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Abstract This study was aimed at determining whether
the origin, morphometry, and hydrology of post-mining
lakes affect their hydrochemical and hydrobiological
parameters (i.e. water quality). The investigated post-min-
ing lakes were very young compared to glacial lakes and
represent early stages of ecosystem succession. Despite
their different ages and morphometries, they are all meso-
trophic and have good water quality. They have not been
supplied with phosphorus and nitrogen, which can cause
excessive development of pelagic phytoplankton; as a
result, they share low chlorophyll a (Chl a) content, low
phytoplankton biomass, and relatively high water transpar-
ency. Low abundance and species richness of zooplankton
indicate low trophic levels in all of the lakes. Chl a in Lakes
Przykona and Bogdatéw were within the range typical of
mesotrophic lakes, while Lake Janiszew had very low Chl
a, typical of an oligotrophic water body. The low N:P ratios
(4-6), especially in summer, indicates nitrogen limitation
of primary production. There is a risk that such a propor-
tion of the major biogenic elements could lead to harmful
cyanobacterial blooms. The lake basins were formed using
quaternary deposits (sand, clay) at their bottoms; as a result,
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the lakes had a slightly alkaline pH (>8), which favors the
development of aquatic organisms. Optimum depth helps
establish lake stratification and ensures ecological stabil-
ity. This applies to post-mining lakes as well; an optimum
depth should be determined to ensure the development of
thermal stratification, which affects lake processes.

Keywords Artificial lakes - Hydro-morphometry -
Hydrochemistry - Plankton indices - Trophic state

Introduction

Global environmental change (global warming), together
with local environmental change (e.g. the economic
exploitation of catchment areas), affect the water balance
in many regions (Bockelmann et al. 2004). Extracting
rock or minerals from the earth disrupts the natural flow
of surface water and groundwater (Nixdorf et al. 2005;
Schultze et al. 2010; Soni et al. 2014). In addition, open
pit mining leaves voids with maximum depths that may
exceed 200 m. The reclamation of such areas typically
involves transforming the exhausted pits into pit lakes
by artificial flooding or allowing the pits to fill naturally
through hydrological processes such as precipitation and
groundwater infiltration (Gammons et al. 2009, 2013).
The quality of water in pit lakes is difficult to predict and
depends on many factors, including groundwater quality
and the geologic structure of the area.

Post-mining lakes can be used for recreational pur-
poses (Doupé and Lymbery 2005), can provide new habi-
tats in areas where human activity has degraded wetlands
(Brenner et al. 1987; Doupé and Lymbery 2005; Klapper
and Geller 2001), and can be used for fish farming (Axler
et al. 1996a, b). Such uses can affect lake water quality,
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so regular monitoring of hydrological, hydrochemical,
and hydrobiological parameters of these fragile ecosys-
tems is highly recommended (Doupé and Lymbery 2005).

This study presents the hydro-morphometry as well as
hydrochemical and hydrobiological parameters of lakes
created at three abandoned lignite mining pits in central
Poland (Fig. 1), which had been filled in with debris and
flooded after mine dewatering ceased. Formed between 4
and 20 years ago, the lakes are at different stages of eco-
system succession. Ecosystems of this kind have not yet
undergone a comprehensive investigation based on mor-
phometric measurements, physical, chemical, and biolog-
ical analysis, and ecological evaluation. This study evalu-
ated the morphometry of the lakes and determined their
chemical composition and biological condition. These
parameters are all necessary to assess whether the lakes
are suitable for further development as recreational sites
or/and water supply reservoirs. Representing an early
stage of ecological succession, these aquatic ecosystems
will provide valuable information on subsequent phases
of this process.

It was assumed that the investigated lakes, all in early
succession, have good water quality and low trophic state.
It was also assumed that determining the lake morphom-
etry (optimum depth and shape of the basins) will help
to maintain good water quality and low trophy, despite
increasing anthropogenic pressure.

Materials and Methods
Sampling Sites

The investigated mines lie within the Teleszyna and
Kietbaska river basins. Before mining was initiated (1934),
the local river system was well-developed, which indi-
cates the presence of shallow groundwater (Supplemen-
tary file 1A). The forests were not very dense. Significant
changes in the landscape were caused by lignite mining
at the Adaméw, Bogdaldéw, and Wtadystawéw open pit
mines (outside of the investigated area), starting in 1959.
The river system underwent severe changes, particularly in
the middle section of the Teleszyna River. The Teleszyna-
Kietbaska Canal was built to increase water supply for the
coal-fired power station (Supplementary file 1B). An exter-
nal spoil tip (dump) was built and forested, thus increasing
the wooded area near the open pit mines.

After mining ended, the abandoned pits were used as
internal spoil tips for the new KoZmin and Adams mines
(in the western part of the mined area). The abandoned pits
were filled to the level of the surrounding area, mainly with

Fig. 1 Location of investigated area

materials from quaternary deposits. Some of these were
planted with trees or used for agriculture. The first pit filled
with water was the Bogdaléw mine; Lake Bogdatéw was
created in 1994, originally only as a water reservoir for fire-
fighting. This pioneering method of land reclamation pro-
vided the basis for a new concept of a hydrographic net-
work focused on the creation of lakes in the abandoned pits
(Supplementary file 1C). The project, as prepared by the
KWB Adaméw SA lignite mine, included Lake Bogdatéw
in the new water system and required the use of hydraulic
machinery.

