosphorous levels, but water transparency was very high. The value of
the chlorophyll index indicated classes I or II, which correspond to waters of high
to good ecological potential.

The reduced heating of the waters and the increased water residence times
and phosphorous loading in the past decade have facilitated the occurrence of
phytoplankton blooms in Lake Licheriskie. Currently, the impact of point source
and dispersed pollution, mainly from fish culture facilities, and the expansive
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development of Vallisneria spiralis shape the functioning of the lake system. Among
the system’s lakes, only in Lake Goslawskie is the ecological potential stable.
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