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Abstract Elevated salinity creates degrading condi-
tions for the development of aquatic biota in different
regions of the world. There is a need for research on
freshwater salinisation in order to understand how this
stressor alters ecosystem function and to predict changes
in biodiversity globally. Such data are missing from
Central Europe, and therefore, the presented study was
performed in inland anthropogenic ponds with different
salinity levels located in the second largest European
hard coal basin. The researcher indicated a positive
correlation between water salinity and the biomass and
density of macrozoobenthos as well as the percentage of
shredders and the abundance of alien species, whereas
there was a decrease in taxa diversity and richness and
the abundance of filtering and gathering collectors and
predators along with increasing salinity. The survey
showed that a high level of nutrients and organic matter
were also significantly correlatedwith the distribution of
the macroinvertebrate taxa and functional feeding
groups. The conducted research confirmed that mining
salinisation acts as a strong filter that shapes the biodi-
versity because it affects the composition, abundance,
biomass and functional traits of benthic macroinverte-
brates and significantly contributes to the invasion of
alien species.

Keywords Salt pollution . Benthic invertebrates . Coal
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1 Introduction

Anthropogenic salinisation of inland waters is caused by
many human activities on every inhabited continent and
will expand globally as a consequence of global climate
change (Williams 2001; Kefford et al. 2003; Vineis et al.
2011; Cañedo-Argüelles et al. 2013; Kefford et al. 2016;
Olson 2019). This phenomenon is especially common in
industrial and urban regions and areas that are connected
with mining activity (Rzętała 2008; Machowski 2010;
Molenda 2011; Cañedo-Argüelles et al. 2013). The hard
coal mining process is inseparably connected with the
production of huge amounts of saline underground water
that contains high loads of TDS, sulphates and hardness
and inflow into the surface and ground waters and con-
taminate them. The types of foundation and the extraction
depth as well as radioactive contamination by radium and
uranium also have an impact on water mineralisation
(Tiwary 2001; Smoliński 2006). Thus, the problem of
salinisation in such areas is particularly significant in the
case of the water bodies that have been involved in the
process of coal mining or that are located in regions where
there was and/or is mining activity (Jankowski and Rzętała
1999; Harat and Grmela 2008).

Previous studies have indicated that secondary
salinisation is a major factor that is responsible for
biological changes in aquatic ecosystems—the large
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amounts of ions in the water create adverse conditions for
the development of freshwater biota (e.g. Williams et al.
1990; Smoliński 2006; Bäthe and Coring 2011;
Braukmann and Böhme 2011; Scheibler and Ciocco
2011; Kang and King 2012; Arle and Wagner 2013; Bąk
et al. 2020). The disappearance of aquatic plants in areas
that are undergoing salinisation is one of the first visible
effects (Williams 2001; Halabowski and Lewin 2020).
Exposure to saline conditions may reduce the germination
of macrophytes, the diapausing eggs of zooplankton, res-
piration rates, growth of algae, growth and food intake of
amphibians and fishes, while it may promote the growth of
bacteria and invasions of alien species (e.g. Nielsen et al.
2003; Bœuf and Payan 2001; Bailey et al. 2004; Piscart
et al. 2011; Braukmann and Böhme 2011; Chambers
2011; Cañedo-Argüelles et al. 2013).

Macroinvertebrates are the main components of
freshwater habitats and their abundance, biomass, life
cycles, growth, development, feeding structure and di-
versity depends primarily on their salinity tolerance
(Williams and Williams 1998; Kennedy et al. 2004;
Piscart et al. 2006; Carver et al. 2009). To date, the
impact of salinisation on benthic fauna has chiefly been
studied only in running waters (e.g. Piscart et al. 2005a,
b; Velasco et al. 2006; Kefford et al. 2011; Piscart et al.
2011; Schäfer et al. 2011; Cañedo-Argüelles et al. 2014,
2015; Golovatyuk and Shitikov 2016; Gutiérrez-
Cánovas et al. 2019a; Laceby et al. 2019; Halabowski
et al. 2020). Data on salinisation in anthropogenic water
bodies is relatively rare (Williams 2001; Blasius and
Merritt 2002). Moreover, such studies in saline inland
settling ponds have never been undertaken. Previous
research that focused on the impact of mining activity
as a source of secondary salinisation was conducted in
Spain (e.g. Ladrera et al. 2016), Australia (e.g. Pinder
et al. 2005; Sauer et al. 2016), Germany (e.g. Bäthe and
Coring 2011; Braukmann and Böhme 2011; Petruck
and Stöffler 2011; Schröder et al. 2015), Finland (e.g.
Leppänen et al. 2019), China (e.g. Zhao et al. 2018),
Canada (e.g. Luek and Rasmussen 2017) and the USA
(e.g. Kennedy et al. 2004; Pond et al. 2008; Echols et al.
2009; Pond 2010; Palmer et al. 2010); however, they
mainly concerned on rivers. Similar data are missing for
Central Europe; thus, further research is needed in other
regions in order to confirm the results that have obtained
from previous studies on running waters as well as on
small gradient of salinity and to produce robust conclu-
sions that integrate the data about the problem of an-
thropogenic salinisation from all of the regions of the

world, which would lead to a better understanding of
how salinity alters ecosystem function and to predict
changes in biodiversity globally.

Therefore, the main goals of presented research were
to answer the following questions:

1. How water salinity affects the distribution and tro-
phic structure of themacroinvertebrate communities
in the ponds located in the hard coal mining region
of Poland (Central Europe)?

2. Whether the zoobenthos abundance, biomass and
diversity will decline along with a large salinity
gradient?

3. Does mining salinity promote the invasion of alien
species in anthropogenic water bodies (including
settling ponds) as it does in running waters?