Przykona was the first lake created as part of the pro-
ject, followed by Lake Janiszew. Both were built within the
internal spoil tips and only occupy part of them. The rest of
the dump areas were forested or used for farming. The lake
basins have regular shapes, flat bottoms and gently sloping
shores. They were formed using glacial sediments, includ-
ing tills, which were used to seal the bottoms. The basins
do not touch quaternary deposits located near the reclaimed
pits.

Lakes Przykona and Janiszew are situated in the imme-
diate vicinity of the operating Adaméw and KoZmin mines.
In addition, they are located within the impact zone of the
cones of depression of the open pits, but the lake bottoms
do not border the Miocene sediments that contain the lig-
nite. Along the coastlines are wastelands, recreational areas
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(Przykona), and fields (Janiszew). There are no forests,
which would normally reduce the impact of wind on mix-
ing and limit nutrient export from the catchment area. Only
the area surrounding Lake Bogdatéw has been fully shaped
and, together with the lake, is considered a semi-natural
geo-ecosystem. The forest around Lake Bogdaléw ensures
lake water stability during the summer.

Lake basins, formed during internal dumping, were
gradually filled with water of different origins. Lake
Bogdatéw was filled by natural inflow of groundwater
percolating through Quaternary and Miocene sediments
(1993-1994). Lake Przykona was filled with water from
the upper Teleszyna River, flowing through the Teleszyna-
Kietbaska Canal, and with water from dewatering of the
Adamoéw mine; groundwater did not play an important role.
The water level in this lake is maintained by adjustment of
a floodgate at the dam. In 2008, the Lake Janiszew basin
was filled with water from dewatering of the Adaméw
mine.

We investigated three abandoned lignite mining pits.
The Bogdatéw pit lake (52°2'49"N, 18°36'13"E; Supple-
mentary file 2; Table 1) has a surface area of 11.6 ha and
a maximum depth of 11.7 m; it is the smallest and deepest
of the three lakes. The lake is surrounded by mixed conifer-
ous forests. Due to the shape of the basin, the littoral zone
forms a rather narrow band dominated by common reed
(Phragmites australis) and dense communities of Typha
angustifolia. Charophytes are found at a depth of several
meters.

The Przykona pit lake (52°0"20"N, 18°39"20"E; supple-
mentary file 3, Table 1) has a surface area of 142.4 ha and a
maximum depth of 7.6 m; it is the largest and shallowest of
the three lakes. Dense stands of common reed in the littoral
zone form an effective biogeochemical barrier. There are
occasional shallow places with large communities of sub-
merged vegetation dominated by pondweeds (Potamoge-
ton) and stoneworts (Charales).

The Janiszew pit lake (52°05'06"N, 18°37'48"E) has a
surface area of 63.5 ha (Supplementary file 4; Table 1) and
pioneer vegetation. The littoral zone is not yet fully devel-
oped, and only single aquatic plants are found in several
places. The lake offers perfect conditions for investigat-
ing primary succession. The following plant species have
been identified: water knotweed (Persicaria amphibia),
branched bur-reed (Sparganium erectum), European bur-
reed (Sparganium emersum), common club-rush (Schoe-
neoplectus lacustris), common reed (Phragmites australis),
common water-crowfoot (Ranunculus aquatilis), Canadian
waterweed (Elodea canadensis), reed mannagrass (Glyce-
ria maxima), common bulrush (Typha latifolia), common
spike-rush (Eleocharis palustris), calamus (Acorus cala-
mus), common rush (Juncus effusus), and shining pond-
weed (Potamogeton lucens).

@ Springer

Table 1 Morphometric data of pit lakes

Przykona Bogdatow Janiszew
Location 52°0"20"N 52°2'49"N 52°05'06"N
18°3920"E  18°36'13"E  18°37'48"E

Area of reservoir (ha)  142.4 11.6 63.5
Max. depth (m) 7.6 11.7 10.5
Average depth (m) 4.3 4.7 6.9
Max. length (m) 1881 927 1138
Max. width (m) 1121 156 762
Indicator of reservoir ~ 0.57 0.40 0.66

shape
Exposure index 33.1 2.5 9.2
Osgood Index* 3.6 13.8 8.7
Gradient of depth® 1.2 24 1.8
Schmidt stability (gcm  13.98 67.27 61.31

cm’z)

L, effective length (km), W, effective width (km)
201=27/A,"° where Z—mean depth; A;—surface area (km?)
PF=Z,1A785(Le; + W) where Z

‘max

—max. depth (m)

Methods

Sampling was conducted seasonally: in summer (15-18
Aug. 2011), autumn (17-19 Nov. 2011), winter (17-18
Feb. 2012, shortly before the ice melt), and spring (13-15
Apr. 2012). Prior to the sampling, we measured the depths
of the lakes using an echosounder synchronized with a
GPS receiver (4150 measurements in total, so-called track-
point). Subsequently, we prepared bathymetric maps and
charts. The rate of water exchange in Lake Przykona was
calculated using published data (Polak and Klich 2009).
The depth gradient (F) was calculated based on a study by
Mietz (LAWA 1998, after Mietz 1991).

