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Zooplankton network conditioned 
by turbidity gradient in small 
anthropogenic reservoirs
Anna Maria Goździejewska1* & Marek Kruk2

Water turbidity can significantly influence interspecific interactions in aquatic ecosystems. We tested 
the hypothesis that the turbidity gradient significantly differentiates the dynamics, significance and 
type of relationships in the structure of zooplankton communities colonizing mine pit reservoirs. The 
interactions between zooplankton species were evaluated by network graph analysis for three water 
turbidity classes: high turbidity (HT), moderate turbidity (MT) and low turbidity (LT). The HT network 
was most cohesive, and it was controlled by taxa grazing on various food sources within one ecological 
niche (Polyarthra longiremis, Brachionus angularis, Cyclops vicinus, Codonella cratera) and the positive 
and negative relationships between them were balanced. The MT biocenotic network was composed 
of three sub-networks connected by nodes with high communication attributes (Polyarthra vulgaris, 
Bosmina longirostris, C. vicinus), and antagonistic interactions (predation and competition) were less 
important. The LT network was most heterogeneous, and Daphnia cuculllata exerted the strongest 
influence on the network’s structure by forming numerous positive (coexistence with predators) and 
negative (interference competition with microphagous rotifers) interspecific relationships. The study 
provides new information about the ecology of aquatic ecosystems, that are disturbed by changes in 
water turbidity.

Zooplankton play a fundamental role in the structure and functioning of species interaction networks in aquatic 
ecosystems communicating the primary producers-level (phytoplankton) and higher-order consumers (ichthyo-
fauna)1–3. Zooplankton are often regarded as bioindicators of water quality due to their widespread abundance, 
small size, high reproductive rate, and early and sensitive responses to changes in environmental parameters 
(pollution, eutrophication, changes in water level, turbidity)4–8. Planktonic animals deploy various ecological 
strategies, they are characterized by phylogenetic distinctness and can be dispersed passively across large areas, 
which is why they are often used to test ecological theories and develop ecosystem (prognostic)  models9–14. The 
structure of plankton communities is determined by abiotic environmental conditions (filters), and it is charac-
terized by a specific species composition and functional  traits15–18. This provides a basis for forming interspecific 
relationships, which in the case of zooplankton consist mainly of competitive exclusion and  predation19,20. The 
structure of the interactions between the abiotic environment and the features of zooplankton assemblages is 
frequently analysed to obtain reliable information about the current status of aquatic ecosystems and to forecast 
future changes.

Water turbidity is a factor that significantly differentiates interspecific relationships in aquatic  ecosystems21,22. 
Turbidity is an optical property that determines the degree of light scattering and absorption, thus it indicates the 
difficulty for the light rays to penetrate deep into the water. Water turbidity is caused by the presence of suspended 
particles (clay and sand), fine particles of organic and inorganic matter, soluble colloidal and humic substances, 
planktonic organisms and  bacteria23. Therefore, turbidity can be an indicator of various biological, physical and 
chemical processes, depending on the origin, concentration and type of suspended  particles24–28. Turbidity is 
also an important parameter of water quality and ecosystem productivity. Higher turbidity is often associated 
with an increase in water color and temperature, phytoplankton primary production, algal blooms and bacterial 
 decay29,30. High turbidity is indicative of low water transparency and a limited euphotic (productive) zone, and it 
can significantly affect the feeding efficiency, development and abundance of filter-feeding  zooplankton31–34, as 
well as limit the foraging success of fish that locate prey  visually21,22,35,36. High turbidity accompanied by a low con-
centration of suspended solids could be indicative of small particle size and a high share of  nanoparticles37. Due 
to a high active surface area to volume ratio, nanoparticles are highly reactive, and their chemical composition 

OPEN

1Faculty of Geoengineering, University of Warmia and Mazury, Oczapowskiego 5, 10-719 Olsztyn, Poland. 2Faculty 
of Mathematics and Computer Science, University of Warmia and Mazury in Olsztyn, Słoneczna 54, 10-710 Olsztyn, 
Poland. *email: gozdzik@uwm.edu.pl

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-08045-y&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3938  | https://doi.org/10.1038/s41598-022-08045-y

www.nature.com/scientificreports/

could pose a risk of toxicity for aquatic organisms, including  zooplankton38–41. Therefore, the turbidity gradient 
differentiates the species composition of zooplankton communities, and it can also affect the type and strength 
of interspecific interactions, including predation and  competition42,43.

Most in situ studies investigating the effects of high water turbidity on zooplankton have focused on periodic 
disturbances caused by intense weather phenomena such as gale-force winds, torrential  rain4,5,8 or hydrodynamic 
processes such as  tides44. Few studies have analysed the correlations between zooplankton communities and 
high water turbidity associated with human  activity29,30,37. Their results indicate that an increase in turbidity was 
accompanied by changes in the taxonomic structure, abundance, biomass and functional traits of zooplankton 
(size, feeding strategy). However, the response of zooplankton communities to water turbidity has never been 
analysed from a structural perspective, i.e. by investigating interspecific relationships, including the extent to 
which individual taxa influence the cohesion and other properties of planktonic networks. The resulting knowl-
edge is particularly important in reservoirs that are subjected to constant anthropogenic pressure, including 
natural water bodies as well as artificial reservoirs that are built and utilized for specific purposes (economic, 
social, recreational). In this context, a knowledge of zooplankton network functions can have practical implica-
tions, for example for managing fisheries or reclaiming water bodies through biomanipulation. Understanding 
the zooplankton networks can be used for waters systems monitoring due to climate change. The predicted 
increases in wind speed and wave high in the global  scale45 may cause an increase of destabilization and turbidity 
of the water column due to resuspension of sediments in shallow lakes, and changes in their biological  structure8.

The artificial reservoirs located in the vicinity of Bełchatów and Szczerców coal strip mines in Central Poland 
are a good example of the above. These reservoirs were created by draining strip pits. They are used mainly as 
settlement ponds, but they are also popular destinations for recreational fishing. The limnological and hydro-
logical characteristics of reservoirs, that are regularly inspected and steadily supplied with suspended matter 
create unique opportunities for analyzing the structure of planktonic communities in situ37,46,47. Previous studies 
conducted in 2012–2013 revealed that the size and chemical properties of suspended solids significantly affect the 
taxonomic structure and functions of zooplankton  communities37,47. The present study is a continuation of the 
previous research into the influence of suspended solids (expressed in turbidity units) on zooplankton dynam-
ics, presented in the form of a network of interspecific relationships with the use of network graph analysis. The 
network graph model is a method that supports the identification and assessment of interspecific relationships 
such as mutualistic interactions (positive correlations), coexistence within guilds, and limiting factors (negative 
correlations) such as predation and  competition12,48,49.

Zooplankton networks were analysed based on the biomass parameters of crustaceans, rotifers and proto-
zoans examined between 2014 and 2016. We assumed that positive interactions between two taxa would be 
correlated with an increase in their biomass as the effect of consumer guilds that independently exploit the same 
 resources50. In turn, negative interactions between species (biomass parameters) would be indicative of grazing 
on phytoplankton, predation or interference competition.

The aim of the study was to determine how the interspecies relationships of zooplankton change due the 
water turbidity gradient, and how turbidity affects the stability and functionality of the zooplankton network. 
We hypothesized that the turbidity gradient significantly differentiates the dynamics of zooplankton species 
and strongly modifies their competitive equilibrium, thus influencing the role played by individual taxa and 
interspecific relationships in network cohesion. To validate the research hypothesis, eight reservoirs were divided 
into three groups that differed significantly in water turbidity. We assumed that the significance and strength of 
interspecific relationships (with an equal number of positive and antagonistic biocenotic interactions) and, con-
sequently, the cohesion and centrality of the network would increase with a rise in turbidity. In turn, a decrease 
in turbidity would be correlated with decentralization and fragmentation of the network, and with weakening 
of interspecific interactions in zooplankton communities.