4. Do other environmental factors (such as the
physico-chemical variables of water, pond size
and the content of organic matter in bottom sedi-
ments) have a significant impact on the structure
and functioning of bottom fauna in ponds with
different degrees of salinity?

2 Materials and Methods

2.1 Study Area and Sampling Procedure

In Poland, a major cause of the secondary salinisation of
surface waters results from coal mining activity, and there-
fore, the presented research was performed in Southern
Poland in an area of the Upper Silesian Coal Basin
(Fig. 1), which is the second largest European hard coal
basin (Smoliński 2006). The entire area is situated in a
highly industrialised and urbanised area—68% of the coal
mines and 58% of the iron plants in Poland are located here
(Strzelec et al. 2006; Jaruchiewicz 2014). Moreover, there
are no natural reservoirs such as lakes in this region,whereas
it has more than 4770 anthropogenic water bodies (such as
subsidence ponds, settling ponds, fish ponds, sand pits and
gravel pits) and almost all of them are strongly affected by
underground hard coal mining (Rzętała and Jaguś 2012).

We chose nine human-made ponds for the study, and
we divided them into three groups with different salinity
levels: freshwater (EC up to 1000 μS cm−1), brackish
(EC 1000–5500 μS cm−1) and saline (EC of
5500 μS cm−1); we used electrical conductivity to mea-
sure the water salinity in the investigated water bodies.
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All of the ponds were created in the 1970s, and their
sizes ranged from 0.2 and 26 ha surface area. The
freshwater and brackish water bodies are mining subsi-
dence ponds, while the saline water bodies are used to
constantly retain the underground water discharges from
the “Knurów-Szczygłowice” coal mine.

Our research was carried out in 2016–2017. Quanti-
tative samples of the benthic macroinvertebrates were
gathered from all nine ponds. Within each pond, we
developed two study sites along the shoreline (18 study
sites in total). The samples were collected by randomly
placing a quadrat frame (25 × 25 cm) on the bottom
sediments in three locations at each study site. The sites
were selected after a brief shoreline survey in order to
represent the dominant habitat types that were present in
each water body.Material was gathered from each study
site eight times during the study period; a total of 143
macroinvertebrate samples were collected (the lack of
one sample results from the drying out of the water at
one of the sampling sites). All of the material was
transported to the laboratory in plastic containers. In
the laboratory, the samples were sieved through a

0.23-mm sieve. All of the macroinvertebrates were
sorted out of the sediment under a stereoscopic micro-
scope, fixed in 80% ethyl alcohol, identified to the
lowest possible taxonomic level and then counted. The
wet weight of the collected specimens was weighed on
electronic scales with a resolution of 0.001 g. Macroin-
vertebrate density, family richness, Shannon-Wiener
index (H′), frequency and domination were calculated.
The functional feeding groups (FFGs) of the macroin-
vertebrates in relation to their trophic preferences are
given after Dodélec and Statzner (2008). Recordedmac-
rophytes at the each sampling site were also identified.

Prior to the biological sampling, the abiotic variables
of the studied ponds were measured on the same day as
the macroinvertebrate samples were collected. The tem-
perature, pH, conductivity and total dissolved solids
were measured in situ with a Hanna Instruments and
WTW meters. The content of chlorides, sulphates, po-
tassium, calcium, magnesium, nitrate nitrogen, nitrite
nitrogen, ammonium nitrogen and phosphates were es-
timated in the laboratory using Hanna Instruments and
Merck meters. A total of 72 water samples were

Fig. 1 Location of the studied anthropogenic ponds with different salinity levels
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sampled and analysed. The total content of organic
matter in the bottom sediments was determined using
the loss-on-ignition (LOI) method according to PN-88/
B04481 (Myślińska 2001).

2.2 Statistical Analysis

The response of the benthic macroinvertebrate commu-
nities to salinity was assessed using an indirect gradient
analysis with non-metric multidimensional scaling
NMDS on the log (x + 1)-transformed abundance data
and the Bray-Curtis distance measure. The analysis was
based on a dataset that comprised 43 taxa from 143
samples. Rare taxa (those that were found in fewer than
5% of the samples) were removed from the analysis.
The analysis was performed using the Canoco ver. 5.0
package. The stress value reflects how the ordination
summarized the distance between the samples. A stress
value of less than 0.05 indicates an excellent represen-
tation, a stress value of less than 0.1 indicates a good
representation, a stress value of less than 0.2 indicates an
acceptable representation and a stress value ofmore than
0.3 indicates an unsatisfactory representation (Clarke
and Warwick 2001). The spatial representation of the
samples along the ordination axes was assessed after
overlaying the conductivity values of each sample. To
examine the statistical significance between the groups
of samples with the different salinity levels (freshwater,
brackish and saline), an analysis of similarity
(ANOSIM) was performed using PAST ver. 3.25 soft-
ware (Hammer et al. 2001). The Global R statistic from
the ANOSIM ranges from 0 to + 1. A value of 0 indi-
cates no differences between the groups, while a value
of 1 indicates no similarities between the samples.

The differences in the macroinvertebrate descriptors
(the total biomass, the biomass without molluscs, the
density of the macroinvertebrate taxa, the diversity of
the communities based on the Shannon-Wiener index,
the number of taxa, the percentage of the benthic mac-
roinvertebrate functional feeding groups and the share
of alien species in the fauna) for the ponds with different
salinity levels were calculated by ranks using the
Kruskal-Wallis test because the data did not have a
normal distribution (using the Kolmogorov-Smirnov
test for normality). The Spearman rank correlations
were calculated in order to analyse any associations of
the macroinvertebrate indicators with the electrical con-
ductivity. All the analyses were performed using
Statistica (version 13.1).

