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Abstract Cyanobacterial blooms have a strong 
impact on the food web structure, interactions and 
ecosystem functioning. The aim of this study was to 
describe the seasonal changes in composition and 
abundance of heterotrophic nanoflagellates, cili-
ates, rotifers, and crustaceans in relation to algae and 
nutrients in a shallow eutrophic lake (north-eastern 
Poland) dominated by cyanobacteria and exposed 
to the strong impact of cormorants. Our results 
showed that algae accounted for a small part of the 
total phytoplankton abundance (9–40%) and biomass 

(10–21%) and were dominated by diatoms and cryp-
tophytes. All of the studied groups of planktonic 
organisms were quite rich in species (95 algal, 79 
ciliate, 44 rotifer and 25 crustacean species) and rela-
tively abundant. Copepods formed a substantial part 
(45–83%) of the total zooplankton biomass during all 
seasons. Relatively low algal to zooplankton biomass 
ratio (0.8–1.1) suggests that during spring, summer, 
and winter algae were not sufficient food resources 
for metazooplankton, which supplemented its diet 
with protists (heterotrophic nanoflagellates and cili-
ates). In a shallow lake dominated by cyanobacteria, 
winter (ice-covered period) may be a more favourable 
period for the growth of some groups of algae, cili-
ates and rotifers than other seasons due to decreasing 
abundance of cyanobacteria.

Keywords Protists · Crustaceans · Fish · Great 
cormorant · Nutrient pollution · Ice-covered period

Introduction

Phytoplankton species composition and size structure 
are regulated directly by zooplankton grazing and 
indirectly by nutrient regeneration by grazers (Lev-
ine et al., 1999; Mao et al., 2020). According to the 
concept of cascading trophic interactions, predation 
by fish can control the abundance and productivity of 
lower trophic levels, cascading down to phytoplank-
ton (Carpenter et  al., 1985). It is also documented 
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that phytoplankton biomass is mainly regulated by 
bottom-up factors, while phytoplankton species com-
position is mainly determined by top-down factors 
(Lemmens et  al., 2018). Expanding population of 
piscivorous birds, such as cormorants, can have both 
bottom-up (nutrient runoff from colonies increasing 
algal growth) and top-down impacts (predation on 
fish leading to a decrease in fish communities around 
colonies, potentially causing a trophic cascade and 
higher grazing pressure on phytoplankton due to 
higher herbivore abundances) on lower trophic levels 
(Gagnon et  al., 2016). In some lake ecosystems, the 
high contribution of cyanobacteria to the total phyto-
plankton abundance is observed at the sites near the 
cormorant [Phalacrocorax carbo (Linnaeus, 1758)] 
roost (Klimaszyk et al., 2015; Napiórkowska-Krzebi-
etke et al., 2020). Although the impact of cormorants 
on the primary producers distinctly decreases with 
the increasing distance from a breeding cormorant 
colony, it can be visible up to 1.6 km from the colony 
area (Napiórkowska-Krzebietke et al., 2020).

Cyanobacteria are poor-quality food for zooplank-
ton grazers, due to their potential toxicity (Tillmanns 
et  al., 2008), large size (Lampert, 1987) and lack of 
long-chained polyunsaturated fatty acids and sterols 
(Müller-Navarra et  al., 2004). Although some zoo-
plankton species (cladocerans and cyclopoid copep-
ods) can ingest cyanobacteria (Ger et al., 2014; Tõnno 
et al., 2016), they select alternative food when availa-
ble (Gebrehiwot et al., 2019). Cyanobacterial blooms 
have a strong impact on food web structure, inter-
actions and ecosystem functioning (Van Wichelen 
et  al., 2016; Josué et  al., 2019). Intense summer/
autumn blooms of cyanobacteria are a common phe-
nomenon in eutrophic lakes (e.g. Krevš et al., 2010; 
Tõnno et al., 2016). However, some species, belong-
ing to genera such as Microcystis (Havens et  al., 
2003; Ma et al., 2016; Josué et al., 2019), Pseudana-
baena, Aphanizomenon, Planktothrix, and Limnothrix 
(Napiórkowska-Krzebietke et  al., 2021) may create 
year-round blooms due to increasing temperature and 
nutrient enrichment.

Algae are composed of many diverse taxonomic 
groups and/or species with various environmental 
requirements (mainly to light and temperature) as 
well as with different availability and nutritional value 
for zooplankton (Reynolds, 2006; Napiórkowska-
Krzebietke, 2017). Cryptophytes are the most pre-
ferred food resource for ciliates (Müller & Schlegel, 

1999), rotifers (Bogdan & Gilbert, 1982), cladocerans 
(Thys et  al., 2003) and copepod nauplii (Hansen & 
Santer, 1995), due to high content of essential fatty 
acids (Sommer, 1981). Chrysophytes and euglenoids 
may also be a food resource for some ciliate and 
crustacean species (Posch et  al., 2015). Although 
diatoms contain high concentrations of highly unsat-
urated fatty acids (Brett et al., 2009), they are gener-
ally avoided by crustaceans because of their size and 
shape (Tõnno et al., 2016). Dinoflagellates are often 
inedible to zooplankton (Reynolds, 2006), but Cera-
tium hirundinella (O.F.Müller) Dujardin may be a 
suitable food source for advanced copepod nauplii 
and adult cyclopoid copepods (Sommer et al., 2003).

