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Abstract: The creation of man-made reservoirs has become more common globally and provides
many important technical, biological, and socio-economic functions. The study focused on abiotic–
biotic and trophic interrelations responsible for ecological potential and biodiversity in potentially
stabilized conditions of the aquatic ecosystem. Therefore, the analyses concerned 2014–2015 and
2018–2019, assuming repeatable hydrochemical conditions, in three chambers (C1–C3) of the Kamień
sedimentation pond supplied through opencast mine drainage. The studies indicated eutrophic levels
and at least good ecological potential. Phytoplankton were quite abundant at an average biomass of
10.0 mg L−1, while zooplankton and planktivorous fish were estimated at 0.51 mg L−1 and 74.3 g m−2,
respectively The general order of the growth level in chambers was C-1 > C-2 > C-3, C-1 < C-2 < C-3,
and C-1 < C-3 < C-2 for phytoplankton, zooplankton, and planktivorous fish, respectively, and
indicated clear differences. Both mechanisms of the top-down and bottom-up effects were revealed in
all chambers. Some significant differences between abiotic and biotic (i.e., fish density and biomass,
phytoplankton density) factors were recorded on a temporal scale, whereas the density and biomass
of planktivorous fish were significantly differentiated on a spatial scale. The stabilized conditions
concerned relatively high biodiversity but quite abundant phytoplankton and lower zooplankton
abundances, trophic efficiency, and eutrophy under the maximum ecological potential.

Keywords: water resources; artificial ecosystems; mine waters; ecological potential; trophic level

1. Introduction

The common water policy established in the European countries assumes ensuring
access to good water quality, i.e., at least good ecological status (for natural water bodies)
or potential (for heavily modified or artificial water bodies), for all water bodies across
Europe, in sufficient quantity as well. The creation of new man-made water reservoirs
have become more common in Europe [1,2], and, therefore, such water bodies are also
of special concern. They play an important role in the functioning of urbanized areas,
providing a new means to secure an emergency water supply [3], and supporting the
provision of crucial water resources to local communities. Therefore, the water quality of
such artificial, small or large, water bodies should also be monitored in terms of achieving
at least the good ecological potential required to meet the key objective of the Water
Framework Directive [4]. This means that they should be maintained in conditions with
no, or very minor, anthropogenic alterations to the values of the biological (especially
low phytoplankton biomass), physical and chemical (e.g., low concentrations of nutrients
and trace elements), and hydromorphological (e.g., water flow, retention time, depth)
quality elements from those normally associated with the surface water body type under
undisturbed conditions. Disturbed conditions, in turn, lead to the deterioration of water
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quality related to increased eutrophication, a reduction in biodiversity, and other effects
on aquatic organisms as well as the functioning of the whole aquatic ecosystem, and even
threats to water users.

The use of post-mining excavations for water retention can significantly increase small-
scale water storage [5], and, for flood management, it is preferred in many countries. All
these constructed as well as newly planned water reservoirs may constitute new, permanent
elements to the landscape and co-create the hydrographic network, especially within a
river catchment system [6]. Water may be used for the irrigation of agricultural areas, and
the reservoir can help in reducing both economic and natural losses in case of flooding.

The other roles of such reservoirs concern the technical function, e.g., for the sedimen-
tation of suspended particles in the pretreatment of mine water [7,8]. These reservoirs offer,
however, new habitats for aquatic organisms, including planktonic and benthic organisms,
macrophytes, and fish, supporting the European Union Biodiversity Strategy for 2030 [9]
and the Green Deal [10]. It is important to ensure that the world’s ecosystems will be
restored, resilient, and adequately protected to improve water regulation, flood protection,
proper habitats for fish, and the removal of nutrient pollution. The achievement of such
goals to halt biodiversity loss moves towards sustainable development, and a focus on the
restoring of degraded habitats, at both continental and global scales, prevailed in the recent
water policy [9], as well as in the goal of Europe becoming climate-neutral by 2050 [11].
Global biodiversity is still declining under strong pressure from anthropogenic activities
related to eutrophication [12] and water pollution with trace elements, including As, Ba, Be,
Cu, Cr, Co, Ni, Zn, Mn, Pb, Cd, and Hg, which are recognized as toxic pollutants altering
the natural mechanisms in the genetic systems of organisms [13,14]. Therefore, there is an
urgent need to observe, maintain, restore, and protect biodiversity, as well as to ensure
water supplies, sanitation, and flood protection. Scientific questions arise in relation to
the ecosystem’s resilience, adaptation to changes, turnover, the mortality of species, and
the functioning of the whole. Therefore, the understanding of the functioning of a new
habitat connected with mining activity and the possible impact on aquatic communities
and a shift in taxonomic composition should be monitored to ensure that there are not any
biodiversity losses [15,16].

This study aimed to (1) determine the abiotic and biotic factors responsible for the
ecological and trophic conditions of artificial small water bodies supplied with water from
opencast mines; (2) check their spatial and temporal variations, if any; and (3) assess the
stabilized conditions of such ecosystems to determine whether high biodiversity can exist.
Therefore, three chambers of the sedimentation pond were studied in two biennial periods:
2014–2015 and 2018–2019. We hypothesized that maintaining at least good ecological
potential and a low trophic level would be possible by ensuring appropriate relationships
between phytoplankton, zooplankton, planktivorous ichthyofauna, and physicochemical
parameters as well. The understanding of the ecological–trophic relations in the artificial
small water bodies situated in urbanized and post-industrial areas is necessary for the
rational management of the new water resources and optimal use to ensure their ecological
functioning and the fulfilment of social needs.