A canonical correspondence analysis (CCA) using
the Canoco, ver. 5.0, software package (ter Braak and
Šmilauer 2012) was performed to explain any variance
in the distribution of the functional feeding groups and
the abundance of the macroinvertebrate taxa and to
indicate their relationships with the environmental var-
iables. The forward selection method was applied to the
environmental variables using the Monte Carlo permu-
tation test (499 runs) and Pearson product-moment cor-
relations were calculated among the selected environ-
mental variables in order to check for redundancy. TDS,
chlorides, sulphates, potassium, calcium and magne-
sium were excluded from the analysis because they
correlated with both conductivity and rare macroinver-
tebrate taxa (those that occurred in less than 5% sample)
and were removed to reduce the noise in a dataset
(Gauch 1982). The analyses were performed on log
(x + 1)-transformed biological and environmental data.

3 Results

3.1 Environmental Characteristics of the Ponds
with Different Levels of Salinity

The values of the analysed water variables of each type of
pond are presented in Table 1. The Kruskal-Wallis
ANOVA test revealed statistically significant differences
in the median value of conductivity (H = 63.13141, p <
0.0001) and the concentrations of TDS (H = 63.13141,
p < 0.0001), chlorides (H = 60.95674, p < 0.0001), potas-
sium (H = 37.00591, p < 0.0001), sulphates (H =
45.23897, p < 0.0001) as well as the content of organic
matter in the bottom sediments (H = 68.30246, p< 0.0001)
between all of the types of water bodies. The freshwater
and brackish ponds differed significantly in the median
value of pH (the Kruskal-Wallis ANOVA test H =
11.98829, p = 0.0025). The Kruskal-Wallis ANOVA test
showed significant differences in the median concentration
of ammonium nitrogen (H = 22.62095, p < 0.0001) be-
tween the brackish water bodies and other types of ponds
and in median concentrations of nitrite nitrogen (H =
24.35032, p < 0.0001) and calcium (H = 52.13484, p <
0.0001) between the saline water bodies and the other
types of ponds.

The highest mean content of organic matter in
the sediments was recorded in the saline ponds
(16.8%), while its concentration was the lowest
in the brackish ponds (7.1%).
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A total of 35 taxa of macrophytes, including 5 taxa of
macroalgae, were collected across the study sites. Spe-
cies richness was the highest at the sites from the fresh-
waters, while the lowest from the saline ponds (Table 2).

3.2 Composition of theMacroinvertebrate Communities
Along the Environmental Variables

The results of NMDS showed a split between the sam-
ples with different salinity levels. The samples with the
highest salinity are located on the right side of the
ordination plot and the samples from freshwater ponds
are located on the left site of the plot (Fig. 2). The stress
value was 0.16, which means that there was an accept-
able representation. The results of the ANOSIM indi-
cated statistically significant differences (R = 0.44,
p < 0.001) for the macroinvertebrates between the sam-
ples with different salinity levels.

A total of 102,128 benthic macroinvertebrates be-
longing to 67 families were collected during the entire
research period. The structure of the macroinvertebrate
communities in the ponds with different salinity levels
varied. The macrozoobenthos richness was the highest
in the brackish ponds, which had 59 taxa, and the lowest
in the most saline ponds, which had 30 macroinverte-
brate taxa (Table 3). The dominant groups of macroin-
vertebrates (> 5.1% of taxa share) that were recorded
were oligochaetes, crustaceans, mayflies, dipterans (chi-
ronomids larvae) and gastropods (Fig. 3).

The ponds with different salinity levels also varied in
the density and biomass of macroinvertebrates as well as
in their diversity based on the Shannon-Wiener index
and the number of taxa (Table 4). During the entire
study period, the lowest abundance of benthic macroin-
vertebrates and their biomass without molluscs were
noted in the freshwaters, 15,445 individuals and
28.826 g, and in the brackish ponds, 35,517 individuals
and 51.333 g; in the saline ponds, the highest abundance
and biomass were 51,166 individuals and 111.765 g,
respectively. The highest total biomass of the
macrozoobenthos in the brackish waters (Table 4) was
associated with the greatest share of molluscs in these
ponds (Table 3). There was a significant positive corre-
lation between the electrical conductivity and the total
biomass of macroinvertebrates, biomass without mol-
luscs and the density of the macroinvertebrate commu-
nities. However, the diversity of the macroinvertebrate
taxa had a significant negative correlation with the elec-
trical conductivity (Fig. 4).

A total of three alien gastropod species including one
invasive species (Potamopyrgus antipodarum Gray,
1853), two alien invasive crustacean species
(Gammarus tigrinus Sexton, 1935, Orconectes limosus
(Rafinesque, 1817)) and five alien oligochaete species
were recorded in the studied ponds; however, their
percentage share in the fauna varied (Table 5). The
highest share of alien species was recorded in the saline
ponds and the lowest in the freshwater ponds, but

Table 1 The physical and chemical variables of the water in the investigated types of ponds

Variable Freshwater ponds Brackish ponds Saline ponds

Range Mean ± SD Range Mean ± SD Range Mean ± SD

Temperature (°C) 7.9–27.1 18.97 ± 5.43 6.8–26.2 18.90 ± 5.87 10.7–25.6 20.4 ± 5.4