Physico-chemical and hydrobiological parameters were
measured in the deepest parts of the lakes. We measured
temperature from the surface to the bottom (T, °C), dis-
solved oxygen concentration in the water column, water
saturation (DO, mg L, %), Secchi depth (SD, m), water
pH, and electrical conductivity (EC, uS cm™!). All physico-
chemical parameters were measured using a WTW Oxi 197
probe (T, DO) and WTW MultiLine P4 probe (pH, EC).

The chlorophyll a content (Chl @, ug L™!) was deter-
mined using the Nusch (1980) method. The concentra-
tion of total phosphorus (TP), PO43_, NH4+, NO,™, and
NO;~ was determined by colorimetric assays using a
UV-VIS Lambda 25 (Perkin Elmer) spectrophotom-
eter. Total nitrogen (TN), total inorganic carbon (TIC),
and total carbon (TC) were determined using a Shimadzu
TOC-V gy analyzer, which had a TNM-1 attachment. The
concentrations of CI~, SO,%~, Na*, Ca’*, K*, Mg”*, Br,
Li*, and F~ were determined using a Dionex ICS-3000 ion
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chromatograph. The Mn, Fe, Be, Al, V, Cr, Co, Ni, Cu, Zn,
Ga, As, Se, Rb, Sr, Ag, Cd, In, Cs, Ba, TI, Pb, Bi, U, and
Mo concentrations were determined by an inductively cou-
pled plasma mass spectrometry (ICP-MS) using an Elan
ICP-MS (Perkin Elmer) emission spectrometer. The detec-
tion limits of most were below 0.01 pug L™\,

Biological studies included determining the species
composition, abundance (ind. L7!), and biomass (wet
weight, mg L™") of phytoplankton and zooplankton. Sam-
ples for analysis of phytoplankton species composition
were collected with a plankton net with 25 pm mesh diam-
eter and taxonomically identified (Hindak 2008; Javornicky
2003; Komarek and Anagnostidis 2007, 2008; Komérek
and Fott 1983; Komarek and Zapomelova 2007; Krammer
and Lange-Bertalot 1986, 1988, 1991a, b; Popovsky and
Pfiester 1990; Starmach 1968, 1974, 1983; Wotowski 1998;
Wotowski and Hindak 2005). For quantitative analysis, the
samples were not concentrated; they were immediately pre-
served with Lugol’s solution (J in KJ). Planktonic organ-
isms fixed with Lugol’s solution do not change their size or
shape. This is extremely important since plankton biomass
is calculated based on the size of planktonic organisms.
The abundance of algae was determined using the method
of Utermohl (1958), in which their biomass is measured
volumetrically (Hillebrand et al. 1999; Sun and Liu 2003),
assuming that 1 mm? of algae is equal to 1 mg (Elser and
Carpenter 1988). To assess the similarity between phyto-
plankton species composition, the Jaccard’s coefficient was
calculated using MVSP 3.2 software (Kovach 2010).

For quantitative analysis of zooplankton, 10 L of water
was collected with a Patalas trap and strained through
a mesh net (mesh diameter of approx. 25 pm). All sam-
ples were preserved with Lugol’s solution (Nogrady et al.
1993; Harris et al. 2000). Altogether, 12 qualitative and
quantitative samples were collected. Identification and
measurement of zooplankton was conducted using a light
microscope Nikon Alphaphot YS2, a Panasonic cam-
era, MultiScan, and associated software for image analy-
sis. Zooplankton were counted using a microscope in a
Segdwick—Rafter chamber by the sub-sampling method
(McCauley 1984). The zooplankton abundance was calcu-
lated per volume in 1 L of water, and were identified using
available studies (Radwan 2004; Rybak and Btgdzki 2010).
The wet weight of rotifers was calculated using Radwan’s
formula (2004).

The trophic state index (TSI) of the studied lakes was
calculated from the: SD, Chl a, TP, and TN (Carlson 1977,
Kratzer and Brezonik 1981). The rotifer trophic state index
(TSI, was calculated after Ejsmont-Karabin (2012). The
stratification force, which is defined as the energy required
to convert the vertical distribution of water density to uni-
form density in the water column by blending, but with-
out heat gain or heat loss, is expressed using the Schmidt

stability index (S), which is calculated using the formula
proposed by Schmidt (1928) and Idso (1973).

Results
Hydrology and Morphometry of the Pit Lakes

In hydrographic terms, Lake Bogdatéw is exorheic, while
Lakes Przykona and Janiszew are flow-through. However,
during the study period, Lakes Bogdaléw and Janiszew
were both endorheic (no surface water outflow was
observed) and the water exchange rate, p (Q/V), which
was calculated based only on regular hydrological meas-
urements (water level, volume of outflow) was low. It was
assumed to be 0.06 year™! during the study period. Total
outflow of water from Lake Przykona, i.e. surface and
underground (the lake is located within the cone of depres-
sion of the Adaméw mine) was 0.087 m> s~'. The water
exchange rate in Lake Przykona was 0.45 year™!. Thus, the
water exchange rate in all three lakes was low.