2. Materials and Methods
2.1. Study Area

The study was conducted in the reservoirs supplied with water from a dewatering
system of the largest opencast brown coal mine, “Bełchatów”, in Poland, in use since
1975. The reservoir complex, named Kamień, is located at the WGS84 point: 51◦15′18.9′′ N,
19◦12′15.4′′ E. It is composed of three separate earthen chambers (C-1, C-2, and C-3) situated
parallel to each other and separated by dikes ≈ 3.5 m high (Figure 1). The area of each of
these ponds is 7.5 ha. The surface drainage system collects water from precipitation and
the pit surface. Through pumping stations, this water is directed by pipelines to an open
channel that leads to the reservoir complex. A separating well directs a similar volume of
water to each of the earthen chambers. With a maximum allowable inflow of 1.8 m3 s−1,
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the water retention time in each reservoir is approximately 16 h. The complex of the three
chambers is used for water treatment by the gravitational sedimentation of colloidal and
pseudocolloidal particles suspended in the water. Each chamber consists of three functional
zones (Figure 1). The first inflow zone, with an area of approximately 0.1 ha, is used to
remove the coarsest fractions of suspended matter. Then, the water flows through an
overflowing comb baffle and enters the central zone, which is the main zone of the chamber
(area 5.65 ha; maximum depth 2.2 m; capacity 103,000 m3). The process of sedimentation
and water clarification is finished in the plant filter zone. This filter (area 0.75 ha; average
depth 0.50 m) includes macrophytes such as Phragmites australis (Cav.) Trin. ex Steud.,
Typha latifolia L., Glyceria maxima (Hartm.) Holmb., Phalaris arundinacea L., Acorus calamus L.,
and Carex acutiformis L. [6]. There is an outlet behind the filter and the water flows into a
collective discharge channel.
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Figure 1. Location of the study area and construction diagram of the three chambers C-1, C-2, and C-3
of the Kamień sedimentation pond at the Bełchatów open-pit mine (author’s drafting with graphic
software CorelDRAW Graphics Suite X6—Software Number LCCDGSX6MULAA).

2.2. Physicochemical Parameters: Sampling and Analyses

Field surveys were conducted in two biennial cycles, i.e., in 2014/2015 and 2018/2019,
including a five-times sampling regime throughout the growing season. Water samples
for physicochemical parameters were collected at the main inflow and in the central part
of each of the three chambers (C-1, C-2, and C-3) of the Kamień sedimentation pond as
representative sampling sites, at the depth of 1 m below the water surface.

Field measurements were performed in situ at each sampling occasion. Water temper-
ature (T), dissolved oxygen (DO) content, and oxygen saturation (%) were measured using
the Multi-Parameter Water Quality Sonde YSI 6600 V2, whereas pH and total dissolved
solids (TDS) were measured with the digital multimeter HQ30D. In each chamber, the
water transparency was measured with a Secchi disk and expressed as the Secchi disk
depth (SDD). The ions and trace elements selected for the study were analyzed based
on the results of a hydrogeochemical background performed for the area covering the
mining activities [17,18], and they were studied at the same sampling sites. Such a range of
hydro-analyses coincided with the cyclic monitoring of the mine water quality supervised
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by the Polish National Hydrogeological Service [19]. The laboratory analyses included
total suspended solids (TSS), inorganic suspended solids (ISS), turbidity, total organic
carbon (TOC), chlorophyll a (Chl a), total nitrogen (TN), total phosphorous (TP), silicon (Si),
calcium (Ca), iron (FeTot), manganese (Mn), phosphate (PO4

3–), nitrate (NO3
–), ammonium

nitrogen (NH4
+), bicarbonate (HCO3

-), sulfate (SO4
2–), magnesium (Mg2

+), and chlorides
(Cl−). The hydrochemical analyses were conducted according to the APHA guidelines [20].
Furthermore, the concentrations of selected trace elements, Ag, Al, As, B, Ba, Br, Cd, Cr, Co,
Cu, Hg, I, Mo, Ni, Pb, Rb, Se, Sr, Ti, Tl, V, Y, Zn, Zr, were determined with the accuracy of
0.01 µg L−1 according to a methodology based on elementary coupled plasma ionization
mass spectrometry (ICP-MS) using an emission spectrometer, Elan ICP-MS (Perkin Elmer).

2.3. Biological Parameters: Sampling and Analyses

The phytoplankton and zooplankton samples were collected five times a year, includ-
ing the spring, summer, and autumn seasons of each year of the study, from the same sites
described for the physicochemical variables. Samples at 1 m depth were taken using the
Ruttner sampler (5 L) from the deepest (representative) site. The phytoplankton samples
for quantitative analysis were not concentrated, whereas, for taxonomic analysis, they
were additionally taken using the plankton net with a 10 µm mesh size. Regarding the
zooplankton, the sampled material of 10 L was filtered by a plankton net (a mesh size of
25 µm) for both quantitative and qualitative analyses. The standard Lugol’s solution (I2 in
KI) and ethyl alcohol were used to preserve the samples.

The quantitative analysis of phytoplankton, including density (ind. L−1) and biomass
(mg L−1), was performed using an inverted microscope according to the standard Utermöhl
method [21]. The counted organisms (single cells, colonies, or filaments) were examined at
different magnifications: 100×, 200×, and 400×, for large-, medium-, and small-sized taxa,
respectively. The qualitative analysis (taxonomic identification) was performed using a
light microscope at magnifications of 200×, 400×, and 1000× with oil immersion. The total
phytoplankton biomass and the biomass of each species were calculated based on the cell
biovolume measurements according to the standard and revised method [22]. Taxonomic
identifications were based on the latest references and verified according to currently
accepted taxonomic names given in AlgaeBase [23].

The identification and measurements of zooplankton were conducted using the Zeiss
AXIO Imager microscope and available references [24–26]. The zooplankton density was
determined by using a Sedgewick rafter. The density (ind. L−1) and total biomass (mg L−1)
of zooplankton were calculated by different methods. The biomass of planktonic crus-
taceans was determined according to Bottrell et al. [27] and Ruttner-Kolisko [28], whereas
the individual body weights of rotifers were based on the standard wet weights according
to Ejsmont-Karabin [29].

In each chamber, samples of fish were collected using gillnets, which were set annually
in the autumn, i.e., 3 October 2014, 2 October 2015, 5 October 2018, and 4 October 2019,
according to the CEN standard protocol [30]. At each time, four gillnets, 30 m long by
1.5 m high, were used in each sedimentation chamber. The gillnets were constructed from
12 panels of 2.5 m long with mesh sizes ranging from 5 to 55 mm. The gillnets were
set before sunset and removed after dawn, for a total of 12 h [31]. The fish caught were
identified to species level, weighed, and measured with accuracy to one gram and one
millimeter, respectively.

The ichthyobiotic indices were calculated according to the CEN standard, including
the density (number per unit effort, NPUE) and biomass (weight per unit effort, WPUE) of
fish [32]. Monitoring of ichthyofauna did not indicate the occurrence of typically planktivo-
rous fish, i.e., species for which zooplankton is the primary food during its whole life cycle.
Thus, it was assumed that only juvenile fish of all species in the first and second years
of life have potentially the greatest impact on plankton structure. Studies to date clearly
indicate that such fish (total body length <100 mm, individual body weight <25 g) can be
caught by gillnets with the smallest mesh [32], Therefore, the density (NPUE, ind. m−2)
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and biomass (WPUE, g m−2) of planktivorous fish were calculated for fish caught by panels
with a mesh size of 5.0, 6.25, 8.0, and 10.0 mm (total 15 m−2 in each gillnet). Fish caught
by panels with larger meshes were considered unsuitable for analysis and were excluded
from comparisons.