pH 6.4–9.6 7.6 ± 0.68 7.1–8.7 8.0 ± 0.42 7.1–8.5 7.7 ± 0.4

EC (μS cm−1) 220–910 569 ± 272 1130–5200 2197 ± 1117 7750–42,400 24,359 ± 11,308

TDS (mg dm−3) 100–450 275 ± 136 560–2590 1092 ± 562 2800–21,100 12,139 ± 5664

Cl− (mg dm−3) 8–167 54 ± 46 111–1090 368 ± 292 920–19,000 7292 ± 4999

SO4
2− (mg dm−3) 23–147 70 ± 34 132–720 386 ± 155 750–3600 1584 ± 1104

K+ (mg dm−3) 1.0–10.0 4.9 ± 3.3 4.0–48.0 10.0 ± 9.7 30–92 52 ± 18

Ca2+ (mg dm−3) 10–124 60 ± 37 64–135 98 ± 17 200–995 285 ± 199

Mg2+ (mg dm−3) 1.2–28 11.1 ± 7.1 0.7–51 22.4 ± 11.2 180–340 54 ± 103

N −NO3
− (mg dm−3) 0–13.6 3.08 ± 3.28 0–8.0 1.49 ± 1.76 0.06–10.5 2.16 ± 2.45

N −NO2
− (mg dm−3) 0–0.2 0.04 ± 0.06 0–0.04 0.005 ± 0.01 0.001–1.8 0.41 ± 0.51

N −NH4
+ (mg dm−3) 0.1–9.3 2.27 ± 3.01 0.03–0.7 0.35 ± 0.15 0.3–5.7 1.29 ± 1.16

PO4
3− (mg dm−3) 0–2.2 0.44 ± 0.64 0–0.2 0.5 ± 0.5 0.001–1.2 0.11 ± 0.23
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individual taxa exhibited different distribution patterns.
Gastropods predominated in the brackish ponds and
crustaceans in the saline ponds. Although the share of

alien oligochaete species was low in the all of the ponds,
it was the highest in the freshwater ponds (Table 4,
Fig. 5). There was a significant positive correlation
between the electrical conductivity and the percentage
of alien species (Fig. 4).

Of the 17 environmental variables that were initially
analysed in the CCA, five variables, i.e. electrical conduc-
tivity, nitrite nitrogen, ammonium nitrogen, phosphates
and the content of organic matter in the sediments were
significantly correlated with the distribution of the macro-
invertebrate taxa in the studied ponds. In the final CCA
analysis, the first axis explained 20.09% of the variance
and the second axis explained 5.90% of the variance in the
abundance of the macroinvertebrate taxa. The relationship
between the composition of themacroinvertebrate taxa and
the environmental variables was significant (Monte Carlo
test of the significance of the first canonical axis F ratio =
15.3, p= 0.002; test of the significance of all of the canon-
ical axes F ratio = 7.1, p= 0.002).

The electrical conductivity (EC) and the content of
organic matter (% OM) in the sediments positively corre-
lated with the first axis, whereas the second axis positively
correlated with the nitrite nitrogen, ammonium nitrogen
and phosphates. Gammaridae and Hydrobiidae were influ-
enced by the EC, while Ephydridae, Stratiomyidae,
Naucoridae, Limoniidae and Noteridae were associated
with high nutrient levels (phosphates, nitrite nitrogen and
ammonium nitrogen) (Fig. 6).

Seven major functional feeding groups (FFGs) were
distinguished in this study: shredders (SH), predators
(PR), piercers (PI), filtering collectors (FC), gathering
collectors (GC), scrapers (S) and parasites (P). Although
all of the types of ponds were dominated by the gather-
ing collectors (Table 4), the shredders had the highest
densities in the saline ponds (Fig. 7). The percentage
contribution of the functional feeding groups differed
significantly in the all of the ponds except for the per-
centage of parasites (Table 4). There was a significant
positive correlation between the electrical conductivity
and the percentage of shredders.While the contributions
of the filtering collectors, gathering collectors and pred-
ators were negatively correlated with the electrical con-
ductivity (Fig. 4).

The CCA analysis showed that electrical conductiv-
ity, nitrite nitrogen, ammonium nitrogen and the content
of organic matter in the sediments significantly correlat-
ed with the distribution of the macroinvertebrate func-
tional feeding groups in the studied anthropogenic
ponds. The first axis explained 20.11% of the variance

Table 2 The occurrence of macrophytes at the sampling sites in
the studied water bodies with different salinity levels

Macrophytes Freshwater
ponds

Brackish
ponds

Saline
ponds

Lyngbya sp. x

Enteromorpha sp. x x

Cladophora sp. x x x

Mougeotia sp. x

Spirogyra sp. x

Chara vulgaris L. x

Eleocharis palustris (L.)
Roem. & Schult.

x

Persicaria amphibia L. x

Ranunculus aquatilis L. x

Ranunculus circinatus Sibht. x

Ceratophyllum demersum
L. S. Str.

x

Lythrum salicaria L. x

Trapa natans L. x

Myriophyllum spicatum L. x x

Solanum dulcamara L. x

Lycopus europaeus L. x

Mentha aquatica L. x

Galium palustre L. x

Alisma plantago-aquatica L. x x

Potamogeton natans L. x

Potamogeton crispus L. x x

Stuckenia pectinata (L.) Börner x

Ruppia maritima L. x

Zannichellia palustris L. x

Najas marina L. x x

Iris sibirica L. x

Juncus bulbosus L. x

Juncus conglomeratus L. x

Scirpus sylvaticus L. x x

Phragmites australis (Cav.)
Trin. Ex. Steud.

x x x

Schoenoplectus lacustris (L.)
Palla

x

Lemna minor L. x

Sparganium erectum L. x

Typha angustifolia L. x x

Typha latifolia L. x x x

Total number of taxa 26 16 6
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and the second axis explained 6.95% of the variance in
biological data. The relationship between the distribu-
tion of the functional feeding groups and the environ-
mental variables was also significant (Monte Carlo test
of the significance of the first canonical axis F ratio =
34.5, p = 0.002; test of the significance of all of the
canonical axes F ratio = 11.2, p = 0.002). Shredders
were affected by the EC, while gathering collectors were
associated with high nitrite nitrogen and ammonium
nitrogen levels (Fig. 8).