The lakes vary greatly in size and volume (Table 1;
Supplementary files 2—4). With a volume of 5.49x10°
m?, Lake Bogdatéw is the smallest. Lake Przykona is the
largest (volume of lake reach 60.99x 10> m?). The maxi-
mum depths range from only 7.6 m (Przykona) to 11.7 m
(Bogdatéw). The shape of Bogdatéw (0.40) resembles an
inverted cone, Przykona (0.57), a paraboloid, and Janiszew
(0.66), an ellipsoid. Lake basin shape and wind exposure
both affect water mixing.

Lake Przykona has the highest exposure index (33.1)
and Lake Bogdatéw, the lowest (2.5). The depth gradient
indicates that Przykona is polymictic (F<1.5). Morpho-
metric parameters of Bogdaléw and Janiszew provide con-
ditions for summer thermal stratification (F>1.5). These
thermal conditions were confirmed by the Schmidt stability
index, which exceeds 60 g cm cm™? in both lakes.

In the future, phosphorus compounds accumulated in
the sediments of Przykona and Janiszew could be released
from the bottom layer into the euphotic zone by inten-
sive water mixing, which would stimulate phytoplankton
growth (Osgood index <7) (Osgood 1988). In Bogdatdéw, it
appears that phosphorus inflow from the bottom sediments
is occurring during the growing season (Table 1).

Physical and Chemical Parameters

The lakes have different thermal structures. The aver-
age temperature in the surface layer ranged from 8.8 °C
in Lake Przykona to 9.8°C in Lake Bogdaléw. During
summer, water temperature in Przykona was uniform
(Fig. 2). In Janiszew, the epilimnion reached a depth of
8 m; the maximum thermal gradient in the metalimnion
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was 4.5°C m~!. The deepest lake, Bogdatéw, had all of
the thermal layers; the epilimnion reached a depth of 5 m,
while the metalimnion had a thickness of 3 m, and its
maximum thermal gradient was 3.6°C m~'. Water tem-
perature in the hypolimnion was not uniform, but gradu-
ally decreased with depth (9.8 °C at the bottom; Fig. 2).
In autumn, the lakes experienced turnover (cold and
warm waters mixed and readjusted), which is typical of
natural standing waters. When the lakes were covered
with ice, inverse water thermal stratification occurred: the
temperature increased with depth, ranging from ~0°C
immediately under the ice layer to 3.4°C in Przykona
and to 4.1°C in Janiszew. Spring homeothermy could
be observed in all three lakes, but was the shortest in
Bogdatow (Fig. 2).

The highest average water transparency (7.8 m) was
recorded in Lake Janiszew. The lowest (4.4 m) was
recorded in Lake Przykona. In Lake Bogdatéw, water trans-
parency reached 5.6 m (Table 2).

Differences in DO in the lakes were observed in sum-
mer. In the surface layer, it ranged from 10.9 mg L™! in
Lake Przykona to 9 mg L™! in Lake Bogdatéw (Table 2;
Fig. 2). The largest differences in DO were observed in
the lakes” bottom layers, where it ranged from no oxygen
(anaerobic conditions) in Bogdatéw, to 0.5 mg L~ (trace
amounts) in Janiszew, to 4.2 mg L™! in Przykona. In other
seasons, DO was high and ranged from =80 to 120% (i.e.
from ~9 to 15 mg LY.

All the lakes were weakly alkaline, with the median
pH ranging from 8.2 in Bogdatéw to 8.4 in Przykona. The

Fig. 2 Temperature profiles and
oxygen profiles of the studied 0.0 4.0

o

8.0 120 16.0 20.0 24.0

lowest average EC (411 pS cm™') was recorded in Przykona
and the highest (833 puS cm™!), in Bogdatéw (Table 2).

The average TP ranged from 0.034 mg L™! in Janiszew
to 0.046 mg L' in Przykona (supplemental file 5). The
average TN ranged from 0.327 mg L~! in Bogdatéw to
0.546 mg L™! in Przykona (Table 2). The N:P ratio in the
lakes ranged from 4 to 25. In August, primary production
in all lakes was limited by nitrogen and in spring, by phos-
phorus (the N:P ratio ranged from 22 to 24). The lowest
average Chl a content was recorded in Janiszew: 0.89 pg
L~! and the highest, in Przykona: 3.03 ug L™! (Table 2).

Iron and Mn concentrations were low and did not vary
much seasonally. Fluoride and Br concentrations were
also low (supplemental file 6). The lakes are supplied pri-
marily by groundwater from the dewatering of the oper-
ating mines. Most of the contaminants in the water origi-
nate from local aquifers situated at different depths (from
several to more than 100 m). Only Cu and Cd slightly
exceeded limit values in Przykona (83.14 pg Cu L7
1.24 pg Cd L™!) and Bogdatéw (83.20 pg Cu L7%; 1.14 pg
Cd LY. The limit for Pb was also exceeded in all of the
lakes (Przykona—7.71 pg L~!; Bogdatléw—7.24 pg L7
Janiszew—9.06 pg L™!) (supplemental file 7). The concen-
tration of the remaining chemical parameters can be found
in supplemental file 6.