2.4. Biodiversity and Ecological and Trophic Indicators

For the biodiversity assessment, the species richness, Shannon–Weaver diversity index
(S-WI; [33]), and Pielou’s evenness index (E; [34]) were calculated from the density of
phytoplankton and zooplankton.

The assessment of the ecological potential of each chamber of the Kamień sedimenta-
tion pond was based on the phytoplankton index called the Phytoplankton Metric for Polish
Lakes (PMPL), and the water quality was classified according to the Polish Regulation [35].

The calculations of PMPL were based on equations adapted from Napiórkowska-
Krzebietke et al. [36] and references therein and verified based on data from a similar
artificial water body [7]. The assumption criteria included small, shallow, and non-stratified
artificial water bodies; a very low ratio of catchment area and lake volume (Schindler’s
ratio SR = 0 ≈ SR < 2); very high Ca content (>25 mg dm−3); and a sampling regime of five
times a year.

The trophic state, as the trophic level index (TLI) according to Burns et al. [37], was
determined for each chamber. The TLI comprises four partial indices based on the total
phosphorus (TLITP), total nitrogen (TLITN), Secchi disk depth (TLISDD), and chlorophyll
a (TLIChl). The rationale for selecting the TLI was to extend the state evaluation to other
seasons, besides summer, which was tested and verified on data from Polish lakes [36]. The
final TLI considered the average value obtained from four partial indices. Additionally, the
trophic efficiency (TE) was calculated based on the total zooplankton biomass to total phy-
toplankton biomass ratio. The level of efficiency was classified as follows: class I—0–0.20,
class II—0.21–0.40, class III—0.41–0.60, class IV—0.61–0.80, and class V—0.81–1.00, i.e.,
ranging from the lowest to the highest efficiency [38].

2.5. Statistical Analyses

Abiotic and biotic data were checked for normality with the Shapiro–Wilk test, which
confirmed that the data were not normally distributed. Thus, nonparametric analysis of
variance (ANOVA) with the Kruskal–Wallis test (to compare more than two independent
samples) was the primary tool used to identify the statistical significance of differences
between environmental variables among the study periods in the three chambers of the
sedimentation pond. The general differences between two biennial periods in the analyzed
factors were confirmed with the Mann–Whitney U test (to compare two independent
groups). The level of significance was set to a p < 0.05. The relationships between plankton,
planktivorous ichthyofauna, and environmental variables were tested with the Spearman’s
rank correlation coefficient. These analyses were performed with the Statistica software
(ver. 13.3 for Windows, Statsoft, Tulsa, OK, USA).

Non-metric multidimensional scaling (NMDS), as a distance-based ordination tech-
nique, based on biotic, abiotic, and indices’ data, was used to separate similar or dis-
similar samples taken in the three chambers during the growing seasons in 2014–2015
and 2018–2019. Then, the Bray–Curtis distance measure, two axes, and stress formula
type 2 were applied for log-transformed abiotic and biotic parameters. The analysis was
conducted using Canoco 5.

3. Results
3.1. Abiotic Parameters and Water Quality

Some key abiotic factors showed significant differences as confirmed by the Kruskal–
Wallis test (Table 1). In both periods, statistically significant differences (p < 0.05) were
recorded in dissolved oxygen (7.78–8.91 mg L−1 in 2014–2015, and 8.36–9.51 mg L−1 in
2018–2019) and pH (7.51–7.58 in 2014–2015, and 7.61–7.79 in 2018–2019). The concentra-
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tions of TP (H = 20.67. p = 0.0043), sulfate (H = 19.53. p = 0.0067), and calcium (H = 17.93.
p = 0.0123) were statistically different between the studied seasons (p < 0.05). In 2014–2015,
the average concentration of TP in the inflow waters was 0.132 mg L−1 and it was signifi-
cantly higher than in 2018–2019 (0.089 mg L−1). The same trend was noted in each chamber.
The highest average concentration of TP was found in chamber C-1 (0.141 mg L−1) and
the lowest in chamber C-3 (0.106 mg L−1) in 2014–2015. Meanwhile, in 2018–2019, the
average concentration of TP decreased to 0.074 mg L−1 in chambers C-1 and C-2 and
to 0.076 mg L−1 in chamber C-3. In 2014–2015, the average concentration of sulfate ions
in the inflow waters was 169.8 mg L−1 and was significantly lower than in 2018–2019
(256.7 mg L−1). A similar upward trend was recorded in each chamber of the Kamień
sedimentation pond. In 2014–2015, the highest average concentration of SO4 was found
in chamber C-1 (157.0 mg L−1) and the lowest in chamber C-3 (141.3 mg L−1). In the
second period, the average concentration of sulfate ions in these chambers was statistically
higher and amounted to 238.8 mg L−1 and 236.2 mg L−1, respectively. In 2018–2019, a
significant increase in the calcium ion concentration was also recorded. This phenomenon
was the most dynamic in chamber C-1, where average values ranged from 107.3 mg L−1

(in 2014–2015) to 153.9 mg L−1 (in 2018–2019). The results indicated an increase in the
hardness and salinity of all sedimentation ponds, combined with a decrease in total phos-
phorus caused by a change in the organic phosphorus fraction. Other indicators, including
temperature, SDD, turbidity, TSS, phosphates, total nitrogen, nitrates, ammonium nitrogen,
chloride ions, and magnesium ions, despite the variability in the recorded concentrations,
in the absence of statistically significant differences, should be considered stable (Table S1).

Table 1. Variability in physicochemical parameters of water in the Kamień sedimentation pond
(inflow and chambers: C-1, C-2, C-3) during the growing seasons in 2014–2015 and 2018–2019
(mean, ±SD).