4 Discussion

4.1 Shaping of the Macroinvertebrate Communities
in Water Bodies with Different Salinity Levels

The presented results showed that changes in water
salinity affect the functioning of macrozoobenthos.
The preferences of shredders to waters with a high
salinity level as we found have not confirmed the pre-
vious studies of Munoz and Prat (1994), Piscart et al.
(2006) and Zhao et al. (2018), who observed a decrease
in their abundance with increasing salinity, while in the
study of Piscart et al. (2006), only the predators and
parasites were not affected by salinisation. Herbst
(2006) also found that a high salinity level favoured
the predators who feed on herbivore invertebrates,
which in turn controls the macrophytes and the algae
biomass. On the other hand, Cañedo-Argüelles et al.
(2015) indicated that increase in salinity causes a decline

in presence of predators such as Dina lineata. In turn,
Castillo et al. (2018) reviewed the global patterns of the
responses of freshwater biota to water salinity based on
published data and reported that filter feeders and
scrapers as well as predators from cold climates have
the lowest tolerance to salinisation, while shredders
were the most tolerant, which is consistent with our
findings and also Szöcs et al. (2014).

The obtained survey results confirm that anthropo-
genic salt pollution changes the community structure of
benthic fauna and causes a degradation of an aquatic
habitat (e.g. Nielsen et al. 2003; Piscart et al. 2006;
Braukmann and Böhme 2011; Petruck and Stöffler
2011; Arle and Wagner 2013; Schröder et al. 2015;
Ladrera et al. 2016; Leppänen et al. 2019). The out-
comes show a decrease in taxa diversity and richness
along with increasing salinity, which is similar to the
disclosures that have been presented in numerous pre-
vious works (e.g. Williams et al. 1990; Wollheim and
Lovvorn 1995; Brock et al. 2005; Pinder et al. 2005;
Piscart et al. 2005a; Carver et al. 2009; Braukmann and
Böhme 2011; Kefford et al. 2011; Arle and Wagner
2013; Ladrera et al. 2016; Gutiérrez-Cánovas et al.
2019a, b). Ephemeroptera is an evolutionarily ancient
group and thus the group that is most sensitive to envi-
ronmental changes including elevated conductivity. Al-
though that they are not usually present in waters with a
mineralisation higher than 2 g L−1 (Short et al. 1991),
the research of Kay et al. (2001) and Rutherford and
Kefford (2005) showed that the larvae of some species
of the Baetidae and Caenidae families occurred in water

Fig. 2 Nonmetric
multidimensional scaling
(NMDS) plot of the samples with
different salinity levels based on
log (x + 1)-transformed abun-
dance of macroinvertebrates
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Table 3 The mean density (ind. m−2 ± standard deviation) and percentage contributions of the families of macroinvertebrates in the ponds
with different salinity levels and the results of the non-parametric Kruskal-Wallis test

Higher taxa Family Freshwater ponds Brackish ponds Saline ponds p

Mean (SD) % Mean (SD) % Mean (SD) %

Gastropoda Hydrobiidae 2.5 (9.9) 0.1 1408.0 (2311.7) 34.5 677.7 (1382.1) 11.9 < 0.001

Physidae 33.7 (97.8) 1.9 91.3 (164.9) 2.2 < 0.001

Lymnaeidae 5.3 (17.7) 0.3 26.8 (132.1) 0.7 < 0.001

Planorbidae 23.7 (78.7) 1.4 15.4 (37.5) 0.4 < 0.001

Bivalvia Unionidae 2.0 (6.9) 0.1 11.7 (18.9) 0.3 < 0.001

Sphaeriidae 3.3 (9.7) 0.1 < 0.001

Diptera Chironomidae 644.8 (1216.0) 36.8 1188.9 (1533.8) 29.1 1015.7 (1530.7) 17.8 > 0.05

Ceratopogonidae 35.1 (48.3) 2.0 19.6 (29.1) 0.5 5.3 (10.5) 0.1 < 0.001

Limoniidae 0.8 (2.2) < 0.01 0.2 (1.54) < 0.01 0.2 (1.1) < 0.01 > 0.05

Stratiomyidae 0.3 (1.3) < 0.01 1.9 (8.8) < 0.01 > 0.05

Tabanidae 0.1 (0.8) < 0.01 0.4 (1.5) < 0.01 0.1 (0.8) < 0.01 > 0.05

Tipulidae 0.2 (1.1) < 0.01 0.3 (1.3) < 0.01 0.1 (0.8) < 0.01 > 0.05

Culicidae 0.11 (0.78) < 0.01 0.11 (0.77) < 0.01 > 0.05

Scatophagidae 0.11 (0.78) < 0.01 0.11 (0.77) < 0.01 > 0.05

Chaoboridae 0.11 (0.77) < 0.01 > 0.05

Psychodidae 0.11 (0.77) < 0.01 > 0.05

Ephydridae 0.34 (1.72) < 0.01 30.67 (123.48) 0.5 < 0.001

Rhagionidae 0.22 (1.1) < 0.01 > 0.05

Empididae 0.11 (0.77) < 0.01 > 0.05

Lepidoptera Crambidae 0.68 (3.26) < 0.01 0.78 (2.91) < 0.01 0.11 (0.77) < 0.01 > 0.05