Plankton

Phytoplankton of the studied pit lakes was composed of
100 taxa of prokaryotic and eukaryotic algae (supplemental

°C mgO,L"
00.0 20 4.0 6.0 8.010.012.014.0 16.0

pit lakes: (1) Przykona; (2) —t—
Bogdatéw; (3) Janiszew
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Table 2 Physico-chemical data

A : . Przykona Bogdatéw Janiszew

and basic biological data of pit

lakes Average  Range Average  Range Average  Range
T (°C) 8.8 0.7-21.4 9.8 0.8-22.8 9.5 0.6-22.5
SD (m) 44 2.5-6.4 5.6 4.6-7.3 7.8 5.0-10.0
0, (mgL™h 12.03 10.7-14.1 11.23 8.9-14.0 11.55 9.3-14.1
DO (%) 105 91-123 99 81-109 101 91-108
pH 8.39 8.20-8.57 8.15 8.06-8.32 8.29 8.25-8.33
EC (uS cm™) 411 377446 833 803-882 757 729-796
Chla (ug LY 3.03 1.0-6.28 2.43 1.4-43 0.89 0.53-1.2
TP (mg L) 0.046 0.021-0.112  0.041 0.013-0.114  0.034 0.016-0.077
TN (mg L™} 0.546 0.51-0.64 0.327 0.26-0.49 0.352 0.29-0.40
Nphyo (10°ind. L7 2.195 0.55-4.18 3.452 0.70-10.93 0.423 0.22-0.80
B yo (Mg LY 3.58 0.14-12.19 1.01 0.23-3.12 0.23 0.11-0.36
N, (ind. L7h) 134 43-405 341 27-699 38 13-59
B,,, (mg L™ 2.095 0.67-6.33 0.483 0.04-0.99 0.634 0.22-0.98

file 8). Sixty-eight taxa were identified in Lake Bogdaléw,
46 in Lake Przykona, and 45 in Lake Janiszew. Bacillario-
phyceae, Chlorophyta, and Cyanobacteria were represented
by the highest number of taxa.

Remarkably, the pit lakes had similar species richness,
but different species composition. The Jaccard index of
36% indicates the greatest similarity between Janiszew
and Bogdaléw, and the lowest between those lakes and
Przykona (29%). The lakes also differred in terms of phy-
toplankton abundance and biomass (Table 2). The high-
est algal biomass was recorded in Przykona (3.6 mg L),
while it was considerably lower in Bogdatéw (~1 mg L),
and lowest in Janiszew (0.2 mg L7'). In Przykona and
Janiszew, Bacillariophyceae and Cryptophyta had the high-
est average biomass and in Bogdatéw, Dinoflagellata and
Cryptophyta.

There were few zooplankton species in all three lakes.
Over the entire study period, we identified 21 species in
Bogdatéw and Przykona and 15 in Janiszew (Supplemen-
tary file 8). Most of the species were rotifers. The highest
number of rotifer species were recorded in Przykona (16)
and the lowest, in Janiszew (11). Fifteen rotifer species
were identified in Bogdatow.

The average zooplankton abundance in all three lakes
was rather low. The highest was recorded in Bogdatéw
(342 ind. L"), with the greatest contribution (as much as
87%) of rotifers (Table 2). The highest zooplankton abun-
dance was also noted in this lake in all four seasons. The
average zooplankton abundance in Przykona was 135 ind.
L~!, with rotifers accounting for 63%. The lowest aver-
age zooplankton abundance was recorded in Janiszew (38
ind. L™!), where crustaceans had the greatest contribution
(61%; Table 2).

Lake Bogdatéw was dominated by the following rotifer
species: Keratella cochlearis (55%), Polyarthra longiremis
(17%), and by larval stages of copepods (nauplii; 11%). In
Przykona, eudominants (>10%) consisted of larval forms
of copepods (28%) rotifers Trichocerca capucina (16%),
and Polyarthra longiremis (13%). In Janiszew, larval forms
of copepods predominated (35%), followed by rotifers Pol-
yarthra dolichoptera (15%) and mature copepods of Eud-
iaptomus graciloides (11%).

The highest average zooplankton biomass was recorded
in Przykona (2.095 mg L~!), with Cladocera contribu-
tion as high as 90%. In Janiszew, the zooplankton biomass
(0.634 mg L', on average) was also dominated by Clad-
ocera (53%). The lowest zooplankton biomass was recorded
in Bogdatéw (0483 mg L), where Copepoda had a contri-
bution of 53% (Table 2).

Trophy Indices

On the basis of the TSI and the Chl a levels, Przykona and
Bogdatéw were highly mesotrophic and Janiszew, was oli-
gotrophic. The TSI, indicates high mesotrophy of Lake
Janiszew and the second stage of meso-eutrophy of Lakes
Przykona and Bogdatéw. The TSI calculated from the TP
and TN indicated that the lowest trophic level occurred
in Janiszew and the highest in Przykona (Table 3). The
average of all trophic level parameters showed the same
(Table 3).

Discussion
Lake processes depend on morphometry and development

of the catchment area (Berman 1998; Dodson et al. 2009).
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This applies both to natural and pit lakes. We assessed lake
morphometry, which is particularly important for mictic
water bodies. Like all polymictic lakes, the shallow Lake
Przykona experienced water mixing from top to bottom
throughout the year. The deepest lake, Bogdatéw, is ther-
mally stratified (although its hypolimnion had a small
volume) and is classified as dimictic. Janiszew is partially
stratified (a true hypolimnion was not formed), but accord-
ing to the adopted classification (Wetzel 2001), it is also
considered dimictic.