Parameter
2014–2015 2018–2019

Inflow C-1 C-2 C-3 Inflow C-1 C-2 C-3
1 DO

(mg L−1)
7.78 A

±0.51
8.91 AB

±0.52
8.59 AB

±0.49
8.34 AB

±1.05
8.36 AB

±1.09
9.50 B

±1.30
9.51 B

±1.17
9.45 AB

±1.38

2 pH 7.51 A

±0.16
7.57 AB

±0.13
7.54 AB

±0.14
7.58 AB

±0.17
7.61 AB

±0.11
7.78 B

±0.12
7.79 B

±0.13
7.79 B

±0.09
3 TDS

(mg L−1)
664.2 AB

±7.9
659.5 AB

±11.7
659.1 AB

±3.7
655.6 A

±9.1
707.5 AB

±58.4
702.3 AB

±40.1
719.1 B

±45.2
710.0 AB

±47.2
4 ISS

(mg L−1)
9.1 A

±4.5
10.6 A

±5.0
11.2 A

±3.9
6.4 AB

±4.2
6.0 AB

±3.6
4.2 AB

±2.9
4.5 AB

±2.6
3.7 B

±2.1
5 TOC

(mg L−1)
2.02 AB

±0.70
3.35 B

±1.33
2.52 AB

±0.59
2.57 AB

±0.49
1.65 A

±0.54
3.10 B

±0.63
2.58 AB

±0.62
2.81 B

±0.67
6 Chl a

(µg L−1)
2.20 AB

±2.31
6.10 A

±4.37
4.93 AB

±2.56
3.22 AB

±2.26
1.47 B

±1.13
4.65 AB

±3.91
2.49 AB

±1.86
3.67 AB

±2.20
7 TP

(mg L−1)
0.132 A

±0.039
0.141 A

±0.049
0.123 A

±0.029
0.106 A

±0.046
0.089 B

±0.026
0.074 B

±0.040
0.074 B

±0.026
0.076 B

±0.032
8 HCO3

−

(mg L−1)
239.6 AB

±12.5
216.0 A

±15.2
231.4 AB

±14.7
228.0 AB

±18.5
247.9 B

±33.2
213.5 AB

±34.9
228.1 AB

±36.4
200.5 AB

±46.4
9 SO4

−

(mg L−1)
169.8 A

±29.2
157.0 A

±44.9
153.9 A

±29.2
141.3 A

±28.7
256.7 B

±75.2
238.8 B

±58.5
235.9 B

±70.1
236.2 B

±63.3
10 Ca2+

(mg L−1)
123.0 AB

±17.2
107.3 A

±19.0
114.7 A

±21.0
112.9 A

±24.5
157.5 B

±55.1
153.9 B

±56.9
151.4 B

±54.0
137.6 B

±50.3

Note(s): Values with different superscripts (A, B) are significantly different among the years by nonparametric
Kruskal–Wallis test (ANOVA, N = 68. df = 7). p < 0.05; 1 H = 19.20. p = 0.0076; 2 H = 30.17. p = 0.0001; 3 H = 19.13.
p = 0.0078; 4 H = 27.39. p = 0.0003; 5 H = 25.45. p = 0.0006; 6 H = 15.33. p = 0.0320; 7 H = 20.67. p = 0.0043;
8 H = 17.61. p = 0.0138; 9 H = 19.53. p = 0.0067; 10 H = 17.93. p = 0.0123.
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The trace element concentrations in the Kamień sedimentation pond were character-
ized by moderate and nonsignificant variability (Table S2). The dominant component was
Si, and its average concentration was 15.49 mg L−1, followed by Fe with a concentration
ranging within 0.03–2.90 mg L−1, and Mn ranging within 0.05–1.85 mg L−1. Among the
elements decisive for the water quality classification, the highest average concentration
ranges were for Ba (109.25–113.94 µg L−1), Zn (20.30–32.80 µg L−1), Ti (10.76–12.48 µg L−1),
and Al (1.34–4.04 µg L−1), whereas the average concentrations of Ag, As, Cd, and Se did
not exceed 0.01 µg L−1. These results allowed us to classify the waters of the Kamień
sedimentation pond into the I-II quality class, thus confirming the absence of a toxic threat
to hydrobionts from trace elements.

3.2. Biotic Abundance-Based Indicators

Phytoplankton taxa belonged to eight phyla: Bacillariophyta, Charophyta (planktonic),
Chlorophyta, Miozoa, Euglenozoa, Cryptophyta, Ochrophyta, and Cyanobacteria. Phy-
toplankton density ranged within 3.1–60.7 × 105 ind. L−1, 5.8–33.6 × 105 ind. L−1, and
2.1–64.3 × 105 ind. L−1 in C-1, C-2, and C-3, respectively (Figure 2A). On average, up to
6.7 times lower density was recorded from 2014 to 2015 than between 2018 and 2019. Only
the phytoplankton density in chamber C-3 in 2014–2015 was statistically lower than in
chamber C-1 in 2018–2019 (Table 2).

Table 2. Biological parameters in the Kamień sedimentation pond (chambers: C-1, C-2, C-3) during
the growing seasons in 2014–2015 and 2018–2019.

Parameter
2014–2015 2018–2019

C-1 C-2 C-3 C-1 C-2 C-3

Phytoplankton

1 density
ind. x105 L−1

11.69 ABC

±12.49
7.61 ABC

±1.24
4.73 A

±1.54
26.63 B

±18.30
17.36 ABC

±10.74
31.54 BC

±22.30
2 biomass
mg L−1

4.61 A

±4.68
2.11 A

±0.72
1.19 A

±0.21
3.33 A

±3.62
4.20 A

±6.92
2.32 A

±2.64

Zooplankton

3 density
ind. L−1

567.38 A

±241.01
698.56 A

±275.80
737.13 A

±193.80
422.63 A

±227.17
483.69 A

±281.61
576.81 A

±208.23
4 biomass
mg L−1

0.28 A

±0.09
0.36 A

±0.24
0.43 A

±0.23
0.20 A

±0.09
0.28 A

±0.18
0.37 A

±0.28

Planktivorous fish

5 NPUE
ind. m−2

2.15 A

±0.33
10.6 BC

±1.12
3.16 ABC

±0.48
2.80 A

±0.27
13.78 BC

±2.02
6.74 BC

±0.59
6 WPUE
g m−2

9.78 A

±1.46
48.19 BC

±3.86
18.26 BC

±3.8
12.72 A

±1.28
68.05 BC

±7.55
43.86 BC

±5.13

Note(s): Values with the same superscripts (A, B, C) are not significantly different by the nonparametric Kruskal–
Wallis test (N = 48. df = 5. p < 0.05). 1 H = 19.12. p = 0.0018; 2 H = 5.88. p = 0.3180; 3 H = 7.72. p = 0.1724; 4 H = 6.73.
p = 0.2416; 5 H = 43.61. p = 0.0001; 6 H = 44.35. p = 0.0001.