Results
Environmental variables and zooplankton distribution along the turbidity gradient. Signifi-
cant differences in the physical and chemical parameters of water were noted between turbidity classes HT, MT 
and LT. In addition to significant variation in mean turbidity values (31.8, 18.7 and 12.6 NTU respectively), tur-
bidity classes also differed significantly in water color, total suspended solids, and chlorophyll a levels (Table 1). 
Turbidity was positively correlated with color (r = 0.521) and total suspended solids (Tot susp r = 0.510), and it 
was negatively correlated with STD (r = − 0.553). The remaining variables (Temperature, DO, pH, TP, TN) did 
not differ significantly across the evaluated turbidity classes.

The turbidity gradient significantly influenced the species richness of zooplankton. Species diversity was 
highest in the LT class (H′ = 1.99; J′ = 0.714), and it was significantly lower in MT and HT classes (H′ = 1.64 and 
1.62; J′ = 0.583 and 0.622, respectively; Table 1). The zooplankton community was composed of 102 taxa in the 
LT class, and 85 taxa each in MT and HT classes. Rotifera species were dominant in all turbidity classes, and 
they accounted for 72–75% of all taxa. The taxonomic structure of Crustacea was more diverse, where Cladocera 
were predominant in the LT class (15%; 10–11% in the remaining classes), and Copepoda were predominant in 
the MT class (17%; 13% in the HT class; 7% in the LT class). Fifty-six taxa and forms (43%) were identified in all 
turbidity classes, with a predominance of juvenile copepodite stages (69% in the LT class; 98% in the MT class) 
and Polyarthra longiremis (41% in the LT class; 90% in the MT class) (Table S1).

The turbidity gradient significantly differentiated (ANOVA, Kruskal–Wallis test, P ≤ 0.05) the biomass distri-
bution of 35 (26.9%) zooplankton taxa, including 24 Rotifera, 3 Cladocera, 5 Copepoda, 3 Protozoa (Table S1). As 
a result, total zooplankton biomass differed significantly across turbidity classes and was determined at 0.122 mg/l 
in the LT class, 8.02 mg/l in the MT class, and 3.66 mg/l in the HT class (Table 1).
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Network structure. The compared turbidity classes differed in the key metrics describing the structure of 
the zooplankton species interaction network. The HT network was characterized by the highest cohesion and 
density expressed by clustering (0.523), density (0.279) and centrality (NCC = 0.280) metrics, as well as the high-
est average number of neighbors (7.26) per species (node), i.e. the number of interspecific interactions (Table 2; 
Fig. 1). The MT network was characterized by the lowest centrality (NCC = 0.134) and density (0.135) metrics, as 
well as the highest values of the parameters describing communication paths between taxa, i.e. the shortest paths 
(756) and characteristic path length (2.95), which denote the presence of taxa that communicate with the highest 
number of species (Table 2; Fig. 2). The LT network was most fragmented, as indicated by the highest value of 
the network heterogeneity parameter (0.528) and the lowest number of the shortest paths (462) (Table 2; Fig. 3).

Interspecific relationships in zooplankton networks. Node degree centrality (NDC) describes the 
number of direct links with a given taxon (node), and it is an important measure of interspecific relationships. 
The highest NDC values (more than 10 links per taxon) were noted in the HT class for Hexarthra mira, Polyar-
thra longiremis, Keratella valga, Brachionus angularis, Filinia longiseta, Cyclops strenuus and Difflugia lobostoma. 
The maximum NDC values were noted in LT and MT classes, 8 (Codonella cratera) and 6 (Daphnia cucullata), 
respectively. In the LT class, the strongest positive relationships were observed between Rotifera taxa which were 
characterized by the highest correlation coefficients, for example: Asplanchna priodonta–K. valga (0.867) and 
Polyarthra longiremis–Synchaeta spp. (0.853). Significant positive correlations were also associated with copepod 

Table 1.  Water quality and zooplankton parameters across the studied turbidity classes (mean ± SD). 
Differences in the analysed parameters were determined by ANOVA (df = 157; P ≤ 0.05); values with the 
different superscripts are different among reservoirs by post-hoc Tukey test. SDT Secchi depth, Tot susp total 
suspended solids, In susp inorganic suspended solids, Org susp organic suspended solids, Chl a chlorophyll a, 
DO dissolved oxygen, TP total phosphorus, TN total nitrogen.

LT MT HT

Px  ± SD x  ± SD x  ± SD

Physical and chemical parameters of water

Turbidity (NTU) 12.58a 7.34 18.67b 9.99 31.83c 17.87 0.000

SDT (m) 1.18a 0.38 0.74b 0.20 0.54c 0.14 0.000

Color (Hazen) 10.10a 6.99 18.03b 13.51 23.87b 19.10 0.000

Tot susp (mg/l) 4.35a 3.05 6.84ab 5.60 9.03b 6.99 0.000

In susp (mg/l) 1.27a 1.26 2.76ab 3.02 3.24b 3.49 0.003

Org susp (mg/l) 3.08a 2.47 4.08ab 4.90 5.79b 5.93 0.019

Chl a (µg/l) 3.46a 4.43 4.49ab 2.97 6.16b 6.81 0.027

Temperature (°C) 17.44 3.06 16.71 4.87 17.08 4.36 > 0.05

pH 7.74 0.26 7.78 0.32 7.80 0.27 > 0.05

DO (mg/l) 8.29 1.41 8.74 1.24 8.66 0.93 > 0.05

TP (mg/l) 0.12 0.06 0.11 0.11 0.11 0.06 > 0.05

TN (mg/l) 0.22 0.10 0.28 0.12 0.30 0.12 > 0.05

Zooplankton measures

Biomass (mg/l) 0.122a 0.269 8.02b 12.42 3.66c 6.76 0.000

Abundance (ind./l) 105.9a 407.7 1265.5b 1555.4 751.4c 1345.20 0.000

Number of species (ind.) 17a 5 17a 4 15b 5 0.009

Shannon’s biodiversity index H′ 1.99a 0.58 1.64b 0.39 1.62b 0.45 0.000

Pielou’s eveness index, J′ 0.714a 0.192 0.583b 0.127 0.622b 0.175 0.001

Table 2.  General attributes of the zooplankton network in compared turbidity classes.

Attribute

Turbidity class

LT MT HT

Clustering coefficient 0.332 0.3 0.523

Network centralization 0.252 0.134 0.28

Shortest paths (100%) 462 756 702

Characteristic path length 2.81 2.947 2.023

Range, and average number of neighbours 2.81 3.643 7.259

Network density 0.199 0.135 0.279

Network heterogeneity 0.528 0.465 0.474
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species in the MT class, and cladoceran species in the HT class. The significance of competitive and predatory 
behaviors (negative correlations) increased in extreme turbidity classes, for example: Bosmina longirostris–Kera-
tella tecta (− 0.605) and P. longiremis–B. angularis (− 0.450) (Figs. 1, 2, 3; Table S2).

Species characterized by the highest NCC values, i.e. taxa that exerted the greatest influence on other species, 
were most prevalent in the HT class, and NCC values were also highest in the HT class in comparison with the 
remaining turbidity classes (Table 3). In the HT class, rotifers P. longiremis and B. angularis, protozoan Codonella 
cratera, copepod Cyclops vicinus and juvenile copepodite stages were characterized by the highest centrality 
attribute values (> 0.605) (Fig. 1). The highest centrality attribute values in the LT network (NCC > 0.467) were 
noted in D. cucullata, K. valga, and A. priodonta (Fig. 3). In the MT class, the highest NCC values (> 0.42) were 
observed in rotifers Polyarthra vulgaris, B. angularis and K. valga, cladoceran Bosmina longirostris, and protozoan 
C. cratera (Fig. 2, Table 3).