The lakes described in this study have diverse thermal
conditions. The highest average temperature in the surface
layer was recorded in Bogdaléw, which is sheltered from
the wind by surrounding forests. The epilimnion extended
to a depth of 5 m. In the years 2007-2011, epilimnions of
similar thickness (5—-6 m) were recorded in Lakes Bacho-
tek, Zbiczno, Ciche, Robotno, and takorz, which are all
dimictic, located in deep glacial troughs, and surrounded by
high trees (Solarczyk 2013). However, the impact of wind
on the thermal structure is stronger in Lake Janiszew, due
to its high exposure. The epilimnion had a thickness of 8 m.

The Schmidt stability index exceeds 60 g cm cm™ in
Bogdatéw and Janiszew, due to the differentiation of den-
sity and temperature during summer stratification. Accord-
ing to Winder and Schindler (2004), the minimum Schmidt
stability index required for stable thermal stratification
is 50 g cm cm™2. The Schmidt index in these lakes calcu-
lated for the summer sampling period was not high com-
pared with Lake Moszczonne (690 g cm cm™2) and Lake
Wielickie (830 g cm cm™2) of the Dobrzyn Lake District
(Marszelewski 2001). Therefore, early autumn homo-
thermy occurs in Bogdaléw and Janiszew during the first
half of September. In the future, this type of water mixing,
combined with accelerated eutrophication, could cause the
inflow of phosphorus compounds from anoxic over-bottom
layers to the euphotic zone. This could stimulate autumn
algal blooms, a phenomenon which is not observed in deep
dimictic lakes, where autumn homothermy begins in the
latter half of October.

The above data (on stratification and autumn homeo-
thermy) are extremely important in designing lake basins,

Table 3 Trophic state index (TSI) of studied pit lakes based on SD,
Chl a, TP, TN and rotifers

Przykona Bogdatow Janiszew
TSIgp 38.8 35.1 30.3
TSIy, 41.5 39.3 295
TSIpp 59.4 57.7 54.8
TSIy 45.7 383 394
TSIy 50.1 50.2 422
Average TSI 47.1 44.1 39.2
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particularly their maximum depth. Depth gradient F (the
ratio of the maximum and epilimnion depths) can be used
to determine the minimum value of the maximum depth
that will ensure summer thermal stratification without a
hypolimnion. The theoretical depth of epilimnion is a func-
tion of the effective length and effective width (e.g. LAWA
1998, after; Ventz 1974; Patalas 1984). According to Mietz
(1991), lakes with F>1.5 are stratified during the sum-
mer. Therefore, transforming formula (2), and assuming
that F=1.5, it is possible to calculate the minimum value
of the maximum depth of the lake whose length and width
are given. Since the newly created lakes will be initially
exposed to wind, their actual dimensions can be treated
as the effective dimensions. It should be emphasized that
the presence of elements that reduce wind impact, such as
forests and hills, increases water mass stability. In Poland,
obstacles of this kind should be situated along the western
and northwestern shores of post-mining lakes, i.e. based on
the direction of prevailing winds.

All three lakes experienced spring homeothermy, whose
duration depended on their exposure to the wind. The
observed continuous circulation of water in Przykona was
due to its morphometrics: large surface area, low average
depth (only 4.3 m), and a high exposure index. The lake is
sensitive to resuspension, a wind-induced process. Accord-
ingly, the lake has the lowest water transparency, caused not
only by rapid growth of phytoplankton but also by floating
material from resuspension of bottom sediments (Schindler
2006). Lake Janiszew, partially stratified, has characteris-
tics of both lake types.

The most aerobic conditions were recorded in the pol-
ymictic lake, Przykona. Lower DO concentrations were
recorded in Bogdatéw and Janiszew, which were less prone
to mixing and had low photosynthetic algae activity. The
low DO levels in the bottom layers of Lakes Janiszew
and Bogdatéw were probably due to the mineralization of
organic matter (Bastviken et al. 2004; Miiller et al. 2012).

The pH is the most important parameter for pit lakes,
because the mobility of most metals and metalloids is
strongly pH-dependent. In addition, most aquatic organ-
isms have a relatively narrow range of pH tolerance (Soni
et al. 2014). Commonly, post-mining pit lakes and lignite
pit lakes in particular, have very low pH (Castro and Moore
2000; Nixdorf et al. 2005; Schultze et al. 2010; Soni et al.
2014). Pit lakes with neutral or acidic pH have high con-
centrations of cationic trace metals (AI**, Cu®*, Fe?*/Fe**,
Mn?*, and Zn**) (Schultze et al. 2010; Zauke et al. 1998),
posing a real threat to living organisms. The pH of the stud-
ied lakes ranged from 8.06 to 8.57 (Table 2). At this pH,
trace metals precipitate and accumulate in sediments. This
pH level, apparently determined by the quality of water
from mine dewatering, supports the biocenosis in the lakes.
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The EC of the lakes ranged from 377 to 882 pS cm™,
similar to natural eutrophic lakes, e.g. it is 323 pS cm™! in
Lake Jeziorak (Dembowska et al. 2015) and 754 pS cm™!
in the Vistula oxbow lakes (Dembowska and Napidérkowski
2015). The differences between Przykona (411 uS cm™),
Janiszew (757 pS cm™)), and Bogdatéw (833 pS cm™!) are
somewhat puzzling. Higher conductivity in Lakes Janiszew
and Bogdaléw may be due to higher levels of sulphate and
chloride.