The total density of zooplankton ranged generally from ca. 100 ind. L−1 to 1100 ind. L−1

(Figure 2B). On average, the values of density increased from 495 ind. L−1 and 591 ind. L−1

to 657 ind. L−1 in C-1, C-2, and C-3, respectively. However, the higher values were usually
noted in the first period of the study (2014–2015).

Regarding the planktivorous fish, the average density expressed as NPUE amounted to
2.5 ind. m−2, 12.2 ind. m−2, and 5.0 ind. m−2 in C-1, C-2, and C-3, respectively (Figure 2C).
Higher values were recorded from 2018 to 2019 than in 2014–2015 (the Mann–Whitney U
test, p = 0.001–0.005). However, in both periods, the fish density in chamber C-1 was the
lowest and was statistically different from chamber C-2. In 2018–2019, such differences
concerned also the fish density in chamber C-3 (Table 2).
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Figure 2. Total density of phytoplankton (A), zooplankton (B), and planktivorous fish (C) in three
chambers (C-1, C-2, C-3) of the Kamień sedimentation pond during the study periods of 2014–2015
and 2018–2019 (mean ± standard error, min–max).

The dominant structure of phytoplankton differed in both the temporal and spatial
scales. Based on average values, Cryptophyta had the highest density in 2014, 2018, and
2019 in the selected chambers (Table S3). The most abundant were nanoplanktonic Pla-
gioselmis nannoplanctica (H. Skuja) G. Novarino, I. A. N. Lucas & S. Morrall, and Cryptomonas
erosa Ehrenberg. Next, Euglenozoa, including especially Lepocinclis spirogyroides B. Marin &
Melkonian, Strombomonas gibberosa (Playfair) Deflandre, Phacus limnophilus (Lemmermann)
E. W. Linton & Karnkowska, Phacus longicauda (Ehrenberg) Dujardin, and Phacus tortus
(Lemmermann) Skvortsov, dominated or co-dominated the phytoplankton in 2014 and
2015. A high contribution to the total density was noted also for chrysophytes from the
genera Chromulina and Dinobryon (dominant in 2018 in C-2 and C-3), large-sized diatoms
(2015), and small-sized chlorophytes (2014–2015, and 2019). Among diatoms, these were
dominated primarily by Ulnaria acus (Kützing) Aboal, Cymatopleura elliptica (Brébisson) W.
Smith, Iconella splendida (Ehrenberg) Ruck & Nakov, and Nitzschia sigmoidea (Nitzsch) W.
Smith, which enhanced the total biomass.

Rotifers always prevailed over crustaceans in the zooplankton community (Table S3).
The rotifer shares in the total density ranged between 65 and 84% in 2014–2015 and 78
and 92% in 2018–2019, on average, especially due to taxa of the genera Ascomorpha and
Polyarthra. The planktivorous fish community constituted ruffle (Gymnocephalus cernua
(L.)), bream (Abramis brama (L.)), perch (Perca fluviatilis L.), roach (Rutilus rutilus (L.)), and
bleak (Alburnus alburnus (L.)). Roach exclusively dominated in chamber C-2 (72–84%, on
average), whereas, in chamber C-3, its share ranged from 31 to 57%, on average. Chamber
C-1 was characterized by relatively stable and similar shares of all fish species in the total
density. However, a preference for a visibly higher share was seen in the case of roach,
especially in 2018–2019.
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3.3. Biotic Biomass-Based Indicators

Generally, the average total biomass of phytoplankton in the three chambers ranged
between 1.1 and 7.2 mg L−1 and 0.7 and 10.0 mg L−1 in 2014–2015 and 2018–2019, re-
spectively (Figure 3A). However, the differences in the total biomass were not statistically
significant in a temporal scale. The only exceptions concerned the significantly different
biomasses of Miozoa and Ochrophyta in both periods. The decreasing trend of the total
biomass in chambers was as follows: C-1 > C-2 > C-3.
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Figure 3. Total biomass of phytoplankton (A), zooplankton (B), and planktivorous fish (C) in three
chambers (C-1, C-2, C-3) of the Kamień sedimentation pond during the study periods of 2014–2015
and 2018–2019 (mean ± standard error, min–max).

In contrast, a slight increase in zooplankton biomass was noted in the chambers
as follows: C-1 < C-2 < C-3. Only a slightly higher average zooplankton biomass was
noted in the period of 2014–2015 (0.23–0.51 mg L−1) than in 2018–2019 (0.14–0.49 mg L−1)
(Figure 3B).

The lowest average biomass of planktivorous fish (expressed as WPUE) was usually
noted in chamber C-1 (8.90–13.20 g m−2), followed by chamber C-3 (15.02–45.30 g m−2),
whereas the highest average biomass in chamber C-2 (45.10–74.3 g m−2) showed trends
as follows: C-1 < C-3 < C-2 (Figure 3C). Comparing both study periods and each chamber
separately, a higher biomass was always recorded in 2018–2019 than in 2014–2015 (the
Mann–Whitney U test, p = 0.001–0.004). A significantly different fish biomass was found in
chamber C-2 compared to chamber C-1, but not in chamber C-3 (Table 2).

3.4. Biodiversity and Ecological–Trophic Relations

The total phytoplankton species richness of 150 taxa at the level of species, variety, and
form was recorded for all chambers, including 107, 118, and 98 taxa in C-1, C-2, and C-3,
respectively. Regarding the phytoplankton diversity, the values of the Shannon–Weaver
index (S-WI) ranged from 1.6 to 2.6, on average (Figure 4A), and slightly differed spatially
(chambers) and temporally (years of study). The evenness ranged, then, from 0.476 to
0.802. The highest biodiversity was recorded in C-3 in 2014, whereas the lowest was found
in 2018.

For zooplankton, the total species richness was estimated at 42 for all chambers. The
values of S-WI ranged from 1.6 to 2.4, with a minimum in chamber C-2 in 2019 and a
maximum in chamber C-2 in 2015 (Figure 4B). Furthermore, the evenness was in the range
of 0.638–0.825.
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Figure 4. Biodiversity of phytoplankton (A) and zooplankton (B) in three chambers (C-1, C-2, C-3) of
the Kamień sedimentation pond; S-WI—Shannon–Weaver index (mean values).