The importance of taxa in the cohesion of the entire network, measured by node betweenness centrality 
(NBC) metrics was greater in moderate and low turbidity classes, because this attribute favors taxa that con-
nect with subnets (clusters). Thus, when a network is less coherent and more fragmented, the taxa (nodes) that 
communicate with other network clusters play a more important role than those within the network. In the MT 
class, the highest NBC values (> 0.200) were noted in raptorial taxa P. vulgaris and C. vicinus, but B. longirostris, 
copepod nauplii and C. cratera were also characterized by high NBC values (> 0.140). The most heterogeneous 
LT class network favored mostly D. cucullata (0.341), but Difflugia lobostoma, H. mira and copepod nauplii 
were also highly interactive species (NBC > 0.160). In turn, in the most cohesive HT network, high NBC values 
(> 0.100) were observed in only two taxa: Trichocerca pusilla and C. cratera (Table 3).

In the examined turbidity classes, similar trends were noted in EBC values denoting species that were bound 
by the strongest relationships to maintain the structure of the network. The main role was played by the above 
taxa and their interactions, including C. vicinus–Polyarthra vulgaris (MT; EBC = 143), D. cucullata–copepod 
nauplii (LT; EBC = 114), Difflugia lobostoma–Synchaeta sp. (HT; EBC = 59), and Trichocerca pusilla–Anuraeopsis 
fissa (HT; EBC = 50).

Figure 1.  Network graph analysis of the interactions between zooplankton species in the HT class with node 
closeness centrality (NCC), node betweenness centrality (NBC) and edge betweenness centrality (EBC). Node 
size is proportional to the NCC measure; node color ranging from blue (dark) to orange (bright) is proportional 
to the NBC measure; edge thickness is proportional to the EBC measure. Sign of the relationship: a bright 
orange edge denotes positive relations between nodes, while a dark blue edge represents negative relations.
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Discussion
The application of graph theory to network analysis supported a detailed examination of interspecific interactions 
in the zooplankton network which were considerably influenced by the turbidity gradient. The model’s high taxo-
nomic resolution enabled the identification of biomass flow as an indicator of interspecific relationships. Negative 
correlations involved mainly antagonist interactions between rotifers and, less frequently, predatory behavior of 
copepods and interference competition of cladocerans. In turn, positive correlations resulted mainly from the 
effect of feeding guilds and adaptation to environmental and feeding conditions in different turbidity classes.

A zooplankton network with a highly cohesive structure and strong interspecific interactions was observed in 
the HT class. Nodes with the highest closeness centrality (NCC > 0.6) were represented mainly by highly competi-
tive species that actively search for food, i.e. raptorials Polyarthra longiremis, Asplanchna priodonta and Cyclops 
vicinus and filter-feeders Daphnia cucullata and Bosmina longirostris34. In the HT class, these taxa established 
strong correlations with detritivores, bacteriophages Brachionus angularis, Hexarthra mira and Filinia longiseta51, 
and psammophilous protozoa Codonella cratera and Difflugia lobostoma52. According to Boenigk and  Novarino25, 
mineral suspension particles from mining operations promote the sedimentation of organic matter and the 
accumulation of biomass generated by producers, and they constitute an excellent substrate for the growth of 
algae, bacteria and protozoa. Similar observations were made in this study, where the content of chlorophyll 
a and suspended organic matter was higher, and protozoa were the most influential nodes (NCC) in the HT 
class than in the remaining turbidity classes. Therefore, the abundance of nutrients in HT class reservoirs could 
have been utilized by various trophic groups with different feeding strategies, without symptoms of competitive 
 elimination43. Strong interspecific interactions with a high clustering coefficient were associated with an increase 
in biomass (positive correlations), which points to the coexistence of species that graze on phytoplankton (P. 
longiremis and B. angularis), detritus (H. mira and Filinia longiseta) and animal protein (Asplanchna priodonta)51. 
In turn, negative correlations between species were indicative of rotifer grazing on protozoa (H. mira vs. Difflugia 
lobostoma) and other rotifers (A. priodonta vs. B. angularis), copepod grazing on rotifers (Thermocyclops crassus 
vs. K. valga) or interspecific  competition50.

Figure 2.  Network graph analysis of the interactions between zooplankton species in the MT class with node 
closeness centrality (NCC), node betweenness centrality (NBC) and edge betweenness centrality (EBC). Refer to 
the legend and explanations in Fig. 1 (HT class).
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Figure 3.  Network graph analysis the interactions between zooplankton species in the LT class with node 
closeness centrality (NCC), node betweenness centrality (NBC) and edge betweenness centrality (EBC). Refer to 
the legend and explanations in Fig. 1 (HT class).

Table 3.  Zooplankton species with the highest net attribute. NCC node closeness centrality, NBC node 
betweenness centrality, NDC node degree centrality.

LT MT HT

NCC NBC NDC NCC NBC NDC NCC NBC NDC

Rotifera

Polyarthra longiremis 0.456 0.342 0.634 10

Brachionus angularis 0.456 0.162 7 0.435 0.112 6 0.634 10

Polyatrhra vulgaris 0.465 0.262 5 0.456

Keratella valga 0.488 0.144 0.428 0.129 0.565 10

Asplanchna priodonta 0.467 6 0.391 0.553 9

Trichocerca pusilla 5 0.169

Hexarthra mira 0.172 10

Keratella cochlearis 0.114 6 0.107

Filinia longiseta 7 10

Crustacea

Cyclops vicinus 0.38 0.216 0.605 8

Cyclopsstrenuus 0.115 5 10

Bosmina longirostris 0.382 6 0.428 0.184 5 0.52 9

Daphnia cucullata 0.512 0.341 6 0.36 6 0.509 9

Copepodites 0.28 0.403 0.107 0.605 8

Nauplii 0.181 6 0.16 8

Protozoa

Codonella cratera 0.35 8 0.465 0.145 5 0.634 0.114

Difflugia lobostoma 0.181 0.109 10
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Rotifers P. longiremis and H. mira established the highest number of interspecific relationships (NDC) char-
acterized by the highest values of the correlation coefficient in the HT class. In the case of P. longiremis, the large 
number of neighbors could be attributed to its central location in the HT network that was most abundant in 
nutrients. Although P. longiremis is a common eurytopic species that tolerates a wide range of environmental 
conditions, it usually plays a dominant role in nutrient-rich  environments46,53–55. In turn, sensory receptors in 
the mouth region of H. mira prevent the ingestion of inorganic particles, and they are an important feature that 
improves the species’ tolerance and adaptation to highly turbid  environments56. Additionally, Hexarthra mira 
and, to a smaller extent, P. longiremis are anatomically adapted for rapid movement, which enables them to evade 
predation and interference competition from  Cladocera57,58. Therefore, H. mira was an influential species mainly 
on account of its high motility, whereas evasive behavior enables the species to coexist with large cladocerans by 
minimizing the odds of being drawn into their branchial  chambers57.

In a previous study by Goździejewska et al.37, the population size of the most influential “central” rotifer spe-
cies, including P. longiremis and H. mira, was negatively (decrease in abundance) correlated with the physical 
and chemical parameters of suspended particles in HT class reservoirs. The current study also revealed that the 
average biomass (µg/l) of species with the highest NCC values was lower in the HT than the MT class, which 
suggests that high turbidity is a limiting abiotic factor. However, Goździejewska et al.37 relied on the results of 
multifactorial analyses to demonstrate that zooplankton (taxa and/or functional groups) respond differently 
to high turbidity, which is manifested in different changes in their species composition and functional feeding 
traits. In the present study, the network graph analysis revealed the presence of a cohesive network of interac-
tions between species, which is indicative of directed biomass flow under high turbidity conditions. Kruk et al.14 
also observed that network cohesion and the strength of interspecific relationships increased with a rise in the 
environmental salinity gradient.

High turbidity is associated not only with greater nutrient availability, but it also protects plankton against fish 
predation, which can contribute to high cladoceran  biomass36. However, Cladocera played a less influential role 
(NCC) in the HT network than Copepoda (mainly Cyclops vicinus and copepodites) or Rotifera, which could be 
attributed to the fact that the analysed reservoirs are also used for recreational fishing and are regularly stocked 
with  fish46. According to the size efficiency  hypothesis59, the predatory behavior of planktivorous fish significantly 
affects size (large species and individuals are eliminated), species composition (Cladocera are eliminated due to 
their high energy value, lower motility and lower ability to evade predators)35 and interspecific interactions in 
zooplankton communities.