The interactions between cyanobacteria and dif-
ferent groups/species of zooplankton from temperate 
to tropical freshwater systems are widely discussed 
(e.g. Ger et  al., 2014; Krztoń et  al., 2017; Kosiba 
et  al., 2019; Napiórkowska-Krzebietke et  al., 2020). 
Relatively little is known about other phytoplankton 
groups, zooplankton communities, algae–zooplank-
ton relationships, and predator–prey interactions 
among different groups of zooplankton in response 
to the prolonged blooms of cyanobacteria (Gołdyn & 
Kowalczewska-Madura, 2008; Esquivel et  al., 2016; 
Tõnno et  al., 2016; Kosiba et  al., 2018; Kosiba & 
Krztoń, 2022).

The aim of this study was to describe the seasonal 
changes in the community composition and abun-
dance of protozooplankton (heterotrophic nanoflagel-
lates and ciliates) and metazooplankton (rotifers and 
crustaceans) in relation to algae and both physical 
and chemical factors in a shallow highly eutrophic 
lake dominated by cyanobacteria and exposed to quite 
strong impact of a large nesting colony of cormo-
rants. Some results presented in this paper are based 
on results and methods that have already been pub-
lished elsewhere in a different context; i.e. relations 
between cyanobacteria and both zooplankton and 
abiotic parameters (Napiórkowska-Krzebietke et  al., 
2021). In the present study, we hypothesised that, 
due to the intensity of cyanobacterial blooms: (1) the 
abundance, species composition, and relationships 
between algae and zooplankton would differ between 
seasons, (2) protists would be the main food resources 
for rotifers and crustaceans, mainly in summer when 
water bloom is the most intensive. Based on the lit-
erature data, we also assumed that: (1) high and long-
lasting cyanobacterial blooms decrease the abundance 
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and species richness of proto- and zooplankton, show-
ing a tendency to uniformity (Kosiba et al., 2018), (2) 
the highest abundance of ciliates occurs during spring 
when cyanobacterial blooms are not fully developed, 
while suddenly decreasing in abundance during sum-
mer when water bloom culminates (Tirjaková et  al., 
2016), (3) during the winter ice-covered period, zoo-
plankton communities (ciliates, rotifers, and crusta-
ceans) occur at relatively low abundances (Agbeti 
& Smol, 1995; Ventelä et al., 1998), (4) cladocerans 
and copepods differ in algal diet between winter and 
summer (Tõnno et al., 2016), (5) the grazing impact 
of rotifers on ciliates and dinofagellates is extremely 
high during autumn (Sweeney et al., 2022), (6) cryp-
tophytes are the main food for copepods during colder 
season, while diatoms are the preferred food for them 
in warmer seasons (Levine et al., 1999; Tailape et al., 
2019), (7) cyanobacterial blooms provide a substrate 
for the development of heterotrophic bacteria that are 
food resources for heterotrophic nanoflagellates, cili-
ates, and rotifers (Kosiba et al., 2022), (8) the ratio of 
heterotrophic to autotrophic biomass decreases due to 
the increasing dominance of cyanobacteria (Selmeczy 
et al., 2019), (9) the high concentration of phospho-
rus conditions a decrease in abundance of high-qual-
ity algae (cryptophytes, chrysophytes, diatoms, and 
dinoflagellates), but not their biomass (Taipale et al., 
2019).

Materials and methods

The study was carried out in the shallow, eutrophic 
Lake Warnołty (53° 42′ 44.5ʺ N and 21° 37′ 38.8ʺ E) 
situated in the Mazurian Lake District (north-eastern 
Poland). Lake Warnołty (area of 370.4 ha, maximum 
depth of 6.2 m, and mean depth of 2.5 m) is an orni-
thological and floral reserve. The island Warnowska, 
situated on the central part of the lake, is inhabited by 
the largest colony of the great cormorant in northeast-
ern Poland. In the years 2009–2016, the number of 
cormorants fluctuated between 1000 and 1500 breed-
ing pairs (Traczuk & Kapusta, 2017). The most fre-
quent fish species in the diet of cormorants are Perca 
fluviatilis Linnaeus, 1758, Rutilus rutilus (Linnaeus, 
1758), Abramis brama (Linnaeus, 1758), and Albur-
nus alburnus (Linnaeus, 1758) (Traczuk, unpublished 
data). In the last years, a high contribution (up to 
38%) of Sander lucioperca (Linnaeus, 1758) in the 