We did not see significant differences in trace element
concentrations in the lakes. Since the lignite pit lakes are
supplied by groundwater from different depths, dissolved
trace elements come from both tertiary and quaternary
aquifers, but in general, the concentrations of microele-
ments in the lakes were low, though the lakes have not
yet achieved hydrochemical equilibrium. Concentrations
of most of the analyzed elements is legally regulated [Dz.
U. (Journal of Laws) 2014, item 1482]; Cu and Pb levels
exceeded effluent limits.

Phosphorus and nitrogen, and to a lesser extent Fe, play
key roles in primary production (Vollenweider 1976; Kajak
1983). The investigated post-mining lakes are very young
compared to glacial lakes, and so have not been supplied
with large amounts of phosphorus and nitrogen. Low phos-
phorus and nitrogen loadings from catchment areas can
cause low trophic levels. Delimitation of catchment areas is
not yet possible due to lignite mining and/or land reclama-
tion in the vicinity.

In all three lakes, TP and TSIyp (55-59) were typical
of eutrophic waters; their highest values were recorded in
summer. Similar TP levels were observed in 2004 (Stan-
iszewski et al. 2013). The low N:P ratio (4-6), especially
in summer, indicates nitrogen limitation of primary produc-
tion (significant nitrogen deficiency relative to phospho-
rus). There is a real risk that such a proportion of major
biogenic elements will lead to harmful cyanobacterial
blooms. Nostocales, the main contributors to this environ-
mental problem, assimilate atmospheric nitrogen (Reynolds
2006) and can therefore eliminate eukaryotic algae from
the phytoplankton community. Many species of cyanobac-
teria, e.g. Anabaena lemmermannii, Anabaena flos-aquae,
Aphanizomenon spp., can produce dangerous cyanotoxins.
Low numbers of these cyanobacteria have been identified
in the studied lakes. Phosphorus concentrations were sig-
nificantly lower in autumn, winter, and spring.

The highest Chl a (6.28 pg L™') was recorded in the
summer in Lake Przykona. In other seasons, the growth
of pelagic phytoplankton was low, which resulted in great
variability of Chl a. In Przykona and Bogdatéw, Chl a was
within the range typical of mesotrophic water bodies. Lake
Janiszew had very low Chl a levels, typical of oligotrophic
water bodies (TSI, , = 29.5).

A total of 100 taxa of prokaryotic and eukaryotic algae
were identified in the studied lignite pit lakes. Diatoms,
chlorophytes, and cyanobacteria were represented by the
highest numbers of species. Although the lakes had simi-
lar species richness, they differed significantly in terms of
species composition and phytoplankton biomass. The high-
est biomass was recorded in Lake Przykona; much lower
levels, typical of mesotrophic water bodies (OECD 1982),
were observed in Bogdatéw, and the lowest in Janiszew.
The extremely low phytoplankton biomass in Janiszew
throughout this research indicates oligotrophic condi-
tions that may be attributed to strong zooplankton pres-
sure (Schriver et al. 1995). Cladocera constitute more than
50% of the total zooplankton biomass. It can be assumed
that vast algal populations live at greater depths: in lakes
with high water transparency, phytoplankton develops fur-
ther from the surface to avoid excessive UV radiation. In
Przykona and Janiszew, diatoms and cryptophytes had the
highest average biomass; in Bogdatéw, dinoflagellates and
cryptophytes were highest.

The low nutrient level limits primary production, as is
evident from the low Chl a content, low phytoplankton bio-
mass, and relatively high water transparency. Low abun-
dance and species richness of the zooplankton indicate
low trophic levels in all three lakes. According to Kara-
bin (1985) and Radwan (2004), a lake can be classified as
mesotrophic if rotifer abundance is less than 400 ind. L™';
Przykona and Janiszew fall in this category. In Bogdatéw,
rotifer abundance exceeded 400 ind. L™! in spring and sum-
mer (624 and 500 ind. L, respectively), which indicates
meso-eutrophy. Many authors maintain that rotifer abun-
dance is a good indicator of the trophic state (Ejsmont-
Karabin 2012; May and O’Hare 2005). Similarly, a low
contribution of tecta forms to the population of Keratella
cochlearis may indicate low trophy (Ejsmont-Karabin
2012). The composition of the dominant species showed
the lowest trophy in Janiszew and the highest in Bogdatow.

The results from Lake Przykona are somewhat puzzling:
only one rotifer species was identified in Spring, 2012,
compared to 12 identified in Summer, 2011. This difference
may be due to insufficient or low-quality feed for rotifers
or high predator pressure. Full understanding will require
further research.

The trophic state of lakes and other water bodies is
affected by various factors, including their morphometry
and management of their catchment areas (Dodson et al.
2009; Schindler 2006). Determining the trophic state is
crucial when making a lake management plan aimed at pre-
serving good water quality for the longest time.