High turbidity also decreased the taxonomic diversity of zooplankton, and quantitative parameters (H′, J) 
were significantly lower in the HT than the MT and TL classes. These findings are explained by the intermedi-
ate disturbance  hypothesis60 which states that local species diversity is minimized at high levels of disturbance 
because only adapted organisms survive, whereas less competitive species are eliminated. In the present study, 
the MT network was characterized by the highest zooplankton abundance and biomass and the highest number 
of species responsible for biomass flow, which confirms the intermediate disturbance hypothesis.

The most influential nodes in the MT network were represented by the same species that were responsible 
for the centrality of the HT network, but the closeness centrality measure (NCC), namely the strength of the 
correlations established by these nodes, decreased markedly (NCC < 0.5). The influence of path parameters 
between the most influential taxa (NBC) increased in the MT network which was composed of three distinct 
sub-networks (clusters). According to Kruk et al.14, the disintegration of a biocenotic network into clusters or 
sub-networks results from the absence of nodes (species) with high NCC values. The current study demonstrated 
that high network cohesion in the examined turbidity classes was determined by the threshold value of NCC 
(0.6), observed under high turbidity conditions. Interestingly, the number and strength of antagonistic interac-
tions decreased (as demonstrated by the increase in the biomass of most species) in the entire MT biocenotic 
network relative to HT and LT networks, which points to independent feeding  behavior50. Two sub-networks 
were characterized by strong positive correlations between raptorial feeders, mostly adult and juvenile stages of 
Cyclopoida. The third cluster featured mainly positive correlations between Rotifera species. Various taxonomic 
and trophic groups, i.e. Bosmina longirostris (Cladocera, large microphagous), Cyclops vicinus (Copepoda, rapto-
rials) and Polyarthra vulgaris (Rotifera, raptorials), most of which were bound by positive relationships, played 
a key role in the communication between individual clusters (highest values of NBC and EBC), and determined 
the functioning of the MT network.

Martín González et al.61 emphasized the role of species with high NCC and NBC attributes because the net-
work disintegrates more rapidly when these taxa are selectively removed from its structure. The above mecha-
nism corresponds to the identification of keystone species that determine the species structure of  biocenoses62. 
However, antagonistic predatory relationships are necessary to maintain the interspecific cohesion of systems, 
in particular those subjected to environmental  changes63. In this study, the percentage of such relationships was 
low in the MT network.

Species with high NBC values also significantly influenced the LT network which was characterized by lowest 
density and highest heterogeneity (fragmentation). The LT network was composed of two overlapping clusters; 
therefore, the network centralization parameter was higher than in the MT class. Daphnia cucullata made the 
greatest contribution to the network’s cohesion (NCC = 0.512) and interspecies communication (NBC = 0.341). 
This species was positively correlated with non-competitive taxa, i.e. predatory rotifers (Asplanchna prio-
donta, Synchaeta spp.) and copepod nauplii (the most important relationship for maintaining the LT network; 
EBC = 114). D. cucullata was negatively correlated with microphagous rotifers (Keratella tecta, K. valga, Bra-
chionus angularis) that are less effective filter feeders and are suppressed by large Daphnia through exploitative 
competition for shared food resources and through mechanical  interference64–66. However, the LT environment 
featured the highest number of coexisting rotifer and cladoceran species, and it was characterized by the highest 
coefficients of taxonomic diversity in comparison with more turbid environments. In the above-cited studies, 
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the size of Daphnia populations was directly correlated with their impact on the structure of Rotifera. However, 
it should be noted, that in the LT network, the average biomass of D. cucullata was more than 100 times lower 
and 250 times lower than in HT and MT networks, respectively. The above suggests that the influence exerted 
by D. cucullata on the LT environment was disproportionately high relative to its biomass. According to Ladle 
and  Whittaker67, such species generally exert a strong influence on other organisms in the ecosystem and play 
an important role in the structure of zooplankton communities. The high values of both node centrality attrib-
utes indicate that D. cucullata is a species of demonstrable importance for ecosystem  function68 and a keystone 
species in the LT network.

In summary, the application of network graph analysis enabled the identification of many phenomena and 
relationships in planktonic communities that have not been previously described in anthropogenic ecosystems. 
The applied methods elucidated the role played by taxa in the biocenotic network and the ecological mechanisms 
that are difficult to identify and interpret with the use of conventional structural and multidimensional analyses, 
in particular in in situ studies.

The influence of water turbidity on the interactions between zooplankton species has been rarely investigated 
in environmental research and appears to be undervalued. The present study demonstrated that the turbidity 
gradient considerably affects the structure of zooplankton communities. In high turbidity (HT) conditions, the 
species interaction network was characterized by the highest cohesion and the highest centrality attributes of 
taxa multidirectionally utilizing shared and abundant food resources. The structure of the network relied on 
equivalent significant positive and negative relationships that were controlled by five nodes (species) with very 
high values of centrality attributes (NCC > 0.6). Despite the fact that the physical and chemical attributes of turbid 
waters exert an inhibitory effect on  zooplankton37, the biocenotic network created under high turbidity condi-
tions was stable and highly functional. A decrease in water turbidity led a decrease in centralization attributes, 
and MT and LT networks were disintegrated into clusters (sub-networks). The significance of taxa influencing 
interspecies communication and biomass flow between sub-networks increased, but it also increased the risk 
that the loss of even one taxon could undermine the cohesion of the entire network.

In the view of the  Remane69 hypothesis and the results by Kruk et al.14 about changes in zooplankton structure 
in the salinity gradient, as well as the observations made by Schmitz and  Trussel63 on the key role of antagonistic 
relations in system cohesion, our results confirm that the biocenotic network functionality is more compromised 
in conditions of moderate turbidity than under boundary conditions.

Methods
Study area. The study was conducted in eight artificial reservoirs (CH1, CH2, KA1, KA2, KA3, KU, PN, 
WI) located in the vicinity of Bełchatów brown coal strip mine in Central Poland (51° 24′ 43.6″ N; 19° 26′ 32.9″ 
E). The studied reservoirs are part of the drainage network in Bełchatów and Szczerców coal strip mines (Fig. 4). 
Their main function is to reduce suspended matter through  sedimentation47,70. The analysed mine pit lakes are 
flow-through reservoirs (with an estimated retention time of 16 h) with similar construction (three functional 

Figure 4.  Location of the study area. O-MB opencast mine in Bełchatów, O-MS opencast mine in Szczerców; 
reservoirs CH1, CH2, and KA3 represent the MT class; reservoirs KA1, KA2, and KU represent the HT class; 
reservoirs PN, WI represent the LT class. Modified,  see37.
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zones), shape, area (7.1–8.2 ha) and depth (1.7–2.7 m)46,47. However, water supplying the reservoirs originates 
from various depths and contains suspensions with different qualitative and quantitative traits, including mass 
concentration, as well as the size, shape and morphological structure of particles that determine turbidity  levels37.

To determine the influence of water turbidity on the species interaction network in zooplankton communi-
ties, the examined reservoirs were divided into three turbidity classes: high turbidity (HT) (> 25 NTU; KA1, 
KA2, KU), moderate turbidity (MT) (15–25 NTU; CH1, CH2, KA3), and low turbidity (LT) (< 15 NTU; PN, WI) 
(Fig. 5). The HT class involved 27 species and 158 observations, the MT class—28 species and 180 observations, 
and the LT class—22 species and 136 observations.

Sampling and analytical procedure. Zooplankton were sampled monthly, between March and October 
of 2014 and 2015, and between June and September of 2016. Three sampling sites were located in the central 
part of each reservoir: directly in the center, in the coastal zone and in the vicinity of the filter zone. Samples 
were collected with a 5 l Patalas trap at a depth of approximately 1 m. During the experiment, a total of 480 
zooplankton samples were collected, including 60 samples from each of the eight reservoirs. The collected sam-
ples with a volume of 20 l were filtered through a plankton net with 30 μm mesh size, preserved with Lugol’s 
solution, and fixed in 4% formalin solution. Zooplankton were identified to the lowest possible taxonomic level 
(with the exception of juvenile Copepoda stages) under a Zeiss AXIO Imager microscope, using the methods 
 see51,52,71–74. In quantitative analyses, zooplankton abundance (ind/l) was determined with a Sedgewick-Rafter 
counting chamber. Zooplankton biomass (mg/l) was determined according to the methods  see75,76. Species 
diversity (Shannon diversity index, H′), and species evenness (Pielou’s evenness index, J′) were analysed with the 
use of MVSP 3.22  software77.