Ephemoroptera Baetidae 44.6 (132.5) 2.5 12.0 (24.4) 0.3 0.7 (2.6) < 0.01 < 0.001

Caenidae 124.4 (344.5) 7.1 56.4 (100.5) 1.4 < 0.001

Neuroptera Sisyridae 0.4 (1.8) < 0.01 0.05

Aranea Argyronetidae 0.23 (1.56) < 0.01 0.6 (2.0) < 0.01 > 0.05

Heteroptera Gerridae 0.6 (2.0) < 0.01 1.1 (7.7) < 0.01 > 0.05

Naucoridae 2.2 (5.3) 0.1 0.8 (4.7) < 0.01 0.3 (1.3) < 0.01 < 0.05

Corixidae 51.0 (90.3) 2.9 37.8 (69.2) 0.9 56.7 (178.3) 1.0 > 0.05

Nepidae 0.7 (3.3) < 0.01 0.3 (1.7) < 0.01 > 0.05

Notonectidae 1.4 (5.5) 0.1 0.6 (3.9) < 0.01 > 0,05

Pleidae 1.4 (6.4) 0.1 3.7 (12.5) 0.1 0.05

Mesoveliidae 1.1 (5.4) 0.1 0.2 (1.5) < 0.01 > 0.05

Veliidae 0.1 (0.8) < 0.01 0.1 (0.8) < 0.01 0.3 (1.7) < 0.01 > 0.05

Odonata Coenagrionidae 22.4 (60.8) 1.3 35.6 (66.4) 0.9 40.7 (99.0) 0.7 > 0.05

Aeshnidae 0.3 (1.3) < 0.01 0.7 (2.8) < 0.01 > 0.05

Lestidae 0.3 (1.3) < 0.01 34.9 (45.0) 0.9 7.3 (15.9) 0.1 < 0.001

Corduliidae 0.1 (0.8) < 0.01 0.1 (0.8) < 0.01 > 0.05

Libellulidae 1.5 (5.8) 0.1 107.2 (79.3) 2.6 9.2 (21.0) 0.2 < 0.001

Platycnemididae 3.3 (10.6) 0.2 4.3 (7.8) 0.1 < 0.001

Coleoptera Hydrochidae 1.9 (5.9) 0.1 2.8 (13.9) 0.1 < 0.05

Scirtidae 0.1 (0.8) < 0.01 > 0.05

Noteridae 4.0 (8.6) 0.2 0.7 (2.4) < 0.01 0.8 (4.1) < 0.01 < 0.001

Hydrophilidae 1.5 (4.4) 0.1 1.7 (5.6) < 0.01 < 0.05

Chrysomelidae 0.2 (1.1) < 0.01 0.3 (1.7) < 0.01 > 0.05

Dytiscidae 6.0 (16.1) 0.3 10.9 (25.6) 0.3 2.0 (5.5) < 0.01 < 0.001
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Table 3 (continued)

Higher taxa Family Freshwater ponds Brackish ponds Saline ponds p

Mean (SD) % Mean (SD) % Mean (SD) %

Helophoridae 0.9 (4.5) 0.1 2.4 (13.1) 0.1 > 0.05

Corculionidae 0.1 (0.8) < 0.01 0.1 (0.8) < 0.01 > 0.05

Haliplidae 0.8 (2.5) < 0.01 38.2 (123.1) 0.9 1.4 (3.3) < 0.01 < 0.001

Dryopidae 0.1 (0.8) < 0.01 > 0.05

Megaloptera Sialidae 0.2 (1.1) < 0.01 1.4 (2.9) < 0.01 0.2 (1.5) < 0.01 < 0.01

Trichoptera Phryganeidae 0.6 (3.2) < 0.01 5.6 (20.0) 0.1 < 0.05

Polycentropodidae 8.6 (18.1) 0.2 < 0.001

Leptoceridae 20.4 (71.8) 1.2 6.1 (10.3) 0.1 < 0.001

Limnephilidae 0.1 (0.8) < 0.01 0.2 (1.5) < 0.01 > 0.05

Ecnomidae 10.1 (25.1) 0.6 14.4 (28.1) 0.4 < 0.001

Hydroptilidae 5.1 (28.8) 0.3 33.4 (93.9) 0.8 < 0.001

Crustacea Asellidae 0.2 (1.6) < 0.01 > 0.05

Cambaridae 0.6 (2.5) < 0.01 0.7 (2.6) < 0.01 > 0.05

Gammaridae 81.4 (136.2) 2.0 3293.2 (5691.4) 57.8 < 0.001

Hydrozoa Hydridae 2.6 (6.7) 0.1 10.2 (24.8) 0.3 < 0.01

Tricladida Planariidae 27.7 (85.0) 1.6 21.7 (58.1) 0.5 < 0.001

Dendrocoelidae 0.2 (1.5) < 0.01 > 0.05

Nematoda 7.7 (19.1) 0.4 16.2 (65.8) 0.4 < 0.001

Nematomorpha 0.7 (2.1) < 0.01 2.2 (9.6) 0.1 0.05

Rhynchobdellida Piscicolidae 1.4 (6.3) 0.1 1.1 (3.1) < 0.01 < 0.05

Glossiphoniidae 14.3 (68.1) 0.8 33.4 (92.1) 0.8 < 0.001

Oligochaeta Naididae 620.4 (562.5) 35.4 725.1(983.7) 17.7 552.4 (1202.1) 9.7 < 0.01

Pristinidae 7.3 (13.9) 0.4 < 0.001

Lumbriculidae 11.8 (29.4) 0.7 2.6 (4.9) 0.1 < 0.001

Enchytraeidae 1.5 (3.5) 0.1 2.2 (5.3) 0.1 < 0.01

Fig. 3 Percentage share of the
dominant groups of
macroinvertebrates in the
investigated ponds with different
salinity level
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Fig. 4 The Spearman rank correlation coefficient (R) between the macroinvertebrates metrics and electrical conductivity (EC)

Table 5 Percentage (range and mean) of alien species in the fauna of the ponds with different salinity levels