The trophic conditions were analyzed based on the average TLI values obtained
from partial indices TLI-TP, TLI-TN, TLI-SDD, and TLI-Chl. The highest values of TLI
were recorded in chamber C-1 (4.5–5.3), followed by chamber C-2 (4.4–5.2) and chamber
C-3 (4.3–5.1), indicating a general eutrophic level with some exceptions in 2014 and 2018
(Table 3). Higher variability was recorded within partial indices. The highest values were
seen for TLI-TP, especially in 2014 (6.6–6.8), and the lowest for TLI-Chl, especially in 2019
(3.1–3.5). The general relations between partial indices were as follows: TLI-TP > TLI-SDD >
TLI-TN > TLI-Chl (6.0, 5.5, 4.0, 3.7 on average, respectively).

Similar to the trophic conditions, the values of the final multimetric PMPL were
characterized by relatively low variation, i.e., from 0.03 to 1.32, indicating the first and the
second class, i.e., maximum or good ecological potential (Table 4). The values of partial
metrics changed within wider ranges, especially MTB (0.02–2.84), whereas MCB was stable
(0.10). Generally, the best water quality class (maximum ecological potential) was recorded
in 2014 and 2019 and the worst water quality in 2018 (good potential in chambers C-1
and C-2).
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Table 3. The mean values of trophic level indices (TLI) for TP, TN, SDD, and Chl in three chambers
(C-1, C-2, C-3) of the Kamień sedimentation pond during the growing seasons in 2014–2015 and
2018–2019.

Year Chamber
Trophic Level Index

TLI-TP TLI-TN TLI-SDD TLI-Chl TLI

2014
C-1 6.8 4.4 5.6 4.2 5.3
C-2 6.7 4.0 5.8 4.4 5.2
C-3 6.6 3.9 5.5 3.2 4.8

2015
C-1 6.1 4.2 5.8 3.6 4.9
C-2 6.1 4.0 5.9 3.4 4.9
C-3 5.8 3.3 5.6 3.1 4.5

2018
C-1 5.9 4.3 5.7 4.6 5.1
C-2 5.8 3.8 5.5 3.3 4.6
C-3 5.9 4.6 5.6 4.1 5.1

2019
C-1 5.6 3.7 5.0 3.5 4.5
C-2 5.5 3.8 5.0 3.1 4.4
C-3 5.4 3.6 5.0 3.3 4.3

Table 4. The values of partial metrics (MTB, MCB, MC), final multi-metric (PMPL) expressed as EQR,
and ecological classification in three chambers of the Kamień sedimentation pond (C-1, C-2, C-3)
during the growing seasons in 2014–2015 and 2018–2019.

Year Chamber MTB 1 MCB 2 MC 3 PMPL 4
Ecological Classification

Class Potential

2014
C-1 1.13 0.10 0.43 0.65 I maximum
C-2 0.93 0.10 0.58 0.62 I maximum
C-3 0.50 0.10 0.00 0.22 I maximum

2015
C-1 2.49 0.10 0.00 1.02 II good
C-2 1.38 0.10 0.00 0.57 I maximum
C-3 0.62 0.10 0.00 0.27 I maximum

2018
C-1 2.45 0.10 0.81 1.32 II good
C-2 2.84 0.10 0.00 1.16 II good
C-3 2.05 0.10 0.35 0.98 I maximum

2019
C-1 0.53 0.10 0.00 0.23 I maximum
C-2 0.02 0.10 0.00 0.03 I maximum
C-3 0.19 0.10 0.00 0.10 I maximum

Note(s): 1 MTB—metric “Total Biomass”; 2 MCB—metric “Cyanobacteria Biomass”; 3 MC—metric “Chlorophyll
a”; 4 PMPL—Phytoplankton Metric for Polish Lakes.

The zooplankton and phytoplankton dependence expressed as trophic efficiency
ranged from 0.02 to 0.46 in all chambers (Figure 5). However, the differences in TE values
between chambers were as follows: C-1 < C-2 < C-3, with the average values of 0.11, 0.16,
and 0.27 indicating classes I and II. An exception was noted in 2019, when the TE values
were very similar in all chambers. This phenomenon suggests that the ecological conditions
were intermediate in 2019. Similar trends were also found for the phytoplankton and
zooplankton density and ecological and trophic conditions as well.
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3.5. Biotic–Abiotic Relationship

Generally, the biotic–abiotic relationships were tested with Spearman’s correlations
(Table 5). These results confirmed the strong relations between the total phytoplankton
biomass and most of the analyzed parameters. A negative correlation was found with
SDD (correlation coefficients R = −0.575). In other cases, there were positive correla-
tions, i.e., between TB_Phyto and TSS, turbidity and color (R ranges 0.520–0.594), TP and
Porg (R = 0.452 and R = 0.447, respectively), and nitrogen compounds (TN − R = 0.483,
NH4

3− − R = 0.507, NO3
– − R = 0.624). Similarly, positive relations were observed for the

phytoplankton density and pH (R = 0.706), TSS (R = 0.467), and turbidity (R = 0.417). Fish
biomass (WPUE) and density (NPUE) were negatively correlated with TOC (R = −0.496
and −0.504, respectively).

Table 5. The Spearman’s correlation coefficients for biotic and abiotic relationships.

Parameter TB_Phyto TD_Phyto TB_Zoo TD_Zoo TB_Fish TD_Fish

SDD −0.575 n.s. n.s. n.s. n.s. n.s.
TSS 0.520 0.467 n.s. n.s. n.s. n.s.

Turbidity 0.594 0.417 n.s. n.s. n.s. n.s.
Color 0.592 n.s. n.s. n.s. n.s. n.s.

pH n.s. 0.706 n.s. n.s. n.s. n.s.
TP 0.452 n.s. n.s. n.s. n.s. n.s.

Porg 0.447 n.s. n.s. n.s. n.s. n.s.
TN 0.483 n.s. n.s. n.s. n.s. n.s.

NH4
3− 0.507 n.s. n.s. n.s. n.s. n.s.

NO3
− 0.624 n.s. n.s. n.s. n.s. n.s.

TOC n.s. n.s. n.s. n.s. −0.496 −0.504
Fe 0.552 n.s. n.s. n.s. n.s. n.s.

Note(s): n.s.—not significant; TB-Phyto—total phytoplankton biomass, TB_Zoo—total zooplankton biomass,
TB_fish—fish biomass, TD_Phyto—total phytoplankton density, TD_Zoo—total zooplankton density, TD_fish—
fish density, SDD—Secchi disk depth, TSS—total suspended solids, TP—total phosphorus, Porg—organic phos-
phorus, TN—total nitrogen, NH4

3−—ammonium nitrogen, NO3
−—nitrate nitrogen, TOC—total organic carbon,

Fe—iron.