The physical and chemical parameters of water were analysed in each zooplankton sampling site during each 
sampling event. Water temperature (°C), pH and dissolved oxygen (DO, mg/l) were measured with the YSI 6600 
V2 Multi-Parameter Water Quality Sonde. Water transparency (SDT, m) was determined with the Secchi disk. 
Water samples were collected for laboratory analyses of color (Hazen scale), turbidity (NTU), total nitrogen (TN, 
mg/l), total phosphorous (TP, mg/l) and chlorophyll a (Chl a, µg l). Total suspended solids (Tot susp, mg/l) and 
the content of organic (Org susp, mg/l) and inorganic (In susp, mg/l) fractions were determined. Hydrochemical 
analyses were conducted in accordance with APHA  guidelines23 (Table 1).

Statistical and network analyses. The overall differences in the physical and chemical parameters of 
water and zooplankton parameters across the analysed turbidity classes were determined by one-way ANOVA 
(f, P ≤ 0.05) and post-hoc Tukey test (HSD). The non-parametric Kruskal–Wallis test (H, P ≤ 0.05) was used to 
determine the differences in zooplankton biomass between individual turbidity classes. (Statistica 13.0 for Win-
dows, Statsoft, Tulsa).

In graph theory, the connections (edges) between objects (nodes) are examined by analyzing the parameters 
of the entire network and by determining the extent to which the attributes of individual nodes and edges affect 
the network and centrality  measures78. In the present study, graph theory was applied to network analysis to 
compare the parameters of the zooplankton network in three turbidity classes and to determine the significance of 
individual species and interspecific interactions in these networks. The interactions between zooplankton species 
in three turbidity classes were analysed in the Cytoscape platform (http:// www. cytos cape. org/) with the use of 
MetScape and NetworkAnalyzer applications to determine the correlations between data points. The database 
was composed of three csv files containing information about zooplankton data collected during period of the 
study in three turbidity classes. Zooplankton taxonomic units were listed in the columns, and the corresponding 

Figure 5.  Water turbidity levels (mean ± SD) in 2014–2016, based on which the analysed reservoirs were 
divided into turbidity classes (HT, MT and LT).

http://www.cytoscape.org/
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taxa biomass determined for every term of sampling in the rows. Data was normalized by autoscaling. The cor-
relation matrix was computed in the Correlation Calculator 1.01 program (University of Michigan).

An undirected graph was created to identify all positive and negative interactions between zooplankton 
species in three turbidity classes. Positive interactions denoted co-occurrence patterns or mutualistic relation-
ships between the biomass of zooplankton taxa, whereas negative interactions denoted predatory or competi-
tive  relationships13. The ranges of correlation coefficients for the edges were set so as to ensure that they were 
significant at P ≤ 0.05 for sample size in each turbidity class. The edge-weighted spring embedded layout was 
used with correlation coefficients as weights and weight-based heuristics. The absolute values of the correlation 
coefficients between nodes were used as weights. In weighted graphs, the distance between nodes is defined as 
the sum of  weights79. In the distribution algorithm, network nodes are regarded as physical objects that repel 
each other, such as electrons. The connections between nodes (edges) are regarded as metal springs attached to 
a pair of nodes. The springs (edges) repel or attract nodes according to the power function (correlation). Nodes 
are positioned by the algorithm to minimize the sum of forces (correlations) in the  network79.

The zooplankton network in three turbidity classes was compared based on the key network attributes that 
are applied in ecological studies, including the number of neighbors, closest path, clustering coefficient, network 
centralization, network density and network  heterogeneity13,80. Three popular node centrality attributes and one 
edge attribute were used to determine the significance of zooplankton taxa in three turbidity classes: node degree 
centrality (NDC)80, node closeness centrality (NCC)81, node betweenness centrality (NBC) and edge betweenness 
centrality (EBC)82. Node closeness centrality measures the rate at which information is spread from a given taxon 
to other reachable taxa in the network, whereas NBC denotes the extent to which a given taxon contributes to 
the network’s cohesion. Edge betweenness centrality represents the significance of interspecific relationships for 
the integrity of the zooplankton network.

Received: 9 September 2021; Accepted: 2 March 2022

References
 1. Lampert, W. Zooplankton research: The contribution of limnology to general ecological paradigms. Aquat. Ecol. 31, 19–27. https:// 

doi. org/ 10. 1023/A: 10099 43402 621 (1997).
 2. Sotton, B. et al. Trophic transfer of microcystins through the lake pelagic food web: Evidence for the role of zooplankton as a vector 

in fish contamination. Sci. Total Environ. 466–467, 152–163. https:// doi. org/ 10. 1016/j. scito tenv. 2013. 07. 020 (2014).
 3. St-Gelais, F. N., Sastri, A. R., del Giorgio, P. A. & Beisner, B. E. Magnitude and regulation of zooplankton community production 

across boreal lakes. Limnol. Oceanogr. Lett. 2(6), 210–217. https:// doi. org/ 10. 1002/ lol2. 10050 (2017).
 4. Dejen, E., Vijverberg, J., Nagelkerke, L. A. J. & Sibbing, F. A. Temporal and spatial distribution of microcrustacean zooplankton 

in relation to turbidity and other environmental factors in a large tropical lake (L. Tana, Ethiopia). Hydrobiologia 513(1), 39–49. 
https:// doi. org/ 10. 1023/b: hydr. 00000 18163. 60503. b8 (2004).

 5. Arendt, K. E. et al. Effects of suspended sediments on copepods feeding in a glacial influenced sub-Arctic fjord. J. Plankton Res. 
33, 1526–1537. https:// doi. org/ 10. 1093/ plankt/ fbr054 (2011).

 6. Carrasco, N. K., Perissinotto, R. & Jones, S. Turbidity effects on feeding and mortality of the copepod Acartiella natalensis (Connell 
and Grindley, 1974) in the St Lucia Estuary, South Africa. J. Exp. Mar. Biol. Ecol. 446, 45–51. https:// doi. org/ 10. 1016/j. jembe. 2013. 
04. 016 (2013).

 7. Goździejewska, A. et al. Effects of lateral connectivity on zooplankton community structure in floodplain lakes. Hydrobiologia 
774, 7–21. https:// doi. org/ 10. 1007/ s10750- 016- 2724-8 (2016).

 8. Zhou, J., Qin, B. & Han, X. The synergetic effects of turbulence and turbidity on the zooplankton community structure in large, 
shallow Lake Taihu. Environ. Sci. Pollut. Res. 25, 1168–1175. https:// doi. org/ 10. 1007/ s11356- 017- 0262-1 (2018).

 9. Chou, W.-R., Fang, L.-S., Wang, W.-H. & Tew, K. S. Environmental influence on coastal phytoplankton and zooplankton diversity: 
A multivariate statistical model analysis. Environ. Monit. Assess. 184(9), 5679–5688. https:// doi. org/ 10. 1007/ s10661- 011- 2373-3 
(2011).

 10. Du, X. et al. Analyzing the importance of top-down and bottom-up controls in food webs of Chinese lakes through structural 
equation modeling. Aquat. Ecol. 49(2), 199–210. https:// doi. org/ 10. 1007/ s10452- 015- 9518-3 (2015).

 11. Feitosa, I. B. et al. Plankton community interactions in an Amazonian floodplain lake, from bacteria to zooplankton. Hydrobiologia 
831, 55–70. https:// doi. org/ 10. 1007/ s10750- 018- 3855-x (2019).