According to Carlson (1977) and Kratzer and Bre-
zonik (1981), Lake Przykona is low meso-eutrophic and
Bogdatéw is highly mesotrophic. The average TSI in these
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lakes was over 40 (Table 3). Because Bogdatéw is small,
deep, and stratified in summer, and has the lowest expo-
sure index, anoxic conditions were observed near the bot-
tom, even with low phytoplankton biomass. Lake Janiszew
had the lower TSI (average 39), which indicates low
mesotrophy.

The relationships between TSI variables in all studied
lakes were similar and showed light attenuation caused by
algal dominance. However, some factors, such as nitrogen
limitation and/or zooplankton grazing, limit algal bio-
mass (Carlson 1983). TSI, indicates that Przykona and
Bogdatéw fall on the borderline between low and high
meso-eutrophy, while Janiszew can be classified as highly
mesotrophic (Ejsmont-Karabin 2013).

The results show that the lakes differed from each other
in many aspects, but Lakes Bogdaléw and Janiszew had
similar chemical compositions. Some features of the stud-
ied pit lakes are typical of natural lakes, while others, of
anthropogenic water bodies. In the near-future, more atten-
tion should be paid to the hydrochemistry of the water
flowing into the lakes, especially from the lignite mining
areas, since this can determine the influence of water qual-
ity in these water bodies. Further research seems necessary
for a better assessment, with the focus on the growing sea-
son (abundant algal growth), i.e. from April to October.

Based on our research, the investigated lakes seem to be
sensitive to environmental influences (especially from their
catchment areas) due to their small size and depth. Regular
monitoring is therefore required to provide the information
needed to maintain optimal conditions.

Aquatic organisms require certain environmental con-
ditions. Determining the optimal depth for newly created
lakes will affect the activity of aquatic organisms (Soni
et al. 2014). It is advised that newly formed lakes should
have a depth that is greater than 10 m, depending on their
shape and current and expected management of the sur-
rounding area. The optimal depth should be calculated
based on long-term observations as well as mathemati-
cal formulas and models (Soni et al. 2014). Moreover, the
depth of lakes should be maximized over as large an area
as possible, to maximize water volume. The ratio of the
hypolimnion volume to total lake volume should be as high
as possible. It is also obvious that deeper lakes have greater
ecological stability. However, mine owners generally insist
on the fastest possible reclamation of mined areas and
handing it over to local governments. Since open pits can
take a very long time (a decade or longer) to fill with water,
reducing their depth by filling them in with debris seems
more cost-effective. This study, by describing the initial
conditions of the lakes (age ranging from 4 to 20 years),
forms a basis for future evaluation.
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Conclusions

Our results show that post-mining pit lakes are excellent
platforms for investigating community succession and that
they enable researchers to test methods traditionally used
for studying natural lakes. However, these lakes are sen-
sitive to environmental influences (especially from their
catchment areas) due to the small size and depth.

The investigated post-mining lakes are very young com-
pared to glacial lakes and represent early stages of ecosys-
tem succession. Despite different ages and morphometries,
they are all mesotrophic and have good water quality. They
have not been supplied with large amounts of phosphorus
and nitrogen, which can cause excessive development of
pelagic phytoplankton; as a result, they share low chloro-
phyll a content, low phytoplankton biomass, and relatively
high water transparency. Low abundance and species rich-
ness of zooplankton indicate low trophic levels in all the
lakes.

The low N:P ratio, especially in summer, indicates that
lack of nitrogen limits primary production. There is a real
risk that this ratio of major biogenic elements will lead to
harmful cyanobacterial blooms. The relationship between
TSI variables in all of the studied lakes were similar and
showed that algae dominate light attenuation, and that fac-
tors such as nitrogen limitation and zooplankton grazing
limit algal biomass.

Presumably, the use of Quaternary deposits (sand, clay)
to form the bottoms of the studied pit lakes were respon-
sible for their pH (>7). More attention should be paid to
the hydrochemical regime of waters flowing into the lakes
(especially from the mining areas) to determine their
influence on water quality in these recently created water
bodies.

Newly formed lakes should also have an optimal depth,
depending on their shape, and current and expected man-
agement of the surrounding areas. The maximum depth
should be determined by computer modeling. Shaping the
lake basin prior to flooding should consider the location of
banks, which, when used as a shield against wind, can posi-
tively impact the creation of full thermal stratification.

From an environmental standpoint, creating islands,
especially in small, shallow lakes, is highly controversial.
Environmental authorities recommend this as a way of
providing safe bird habitats. However, in lakes with low
trophic state, additional phosphorus loading from bird
droppings can accelerate eutrophication.

Catchment boundaries have to be determined to assess
the effect of catchment area on the lakes. Effective man-
agement is essential to maintain good ecological potential
and water quality. Monitoring of recreational housing and
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community development in the areas will provide data on
whether/how they affect the lakes. Another step to maintain
water quality is to regularly evaluate the nutrient balance,
with particular emphasis on phosphorus; if elevated con-
centrations are noted, procedures to eliminate its sources
will have to be adopted.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
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link to the Creative Commons license, and indicate if changes were
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