Finally, all multivariate data sets, including key abiotic and biotic factors, and ecologi-
cal versus trophic interactions in two biennial periods were checked in a reduced ordination
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space with NMDS. The NMDS analysis, based on physicochemical parameters with a stress
value of 0.00040735, allowed us to distinguish two separate groups of samples (Figure 6).
The first group comprised samples taken in 2014–2015 from chambers C-1 and C-2, with
higher values of the following variables: TOC, Turb, Chl-a, and TP. The second group,
with samples taken in 2018–2019 from chambers C-2 and C-3, was separated due to higher
values of pH, SDD, Temp, Fe, O2, TSS, and TN. The samples from chambers C-3 (2014–2015)
and C-1 (2018–2019) were different from the others, showing lower values mainly of TN,
TSS, O2, and Fe.
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Figure 6. The NMDS triplot based on the physicochemical parameters pH, SDD—Secchi disk
depth, Temp—temperature, Fe—iron, O2—dissolved oxygen, TSS—total suspended solids, TN—total
nitrogen—TN, TOC—total organic carbon, Turb—turbidity, Chl-a—chlorophyll a, TP—total phospho-
rus. Chambers C-1, C-2, C-3, studied in 2014–2015 (green) and 2018–2019 (violet).

An NMDS analysis based on biological parameters with the stress value of 0.00018004
was able to separate samples taken in 2018–2019 from chambers C-1 and C-3, mostly due
to phytoplankton density, and samples from chamber C-2 due to phytoplankton biomass
(Figure 7). The zooplankton density and biomass impacted the separation of the samples
from chamber C-3 taken in 2014–2015. The samples from chambers C-1 (2014–2015) and
C-2 (2014–2015) were different from the others.

The NMDS analysis based on ecological and trophic indices with the stress value
of 0.00028063 also confirmed the above-mentioned differences and showed the general
separation of samples taken in 2014–2015 from those taken in 2018–2019 (Figure 8). The
TLI and some partial TLI indices impacted the separation of samples from chambers C-1
(2014–2015) and C-2 (2014–2015), other TLI indices and PMPL and partial metrices were
mostly connected with chamber C-1 (2018–2019), and TE determined the distinction of
samples from chamber C-3 (2014–2015).
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4. Discussion

The studied water body (the Kamień sedimentation pond) was supplied with water
from an opencast mine characterized by a relatively pristine catchment area. The water
chemistry and the dynamics of changes in chemical composition were consistent with
the hydrogeochemical background [17,18]. This confirmed that the impact of the catch-
ment area on this pond was not significant. The geochemistry of the rocks in the area
of the drained open-pit mine indicates their bicarbonate concentration and organogenic
structure [39]. Therefore, the sediment ponds are supplied with weakly alkaline calcium
bicarbonate water. The relatively high concentrations of calcium and bicarbonate are ben-
eficial because they stabilize the alkaline water. Phosphate’s affinity for calcium, iron,
and manganese ions under stable aerobic conditions and in alkaline water limits primary
production. Such relations and increases in the concentrations of calcium and sulfate ions
were noted by identifying the hydrochemical properties of the mine water [7,8]. The devel-
opment of plankton may be limited by the large amount of suspended solids, including
mechanical aspects of creating aggregates and causing its sinking, as well as limiting access
to light [40,41]. Similar observations were demonstrated in studies of other reservoirs
supplied with mine water [8]. Furthermore, the flocculation process involving both the phy-
toplankton and zooplankton is one of the key factors in suspension sedimentation [42,43].

The current study assessed the phytoplankton and zooplankton assemblages under
planktivorous fish pressure, as well as specific environmental conditions. Generally, phyto-
plankton growth was much higher than zooplankton growth, which was confirmed by the
biomass-based trophic efficiency at a low level [38]. However, relatively high biodiversity
for both planktonic organisms was recorded and confirmed by the species richness (150
and 42 for phytoplankton and zooplankton, respectively), Shannon–Weaver index (up to
2.6 and 2.4, respectively), and evenness (up to 0.802 and 0.825, respectively), similarly to
the biodiversity noted in small and shallow lakes [38]. Phytoplankton were dominated by
cryptophytes of the genus Cryptomonas, which are considered to be either phototrophic
or mixotrophic and represent codon Y, referring to a wide range of habitats and reflecting
their ability to live in almost all lentic ecosystems when the grazing pressure is low [44].
However, the second most dominant group was euglenoids belonging to codon W1, which
is typical of ponds, even temporary, rich in organic matter from husbandry or sewages,
suggesting a more fertile environment. These two groups were not recorded as dominant
groups in the other ponds fed with water of the same origin, and, on the contrary, phy-
toplankton were dominated primarily by diatoms [7,8]. Large-sized diatoms, which are
important for the flocculation process of mineral particles in sedimentation ponds [45],
dominated only in 2015 (Kamień sedimentation pond).

The trophic levels were similar in all chambers, indicating eutrophy in general (TLI
ranging within 4–5 according to Burns et al. [37]), although they tended to slightly decrease
in the order C-1 > C-2 > C-3, with higher values in 2014–2015 than in 2018–2019. A
similar trend was noted for the phytoplankton biomass, in contrast to the zooplankton
biomass. This is in line with the bottom-up (food availability) and top-down (zooplankton
grazing) controls of primary production [46]. The trend in the planktivorous fish biomass
was different from the abovementioned one. The top-down and bottom-up effects on
plankton–fish dynamics were discussed by Pal and Chatterjee [47,48], who confirmed
that fish predation determines the abundance of herbivorous zooplankton, which, in
turn, regulates phytoplankton biomass. However, it is also dependent on the growing
season, especially due to the widely varied predatory zooplankton pressure on herbivorous
zooplankton [49]. Thus, any changes in the abundance of planktivorous fish can directly
affect both phytoplankton and zooplankton, but the role of omnivorous or predatory fish is
also known. At high fish densities, the zooplankton biomass is controlled by fish predation,
and the phytoplankton biomass is limited by light or nutrients [47]. In contrast, at low fish
densities, zooplankton growth is limited by food resources, and phytoplankton growth
is controlled by zooplankton grazing. Generally, planktivorous fish can be identified as
an important factor in maintaining at least a good ecological status in aquatic ecosystems.
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The positive correlations between phytoplankton and TSS, turbidity, and color compounds
indicated its influence on the water quality, connected with the shading conditions in water,
and such relationships were opposite to those described for other mine waters [7,8]. Such
close relations were not observed either for zooplankton or planktivorous fish, and their
role in the flocculation process is not well known yet.