 12. Kruk, M. & Paturej, E. Indices of trophic and competitive relations in a planktonic network of a shallow, temperate lagoon. A graph 
and structural equation modeling approach. Ecol. Indic. 112, 106007. https:// doi. org/ 10. 1016/j. ecoli nd. 2019. 106007 (2020).

 13. Kruk, M., Paturej, E. & Artiemjew, P. From explanatory to predictive network modeling of relationships among ecological indica-
tors in the shallow temperate lagoon. Ecol. Indic. 117, 106637. https:// doi. org/ 10. 1016/j. ecoli nd. 2020. 106637 (2020).

 14. Kruk, M., Paturej, E. & Obolewski, K. Zooplankton predator–prey network relationships indicates the saline gradient of coastal 
lakes. Machine learning and meta-network approach. Ecol. Indic. 125, 107550. https:// doi. org/ 10. 1016/j. ecoli nd. 2021. 107550 
(2021).

 15. Oh, H.-J. et al. Comparison of taxon-based and trophi-based response patterns of rotifer community to water quality: Applicability 
of the rotifer functional group as an indicator of water quality. Anim. Cells Syst. 21, 133–140. https:// doi. org/ 10. 1080/ 19768 354. 
2017. 12929 52 (2017).

 16. Sodré, E. D. O. & Bozelli, R. L. How planktonic microcrustaceans respond to environment and affect ecosystem: A functional trait 
perspective. Int. Aquat. Res. 11, 207–223. https:// doi. org/ 10. 1007/ s40071- 019- 0233-x (2019).

 17. Simões, N. R. et al. Changing taxonomic and functional β-diversity of cladoceran communities in Northeastern and South Brazil. 
Hydrobiologia 847, 3845–3856. https:// doi. org/ 10. 1007/ s10750- 020- 04234-w (2020).

 18. Goździejewska, A. M., Koszałka, J., Tandyrak, R., Grochowska, J. & Parszuto, K. Functional responses of zooplankton communities 
to depth, trophic status, and ion content in mine pit lakes. Hydrobiologia 848, 2699–2719. https:// doi. org/ 10. 1007/ s10750- 021- 
04590-1 (2021).

 19. Hart, R. C. Zooplankton feeding rates in relation to suspended sediment content: Potential influences on community structure in 
a turbid reservoir. Fresh. Biol. 19, 123–139. https:// doi. org/ 10. 1111/j. 1365- 2427. 1988. tb003 34.x (1988).

 20. Gliwicz, Z. M. & Pijanowska, J. The role of predation in zooplankton succession. In Plankton Ecology. Succession in Plankton Com-
munities (ed. Sommer, U.) 253–296 (Springer Verlag, 1989).

https://doi.org/10.1023/A:1009943402621
https://doi.org/10.1023/A:1009943402621
https://doi.org/10.1016/j.scitotenv.2013.07.020
https://doi.org/10.1002/lol2.10050
https://doi.org/10.1023/b:hydr.0000018163.60503.b8
https://doi.org/10.1093/plankt/fbr054
https://doi.org/10.1016/j.jembe.2013.04.016
https://doi.org/10.1016/j.jembe.2013.04.016
https://doi.org/10.1007/s10750-016-2724-8
https://doi.org/10.1007/s11356-017-0262-1
https://doi.org/10.1007/s10661-011-2373-3
https://doi.org/10.1007/s10452-015-9518-3
https://doi.org/10.1007/s10750-018-3855-x
https://doi.org/10.1016/j.ecolind.2019.106007
https://doi.org/10.1016/j.ecolind.2020.106637
https://doi.org/10.1016/j.ecolind.2021.107550
https://doi.org/10.1080/19768354.2017.1292952
https://doi.org/10.1080/19768354.2017.1292952
https://doi.org/10.1007/s40071-019-0233-x
https://doi.org/10.1007/s10750-020-04234-w
https://doi.org/10.1007/s10750-021-04590-1
https://doi.org/10.1007/s10750-021-04590-1
https://doi.org/10.1111/j.1365-2427.1988.tb00334.x


11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3938  | https://doi.org/10.1038/s41598-022-08045-y

www.nature.com/scientificreports/

 21. Gardner, M. B. Effects of turbidity on feeding rates and selectivity of bluegills. Trans. Am. Fish. Soc. 110(3), 446–450. https:// doi. 
org/ 10. 1577/ 1548- 8659(1981) 110% 3c446: EOTOFR% 3e2.0. CO;2 (1981).

 22. Zettler, E. R. & Carter, J. C. H. Zooplankton community and species responses to a natural turbidity gradient in Lake Temiskaming, 
Ontario-Quebec. Can. J. Fish. Aquat. Sci. 43, 665–673. https:// doi. org/ 10. 1139/ f86- 080 (1986).

 23. APHA. Standard Methods for the Examination of Water and Wastewater 20th edn. (American Public Health Association, 1999).
 24. Lind, O. T., Chrzanowski, T. H. & D’avalos-Lind, L. Clay turbidity and the relative production of bacterioplankton and phyto-

plankton. Hydrobiologia 353, 1–18. https:// doi. org/ 10. 1023/A: 10030 39932 699 (1997).
 25. Boenigk, J. & Novarino, G. Effect of suspended clay on the feeding and growth of bacterivorous flagellates and ciliates. Aquat. 

Microb. Ecol. 34, 181–192. https:// doi. org/ 10. 3354/ ame03 4181 (2004).
 26. Noe, G. B., Harvey, J. W. & Saiers, J. E. Characterization of suspended particles in Everglades wetlands. Limnol. Oceanogr. 52, 

1166–1178. https:// doi. org/ 10. 4319/ lo. 2007. 52.3. 1166 (2007).
 27. Bilotta, G. S. & Brazier, R. E. Understanding the influence of suspended solids on water quality and aquatic biota. Water Res. 42, 

2849–2861. https:// doi. org/ 10. 1016/j. watres. 2008. 03. 018 (2008).
 28. Fernandez-Severini, M. D., Hoffmeyer, M. S. & Marcovecchio, J. E. Heavy metals concentrations in zooplankton and suspended 

particulate matter in a southwestern Atlantic temperate estuary (Argentina). Environ. Monit. Assess. 185, 1495–1513. https:// doi. 
org/ 10. 1007/ s10661- 012- 3023-0 (2013).

 29. Paaijmans, K. P., Takken, W., Githeko, A. K. & Jacobs, A. F. G. The effect of water turbidity on the near-surface water temperature 
of larval habitats of the malaria mosquito Anopheles gambiae. Int. J. Biometeorol. 52(8), 747–753. https:// doi. org/ 10. 1007/ s00484- 
008- 0167-2 (2008).

 30. Asrafuzzaman, M., Fakhruddin, A. N. M. & Hossain, M. A. Reduction of turbidity of water using locally available natural coagu-
lants. ISRN Microbiol. 1–6, 2011. https:// doi. org/ 10. 5402/ 2011/ 632189 (2011).

 31. Kirk, K. L. & Gilbert, J. J. Suspended clay and the population dynamics of planktonic rotifers and cladocerans. Ecology 71(5), 
1741–1755. https:// doi. org/ 10. 2307/ 19375 82 (1990).

 32. Kirk, K. L. Effects of suspended clay on Daphnia body growth and fitness. Freshwater Biol. 28, 103–109. https:// doi. org/ 10. 1111/j. 
1365- 2427. 1992. tb005 66.x (1992).

 33. Levine, S. N., Zehrer, R. F. & Burns, C. W. Impact of resuspended sediment on zooplankton feeding in Lake Waihola, New Zealand. 
Freshw. Biol. 50, 1515–1536. https:// doi. org/ 10. 1111/j. 1365- 2427. 2005. 01420 (2005).

 34. Moreira, F. W. A. et al. Assessing the impacts of mining activities on zooplankton functional diversity. Acta Limn. Bras. 28, e7. 
https:// doi. org/ 10. 1590/ S2179- 975X0 816 (2016).

 35. Kerfoot, W. C. & Sih, A. Predation. Direct and Indirect Impacts on Aquatic Communities Vol. 160 (University Press of New England, 
1987).