Alien species Freshwater ponds Brackish ponds Saline ponds

Range Mean Range Mean Range Mean

Gastropoda

Potamopyrgus antipodarum* 0–0.42 0.21 0.26–89.33 26.97 0–63.95 14.32

Physa acuta 0–25.85 1.73 0–13.21 2.41

Ferrissia fragilis 0–14.11 0.59 0–3.05 0.24

Crustacea

Orconectes limosus* 0–0.014 0.0005 0–0.004 0.0002

Gammarus tigrinus* 0–22.67 3.07 0–100 34.83

Oligochaeta

Potamothrix moldaviensis 0–4.46 0.99 0–2.42 0.45

Potamothrix bavaricus 0–1.51 0.40 0–0.63 0.04

Potamothrix hammoniensis 0–2.48 0.42 0–2.72 0.27

Psammoryctides barbatus 0–2.78 0.41 0–0.63 0.15

Psammoryctides albicola 0–2.44 0.27 0–2.04 0.23

*Invasive species
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that had a salinity as high as 3.8–9.2 g L−1. In our study,
the specimens of Baetidae lived in salinity up to
5.5 g L−1. Johnson et al. (2014) claimed that a high
content of salt in the water causes a decrease in the body
sizes and fecundity of mayflies which, in turn, may have
adverse effects on population growth. Kay et al. (2001)
and Rutherford and Kefford (2005) observed that
caddisflies can live in water with a salinity of
30 g L−1. However, most of the Trichoptera mainly
inhabit inland waters and die when the salinity level
increases to 5.7 g L−1 (Hart et al. 1991; Short et al.
1991; Zinchenko and Golovatyuk 2013). In the investi-
gated saline ponds, only Limnephilus decipiens oc-
curred among the Typha latifolia. According to Arle
and Wagner (2013), increasing salinisation especially
adversely affects insects because it prevents them to
completing their life cycles.

On the other hand, our outcomes are also consistent with
other studies, which show that macroinvertebrates had the
highest diversity at slightly elevated salinity levels (e.g.
Hammer et al. 1990; Williams et al. 1990; Kefford et al.
2011; Cañedo-Argüelles et al. 2014). Williams et al. (1990)Fig. 5 The percentage of alien gastropods, crustaceans and oligo-

chaetes in the fauna in the ponds with different salinity levels

Fig. 6 CCA ordination diagram of the macroinvertebrate families and environmental variables
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and Piscart et al. (2005b, 2006) suggested that this trend is
associated with the broad range of salinity tolerances of the
species that occur in such conditions. It is also possible that
in an intermediate level of salinisation there are other addi-
tional environmental factors that are masked by the salinity
or that interact with them (Kefford et al. 2011; Cañedo-
Argüelles et al. 2013; Bray et al. 2018). In turn, Kefford
et al. (2011) stated that the explanation for the maximal taxa
richness could be the fact that many freshwater species have
their physiological optimum in moderately saline waters or
because of the “mid-domain effect” phenomenon, which
was proposed by Colwell and Lees (2000). Moreover, the
presented results clearly indicated that especially molluscs

reached the highest densities in brackish waters, which had
also been registered by Piscart et al. (2005a, 2006). A large
share of gastropods and bivalves may also be the cause of
the increase of the oligochaete assemblages in these waters
because large amounts of nutrients are concentrated to the
bottom sediments by molluscs.

In spite of the recorded decline in diversity, the
abundance and biomass of recorded macrozoobenthos
increased along with increasing salinity. The elevated
electrical conductivity led to the elimination of the
freshwater taxa and their compensatory increases and
resulted in a domination of halophilous species, which
are adapted to high salinity levels and create populations

Fig. 7 Density of the functional
feeding groups of the benthic
macroinvertebrates in the
investigated types of ponds

Fig. 8 CCA ordination diagram
of the functional feeding groups
and environmental variables
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with very large densities (Williams et al. 1990;
Wollheim and Lovvorn 1995; Piscart et al. 2005a;
Boets et al. 2012; Arle and Wagner 2013; Szöcs et al.
2014). Halophilous taxa usually become greatly abun-
dant due to predation and low interspecies competition
as a result of a decrease in taxa richness (James et al.
2003; Piscart et al. 2005a; Carver et al. 2009; Bäthe and
Coring 2011; Kefford et al. 2016; Bray et al. 2018).
Moreover, death or the loss of functions (such as fecun-
dity, growth and osmoregulation) in freshwater species
may free up resources for more tolerant species (Kefford
et al. 2016). The highest abundance and biomass of
benthic fauna in the studied saline settling ponds was
due to the significant domination of the alien species
Gammarus tigrinus Sexton, 1939. Crustaceans are con-
sidered to be the most tolerant group of aquatic macro-
invertebrates (Williams et al. 1990; Kefford et al. 2003;
Piscart et al. 2005a; Horrigan et al. 2007; Zinchenko and
Golovatyuk 2013) because many of them are closely
related to marine or estuarine species (Kefford et al.
2012). Besides G. tigrinus, Diptera (Stratiomyidae,
Ephydridae), Coleoptera (Chrysomelidae), Odonata
(Coenagrionidae) and Heteroptera (Corixidae) also had
the highest salinity tolerance, which is in accordance
with previous findings (e.g. Piscart et al. 2005a; Ruth-
erford and Kefford 2005; Velasco et al. 2006; Dunlop
et al. 2007; Kefford et al. 2012; Schröder et al. 2015;
Ladrera et al. 2016; Castillo et al. 2018; Obolewski et al.
2018; Golovatyuk et al. 2019; Gutiérrez-Cánovas et al.
2019b; Mouhoubi et al. 2019). The genera Sigara sp.
had the highest resistance to the salinity among the
Corixidae, especially species such as Sigara assimilis
and Sigara selecta (Velasco et al. 2006; Golovatyuk and
Shitikov 2016). We recorded the halophilous
S. assimilis in one of the most saline settling ponds,
which was the first record of this species in Poland
(Sowa et al. 2018).