Eutrophication is directly related to an increase in the amount of organic carbon in
the aquatic ecosystem and, thus, contributes to the increased rate of deoxygenation in
water bodies [12]. Such a process is usually accompanied by relatively high biomasses of
phytoplankton and zooplanktivorous fish. In the case of sedimentation ponds, the fish
biomass was relatively low, and therefore its impact on zooplankton resources was not
significant. However, results from some long-term biomanipulation experiments show that
a moderate level of planktivorous fish biomass can optimize and stabilize the water quality
indices by suppressing invertebrate predation while maintaining an effective biomass
of cladocerans [50]. A prey selection strategy to secure the nutritional needs of juvenile
fish has been identified by Reissig et al. [51]. It was confirmed that fish are effective
nutrient transporters in the lake and can potentially influence primary production [52].
Furthermore, the direct nutrient transport by animals can be significant when their biomass
is high enough [53]. In shallow water habitats, where phytoplankton and submerged plants
coexist, the constraints on primary production through the C-N-P relationship and the
mechanisms that promote organic carbon formation are poorly understood. At the same
time, phytoplankton and submerged plants have been found to contribute similar amounts
of TOC to water [54]. If fish accumulate nutrients from zooplankton in their bodies, they
may be treated as nitrogen, phosphorus, and carbon sinks in the water column zone [55].
According to Kazama et al. [56], the herbivores to primary producers’ biomass relations
reflect the structure of the aquatic community. Furthermore, multiple factors affect these
relations, especially the production rate, defense traits, nutrients, and predation.

The PMPL-based assessment indicated the maximum or good ecological potential
of the sedimentation pond, i.e., it met the WFD’s required goal to achieve at least good
potential of the water body [4]. An analogous situation was confirmed for the trace ele-
ments, which are decisive for water quality classification (class I–II, at least good ecological
potential). The statistically significant differences in fish density and fish biomass in each
chamber between the two biennial periods (2014–2015 and 2018–2019) did not result in any
significant variation in zooplankton density or biomass. Ichthyobiotic indices of planktivo-
rous fish showed some variability and maintained relative proportions between chambers
in the order C-1 < C-3 < C-2, which also did not correspond with zooplankton.

The sedimentation ponds with recreational and angling functions, including also the
Kamień sedimentation pond, are periodically stocked mainly with older non-predatory
fish, e.g., carp, tench, and ide, which do not feed on zooplankton [57]. Stocking with
predatory fish (mainly pike and pikeperch) was similarly low in each chamber, and also
it did not include planktivorous species, which could be caught by anglers. It should be
assumed that the planktivorous fish density and biomass are mostly dependent on the
effectiveness of natural spawning and food conditions and, furthermore, are subjected to
changes as a result of different intensities of predation pressure, the efficiency of natural
reproduction, and economic procedures (exploitation and stocking). The mechanisms of
the direct and indirect effects of these factors have been investigated with biomanipulation
treatments [58]. Potentially greater pressure of predatory fish on zooplanktivorous species
may have occurred in chamber C-1, which is an angler-operated chamber following the
“Catch and Release” model [57]. Furthermore, it was found that in chambers C-2 and C-3,
the planktivorous fish assemblages were dominated by roach, the most common species
in European waters. According to Maszczyk et al. [59], roach eat less while feeding in
a group, both due to food-grabbing tactics and non-aggressive competition for a space.
Nevertheless, it should be considered that ichthyobiotic indicators potentially shaped the
ecological and trophic conditions of the studied sediment ponds to the least extent.
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Despite some spatial and temporal variations in phytoplankton, zooplankton, and
planktivorous fish among all chambers of the Kamień sedimentation pond, it was also
possible to note that the last year of study (2019) suggested the stabilized conditions of
such ecosystems with relatively high biodiversity, a lower eutrophic level, and maximum
ecological potential. A similar phenomenon was verified for the other pond supplied
with mine water, where the final water stabilization resulted in the abundant growth of
charophyte Nitella mucronate and at least good ecological potential [8].

5. Conclusions

On a temporal scale, some significant variations in abiotic and biotic factors were
recorded, especially for pH, DO, PO4

3−, TP, NH4
+, NO3

−, and TDS, and for fish density and
biomass and phytoplankton density. The assessment of the trophic conditions confirmed the
eutrophic level in all chambers, whereas the water quality assessment indicated maximum
or good ecological potential, i.e., meeting the WFD’s required goal to achieve at least good
water status or potential. The analyses of biological factors proved that phytoplankton
were quite abundant, whereas zooplankton and planktivorous fish were limited. Thus,
the mechanisms of the top-down and bottom-up effects were revealed in all chambers.
Spatial differentiations were not so obvious. However, the most sustainable conditions of
such ecosystems concerning relatively high biodiversity, phytoplankton, and zooplankton
abundances, biomass-based trophic efficiency, and ecological and trophic conditions were
found especially in 2019. The present studies indicated that the biomass and density of
planktivorous fish in the sedimentation pond were negatively correlated with the TOC
concentration because TOC may not be an adequate indicator to interpret the ecological
conditions of sedimentation ponds.

The current studies confirmed that phenomena characteristic of natural shallow wa-
ter bodies occur in artificial reservoirs fed with water from mine drainage and serve as
sedimentation ponds. Furthermore, there is the possibility to stabilize the favorable eco-
logical conditions, which, in turn, are necessary to obtain and maintain the full usable
functionality of sedimentation ponds and waters from the surface drainage system of an
opencast mine. This all proves the importance of an understanding of ecosystem func-
tioning in newly created water bodies related to new knowledge on aquatic organisms,
biodiversity, and ecological–trophic relations. It is especially important in urbanized and
post-industrial areas for their rational management and optimal use with respect to their
ecological functioning and the fulfilment of social needs.
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//www.mdpi.com/article/10.3390/w15193328/s1, Table S1: Physicochemical parameters of water in
the Kamień sedimentation pond (inflow and chambers: C-1, C-2, C-3) during the growing seasons in
2014–2015 and 2018–2019 (mean, ±SD); Table S2: Average content of trace elements in the Kamień
sedimentation pond during the growing seasons in 2014–2015 and 2018–2019 with classification of
water quality [35]; Table S3: An average structure of phytoplankton, zooplankton, and planktivorous
fish (% of the total density) in three chambers (C-1, C-2, C-3) of the Kamień sedimentation pond
during the growing seasons in 2014–2015 and 2018–2019.
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