 36. Schou, M. O. et al. Restoring lakes by using artificial plant beds: Habitat selection of zooplankton in a clear and a turbid shallow 
lake. Freshw. Biol. 54(7), 1520–1531. https:// doi. org/ 10. 1111/j. 1365- 2427. 2009. 02189.x (2009).

 37. Goździejewska, A. M., Gwoździk, M., Kulesza, S., Bramowicz, M. & Koszałka, J. Effects of suspended micro- and nanoscale particles 
on zooplankton functional diversity of drainage system reservoirs at an open-pit mine. Sci. Rep. 9, 16113. https:// doi. org/ 10. 1038/ 
s41598- 019- 52542-6 (2019).

 38. Ribeiro, F. et al. Silver nanoparticles and silver nitrate induce high toxicity to Pseudokirchneriella subcapitata, Daphnia magna and 
Danio rerio. Sci. Total Environ. 466–467, 232–241. https:// doi. org/ 10. 1016/j. scito tenv. 2013. 06. 101 (2014).

 39. Vallotton, P., Angel, B., Mccall, M., Osmond, M. & Kirby, J. Imaging nanoparticle-algae interactions in three dimensions using 
Cytoviva microscopy. J. Microsc. 257(2), 166–169. https:// doi. org/ 10. 1111/ jmi. 12199 (2015).

 40. Shanthi, S. et al. Biosynthesis of silver nanoparticles using a probiotic Bacillus licheniformis Dahb1 and their antibiofilm activity 
and toxicity effects in Ceriodaphnia cornuta. Microb. Pathogenesis 93, 70e77. https:// doi. org/ 10. 1016/j. micpa th. 2016. 01. 014 (2016).

 41. Vijayakumar, S. et al. Ecotoxicity of Musa paradisiaca leaf extract-coated ZnO nanoparticles to the freshwater microcrustacean 
Ceriodaphnia cornuta. Limnologica 67, 1–6. https:// doi. org/ 10. 1016/j. limno. 2017. 09. 004 (2017).

 42. Hart, R. C. Zooplankton distribution in relation to turbidity and related environmental gradients in a large subtropical reservoir: 
Patterns and implications. Freshw. Biol. 24(2), 241–263. https:// doi. org/ 10. 1111/j. 1365- 2427. 1990. tb007 06.x (1990).

 43. Pollard, A. I., González, M. J., Vanni, M. J. & Headworth, J. L. Effects of turbidity and biotic factors on the rotifer community in an 
Ohio reservoir. In Rotifera VIII: A Comparative Approach. Developments in Hydrobiology, Hydrobiologia Vol. 387388 (eds Wurdak, 
E. et al.) 215–223 (Springer, 1998).

 44. Roman, M. R., Holliday, D. V. & Sanford, L. P. Temporal and spatial patterns of zooplankton in the Chesapeake Bay turbidity 
maximum. Mar. Ecol. Prog. Ser. 213, 215–227. https:// doi. org/ 10. 3354/ meps2 13215 (2001).

 45. Young, I. R. & Ribal, A. Multiplatform evaluation of global trends in wind speed and wave height. Science 364(6440), 548–552. 
https:// doi. org/ 10. 1126/ scien ce. aav95 27 (2019).

 46. Goździejewska, A. M., Skrzypczak, A. R., Paturej, E. & Koszałka, J. Zooplankton diversity of drainage system reservoirs at an 
opencast mine. Knowl. Manag. Aquat. Ecosyst. 419, 33. https:// doi. org/ 10. 1051/ kmae/ 20180 20 (2018).

 47. Goździejewska, A. M., Skrzypczak, A. R., Koszałka, J. & Bowszys, M. Effects of recreational fishing on zooplankton communities 
of drainage system reservoirs at an open-pit mine. Fish. Manag. Ecol. 00, 1–13. https:// doi. org/ 10. 1111/ fme. 12411 (2020).

 48. Allesina, S., Bodini, A. & Bondavalli, C. Ecological subsystems via graph theory: The role of strongly connected components. Oikos 
110, 164–176. https:// doi. org/ 10. 1111/j. 0030- 1299. 2005. 13082.x (2005).

 49. D’Alelio, D. et al. Ecological-network models link diversity, structure and function in the plankton food-web. Sci. Rep. 6, 21806. 
https:// doi. org/ 10. 1038/ srep2 1806 (2016).

 50. Krebs, C. J. Ecology: The Experimental Analysis of Distribution and Abundance 6th edn. (Benjamin Cummings, 2009).
 51. Ejsmont-Karabin, J., Radwan, S. & Bielańska-Grajner, I. Rotifers. Monogononta–Atlas of Species. Polish Freshwater Fauna (Univ of 

Łódź, 2004).
 52. Streble, H. & Krauter, D. Das Leben im Wassertropfen. Mikroflora und Mikrofauna des Süβwassers (Kosmos Gesellschaft der 

Naturfreunde Franckhsche Verlagshandlung Stuttgart, 1978).
 53. Ejsmont-Karabin, J. The usefulness of zooplankton as lake ecosystem indicators: Rotifer trophic state index. Pol. J. Ecol. 60, 339–350 

(2012).
 54. Gutkowska, A., Paturej, E. & Kowalska, E. Rotifer trophic state indices as ecosystem indicators in brackish coastal waters. Ocea-

nologia 55(4), 887–899. https:// doi. org/ 10. 5697/ oc. 55-4. 887 (2013).
 55. Dembowska, E. A., Napiórkowski, P., Mieszczankin, T. & Józefowicz, S. Planktonic indices in the evaluation of the ecological status 

and the trophic state of the longest lake in Poland. Ecol. Indic. 56, 15–22. https:// doi. org/ 10. 1016/j. ecoli nd. 2015. 03. 019 (2015).
 56. Sousa, W., Attayde, J. L., Rocha, E. D. S. & Eskinazi-Sant’Anna, E. M. The response of zooplankton assemblages to variations in the 

water quality of four man-made lakes in semi-arid northeastern Brazil. J. Plankton Res. 30(6), 699–708. https:// doi. org/ 10. 1093/ 
plankt/ fbn032 (2008).

 57. Kak, A. & Rao, R. Does the evasive behavior of H. exarthra influence its competition with cladocerans? In Rotifera VIII: A Com-
parative Approach. Developments in Hydrobiology, Hydrobiologia Vol. 387/388 (eds Wurdak, E. et al.) 409–419 (Springer, 1998).

 58. Hochberg, R., Yang, H. & Moore, J. The ultrastructure of escape organs: Setose arms and crossstriated muscles in Hexarthra mira 
(Rotifera: Gnesiotrocha: Flosculariaceae). Zoomorphology 136, 159–173. https:// doi. org/ 10. 1007/ s00435- 016- 0339-2 (2017).

 59. Brooks, J. L. & Dodson, S. I. Predation, body size, and composition of plankton. Science 150, 28–35 (1965).
 60. Connell, J. H. Intermediate-disturbance hypothesis. Science 204(4399), 1345 (1979).

https://doi.org/10.1577/1548-8659(1981)110%3c446:EOTOFR%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(1981)110%3c446:EOTOFR%3e2.0.CO;2
https://doi.org/10.1139/f86-080
https://doi.org/10.1023/A:1003039932699
https://doi.org/10.3354/ame034181
https://doi.org/10.4319/lo.2007.52.3.1166
https://doi.org/10.1016/j.watres.2008.03.018
https://doi.org/10.1007/s10661-012-3023-0
https://doi.org/10.1007/s10661-012-3023-0
https://doi.org/10.1007/s00484-008-0167-2
https://doi.org/10.1007/s00484-008-0167-2
https://doi.org/10.5402/2011/632189
https://doi.org/10.2307/1937582
https://doi.org/10.1111/j.1365-2427.1992.tb00566.x
https://doi.org/10.1111/j.1365-2427.1992.tb00566.x
https://doi.org/10.1111/j.1365-2427.2005.01420
https://doi.org/10.1590/S2179-975X0816
https://doi.org/10.1111/j.1365-2427.2009.02189.x
https://doi.org/10.1038/s41598-019-52542-6
https://doi.org/10.1038/s41598-019-52542-6
https://doi.org/10.1016/j.scitotenv.2013.06.101
https://doi.org/10.1111/jmi.12199
https://doi.org/10.1016/j.micpath.2016.01.014
https://doi.org/10.1016/j.limno.2017.09.004
https://doi.org/10.1111/j.1365-2427.1990.tb00706.x
https://doi.org/10.3354/meps213215
https://doi.org/10.1126/science.aav9527
https://doi.org/10.1051/kmae/2018020
https://doi.org/10.1111/fme.12411
https://doi.org/10.1111/j.0030-1299.2005.13082.x
https://doi.org/10.1038/srep21806
https://doi.org/10.5697/oc.55-4.887
https://doi.org/10.1016/j.ecolind.2015.03.019
https://doi.org/10.1093/plankt/fbn032
https://doi.org/10.1093/plankt/fbn032
https://doi.org/10.1007/s00435-016-0339-2