4.2 Secondary Salinisation—an Important Factor
for the Dispersion of Alien Species

The presented results revealed that mining salinisation
significantly determined the distribution and spreading
of non-native species in inland water bodies. Species
that are introduced into rivers and estuary ports can
easily get into inland waters; thus, it is assumed that a
high tolerance to salinity is one of the factors that enable
them to efficiently colonise new areas. Alien species
such as the New Zealand mud snail Potamopyrgus

antipodarum (Gray, 1843) and the North American
amphipodG. tigrinuswere brought into Europe through
commercial shipping because their high salinity toler-
ance permits these species to survive in the ballast or
drinking water (Piscart et al. 2011).

Previous studies on the anthropogenic small salinity
gradients also showed that non-indigenous species
colonised the areas with the highest salinity level
(Piscart et al. 2005a, 2006; Braukmann and Böhme
2011; Petruck and Stöffler 2011; Piscart et al. 2011;
Arle and Wagner 2013; Kašovská et al. 2014; Szöcs
et al. 2014; Schröder et al. 2015). Moreover, in some
cases, they were the only invertebrate species that were
found at some sites, which is in accordance with our
findings—alien species that we recorded in most of the
saline ponds were represented only by G. tigrinus and
P. antipodarum, and they accounted for 70% of the
fauna. According to some scientists (Grabowski et al.
2007; Alonso and Castro-Díez 2008; Ba et al. 2010;
Bäthe and Coring 2011; Braukmann and Böhme 2011;
Piscart et al. 2011), besides their very high salinity
tolerance and high reproductive potential, the success
of invaders may be promoted by the lack of native
species along a salinity gradient, which enables the alien
species to become the dominant groups in non-native
regions. Other alien species that we have also recorded
have a wide range of salinity tolerance, i.e. the spiny-
cheek crayfish Orconectes limosus (Rafinesque, 1817),
the oligochaete Potamothrix bavaricus (Oschmann,
1913) and the gastropodPhysa acutaDraparnaud, 1805.

Our surveys found that in addition to water salinity,
the distribution of alien P. antipodarum and G. tigrinus
was also influenced by the high content of organic
matter in the bottom sediments. A positive correlation
between organic matter and the occurrence of eurytopic
species has also been demonstrated by Allan and
Castillo (2007) and Halabowski et al. (2020). The
highest organic matter content in the bottom sediments
of the most saline ponds may be explained by floccula-
tion of sediments settlements that are caused by divalent
cations due to the aggregation of suspended matter
(Grace et al. 1997) as well as by the increased sedimen-
tation in waters with elevated mineralisation (Meiggs
and Taillefert 2011; de Nijs and Pietrzak 2012) due to a
decrease in the microorganism-mediated leaf litter
breakdown (Schäfer et al. 2012; Sauer et al. 2016).
The content of organic matter may also have increased
due to the high share and activity of the shredders in the
saline water bodies (Cummins et al. 2005).
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5 Conclusions

The obtained research results completed the knowledge
of the salinity effect conducted in the area of under-
ground hard coal mining operations. They showed that
the impact of mining salt pollution in anthropogenic
water bodies, including settling ponds, is similar to those
that occur in running waters. The presented study en-
ables researchers to gain a better understanding of the
environmental variables that explain the distribution,
diversity, and functioning of macroinvertebrate commu-
nities along the water salinity gradient in areas that have
underground hard coal mining activity. Our study
showed that the communities lost taxa and changed
profoundly in terms of the density, biomass and func-
tional traits due to a secondary salinisation process and
suggests that this phenomenon plays an essential role in
the dispersion and establishment of alien species. Re-
search on the ecosystem function in saline inland stag-
nant waters is scarce despite the fact that they are of
significant ecological importance in areas such as the
region of the Upper Silesian Coal Basin where there are
no natural water bodies. Therefore, it is necessary to
undertake further surveys that should be extended in
order to determine the current state of salinisation, not
only of the water bodies connected with underground
mining but also with the rivers and streams that are
connected with these reservoirs. Monitoring of running
waters and developing projects that will reduce their
pollution is very important due to the applicable provi-
sions of the Water Framework Directive in European
Union. This is especially significant because due to the
future global climate change and anthropopressure in-
cluding increasing energy demands, the areas that are
threatened by secondary salinisation will most likely
expand, which will affect both quality of aquatic eco-
systems and of human life and health (Vineis et al. 2011;
Cañedo-Argüelles et al. 2013; Olson 2019).

In order to effectively protect the biodiversity of
freshwater ecosystems, it is necessary to introduce laws
that will regulate salinisation by the type and proportion
of ions. This would allow animals that are adapted to
different ion concentrations in the water to be protected.
Therefore, the content of the ions that are dissolved in
water as well as the total hardness and pH of water
should be monitored. This is especially important be-
cause nowadays there are no maximum permissible
limits for these parameters in most of the member states
of the EU (Arle and Wagner 2013). Appropriate

salinisation monitoring will also be possible by promot-
ing practices that are designed to reduce it. These activ-
ities should include implementing agricultural practices
that use less water, eliminating the use of salt for road
de-icing and using alternative de-icers as well as by
reducing the production and discharge of salts into
freshwaters and desalinising the water that are rich in
salty discharges in urban areas (Cañedo-Argüelles et al.
2016). In addition, future monitoring and the creation of
detailed databases can be used to predict the direction of
the dispersion of alien species and would contribute to
the more effective and precise prevention of biological
invasions and their deleterious effects (Petruck and
Stöffler 2011; Piscart et al. 2011; Kefford et al. 2012).
Moreover, the conservation of invertebrates would con-
tribute to protecting the aquatic biota on the higher
trophic levels such as fishes, birds, mammals and rep-
tiles that feed on macroinvertebrates (Cañedo-Argüelles
et al. 2013).
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