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3938  | https://doi.org/10.1038/s41598-022-08045-y

www.nature.com/scientificreports/

 61. Martín González, A. M., Dalsgaard, B. & Olesen, J. M. Centrality measures and the importance of generalist species in pollination 
networks. Ecol. Complex. 7(1), 36–43. https:// doi. org/ 10. 1016/j. ecocom. 2009. 03. 008 (2010).

 62. Paine, R. T. A note on trophic complexity and community stability. Am. Nat. 104, 91–93 (1969).
 63. Schmitz, O. J. & Trussell, G. C. Multiple stressors, state-dependence and predation risk—Foraging trade-offs: Toward a modern 

concept of trait-mediated indirect effects in communities and ecosystems. Curr. Opin. Behav. Sci. 12, 6–11. https:// doi. org/ 10. 
1016/j. cobeha. 2016. 08. 003 (2016).

 64. Burns, C. W. & Gilbert, J. J. Effects of daphnid size and density on interference between Daphnia and Keratella cochlearis. Limnol. 
Oceanogr. 31(4), 848–858. https:// doi. org/ 10. 4319/ lo. 1986. 31.4. 0848 (1986).

 65. Gilbert, J. J. Suppression of rotifer populations by Daphnia: A review of the evidence, the mechanisms, and the effects on zoo-
plankton community structure. Limnol. Oceanogr. 33(6), 1286–1303. https:// doi. org/ 10. 4319/ lo. 1988. 33.6. 1286 (1988).

 66. Conde-Porcuna, J. M., Morales-Baquero, R. & Cruz-Pizarro, L. Effects of Daphnia longispina on rotifer populations in a natural 
environment: Relative importance of food limitation and interference competition. J. Plankton Res. 16(6), 691–706. https:// doi. 
org/ 10. 1093/ plankt/ 16.6. 691 (1994).

 67. Ladle, R. J. & Whittaker, R. J. (eds) Conservation Biogeography (Wiley–Blackwell, 2011).
 68. Cottee-Jones, H. E. W. & Whittaker, R. J. The keystone species concept: A critical appraisal. Front. Biogeogr. 4(3), 117–127. https:// 

doi. org/ 10. 21425/ F5FBG 12533 (2012).
 69. Remane, A. Die Brackwasserfauna. Verhandlungen Der Deutschen Zoologischen Gesellschaft 36, 34–74 (1934).
 70. Skrzypczak, A. R. & Napiórkowska-Krzebietke, A. Identification of hydrochemical and hydrobiological properties of mine waters 

for use in aquaculture. Aquac. Rep. 18, 100460. https:// doi. org/ 10. 1016/j. aqrep. 2020. 100460 (2020).
 71. von Flössner, D. & Krebstiere, C. Kiemen-und Blattfüsser, Branchiopoda, Fischläuse, Branchiura Vol. 382 (VEB Gustav Fischer 

Verlag, 1972).
 72. Koste, W. Rotatoria. Die Rädertiere Mitteleuropas. Überordnung Monogononta. I Textband, II Tafelband 52–570 (Gebrüder Born-

traeger, 1978).
 73. Rybak, J. I. & Błędzki, L. A. Freshwater Planktonic Crustaceans (Warsaw University Press, 2010).
 74. Błędzki, L. A. & Rybak, J. I. Freshwater Crustacean Zooplankton of Europe: Cladocera & Copepoda (Calanoida, Cyclopoida). Key to 

Species Identification with Notes on Ecology, Distribution, Methods and Introduction to Data Analysis (Springer, 2016).
 75. Bottrell, H. H. et al. A review of some problems in zooplankton production studies. Norw. J. Zool. 24, 419–456 (1976).
 76. Ejsmont-Karabin, J. Empirical equations for biomass calculation of planktonic rotifers. Pol. Arch. Hydr. 45, 513–522 (1998).
 77. Kovach, W. L. MVSP—A Multivariate Statistical Package for Windows, ver. 3.2 (Kovach Computing Services Pentraeth, 2015).
 78. Borgatti, S. P. Centrality and network flow. Soc. Netw. 27, 55–71. https:// doi. org/ 10. 1016/j. socnet. 2004. 11. 008 (2005).
 79. Kamada, T. & Kawai, S. An algorithm for drawing general undirected graphs—Inform. Process Lett. 31, 7–15 (1989).
 80. Pavlopoulos, G. A. et al. Using graph theory to analyze biological networks. BioData Min 4, 10 (2011).
 81. Newman, M. E. J. A measure of betweenness centrality based on random walks. Soc. Netw. 27, 39–54. https:// doi. org/ 10. 1016/j. 

socnet. 2004. 11. 009 (2005).
 82. Brandes, U. A. faster algorithm for betweenness centrality. J. Math. Sociol. 25, 163–177. https:// doi. org/ 10. 1080/ 00222 50X. 2001. 

99902 49 (2001).

Acknowledgements
Project financially supported by Minister of Education and Science the range of the program entitled “Regional 
Initiative of Excellence” for years 2019–2022, project No. 010/RID/2018/19, amount funding 12.000.000 PLN. 
This research was substantially funded by the PGE Górnictwo i Enegetyka Konwencjonalna SA Oddział KWB 
Bełchatów (agreement No. LPU/1225/2011), WFOSiGW in Łódź, and University of Warmia and Mazury in 
Olsztyn (18.610.010-110).

Author contributions
A.M.G. designed the research, conducted fieldwork, analysed the zooplankton samples and water samples, 
planned and wrote the main manuscript text and prepared Figs. 4 and 5. M.K. prepared network graph analysis 
of zooplankton structure, interpreted results and prepared Figs. 1, 2, and 3.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 08045-y.

Correspondence and requests for materials should be addressed to A.M.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022, corrected publication 2022

https://doi.org/10.1016/j.ecocom.2009.03.008
https://doi.org/10.1016/j.cobeha.2016.08.003
https://doi.org/10.1016/j.cobeha.2016.08.003
https://doi.org/10.4319/lo.1986.31.4.0848
https://doi.org/10.4319/lo.1988.33.6.1286
https://doi.org/10.1093/plankt/16.6.691
https://doi.org/10.1093/plankt/16.6.691
https://doi.org/10.21425/F5FBG12533
https://doi.org/10.21425/F5FBG12533
https://doi.org/10.1016/j.aqrep.2020.100460
https://doi.org/10.1016/j.socnet.2004.11.008
https://doi.org/10.1016/j.socnet.2004.11.009
https://doi.org/10.1016/j.socnet.2004.11.009
https://doi.org/10.1080/0022250X.2001.9990249
https://doi.org/10.1080/0022250X.2001.9990249
https://doi.org/10.1038/s41598-022-08045-y
https://doi.org/10.1038/s41598-022-08045-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Zooplankton network conditioned by turbidity gradient in small anthropogenic reservoirs
	Results
	Environmental variables and zooplankton distribution along the turbidity gradient. 
	Network structure. 
	Interspecific relationships in zooplankton networks. 

	Discussion
	Methods
	Study area. 
	Sampling and analytical procedure. 
	Statistical and network analyses. 

	References
	Acknowledgements