cormorant diet has been documented (Traczuk & 
Kapusta, 2017). Fish surveys performed on August 
10–12 with the use of the sets of Nordic multi-mesh 
gillnets according to the European Standard (EN 
14757), showed that the lake was inhabited by 12 fish 
species. Perca fluviatilis was a dominant species, con-
stituting 64% of the total abundance. Blicca bjoerkna 
(Linnaeus, 1758) was the second most abundant spe-
cies (21% of the total abundance). The contribution 
of other species to the total abundance was low and 
did not exceed 4%. In terms of biomass, the dominant 
species was B. bjoerkna (30%). The important com-
ponents of fish biomass were also P. fluviatilis (22%), 
S. lucioperca (21%) and R. rutilus (11%).

Water samples were collected once a month dur-
ing spring (March–May), summer (June–August), 
autumn (September–November), and winter ice-cov-
ered period (December–February) 2016/17, at 0.5 m 
depth. On each sampling date, samples were taken 
from six sites located at different distances from the 
island (Fig.  1), because of the different effects of 
cormorants on primary producers (mainly cyano-
bacteria) and zooplankton that decrease with the 
increasing distance from a breeding cormorant colony 
(Napiórkowska-Krzebietke et  al., 2020). The three 
sites (1, 2, and 3) were located near the island (5, 15, 
and 30 m from the island, respectively). Three other 
sites (4, 5, and 6) were located along the increasing 
distance from the island (70, 200, and 300 m from the 
island, respectively). Information on the spatial distri-
bution of phytoplankton and zooplankton is presented 
in Napiórkowska-Krzebietke et al. (2020).

Lake Warnołty was covered by ice in the winter 
of 2016/17. The ice thickness was 1  cm in Decem-
ber and increased to about 20–26 cm in January and 
to 26–31  cm in February. A thin layer of snow was 
present only in January (2.0–2.5  cm) and February 
(1.5–4.5 cm).

Temperature and oxygen concentrations were 
measured using a YSI multiparameter ProDSS 
probe (Yellow Spring Instruments, USA). Water 
transparency was measured with a Secchi disc. 
Total phosphorus (TP) concentrations were deter-
mined colorimetrically using a Shimadzu UV 
1601 spectrophotometer, after mineralization with 
ammonium molybdate (APHA, 1999). Nitrogen 
and organic carbon were measured by a Shimadzu 
TOC-VCSH with a nondispersive infrared NDIR 
analyzer. To measure total nitrogen (TN) and total 
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organic carbon (TOC), water samples were homog-
enized with a magnetic stirrer, while to measure 
dissolved organic carbon (DOC), water samples 
were filtered through 0.45 μm pore size membrane 
filters. Particulate organic carbon (POC) was calcu-
lated as the difference between the TOC and DOC 
concentrations. Chlorophyll a concentrations were 
determined by the spectrophotometric analysis of 
acetone extracts of phytoplankton retained on What-
man GF/C filters according to Golterman (1969). 
The trophic state index (TSI) of the lake was cal-
culated from chlorophyll a  (TSICHL) and total phos-
phorus (TP) concentrations  (TSITP), and Secchi disc 
visibility  (TSISD) according to Carlson (1977).

Phytoplankton samples were fixed with Lugol’s 
solution and ethanol and then enumerated by an 
inverted microscope according to Utermöhl (1958). 
Biomass was calculated from cell volume measure-
ments, according to standard methods (Hillebrand 

et  al., 1999; Napiórkowska-Krzebietke & Kobos, 
2016).

Nanoflagellate (NF) samples were fixed with for-
maldehyde (final concentration 2%), stained with 
DAPI (Porter & Feig, 1980), filtered through 0.8 μm 
pore size polycarbonate membrane filters (Millipore) 
and enumerated by epifluorescence microscopy. The 
NF biomass was calculated from measurements of 
cell size and their approximations to simple geo-
metric forms. Autotrophic (ANF) and heterotrophic 
(HNF) nanoflagellates were differentiated based on 
chlorophyll a autofluorescence.

Ciliate samples were fixed with Lugol’s solution 
and examined with a light microscope. Biomass was 
calculated from measurements of cell dimensions and 
simple geometric shapes. Species identifications of 
ciliates were based mainly on Foissner et al. (1999).

Rotifer and crustacean samples (25  L) were con-
centrated using a 30  μm mesh plankton net and 

Fig. 1  Map of Lake 
Warnołty with sampling 
sites indicated: site 1–5 m 
from the island, site 2–15 m 
from the island, site 3–30 m 
from the island, site 
4–70 m from the island, site 
5–200 m from the island, 
site 6–300 m from the 
island

POLAND

Warnowska Island

Lake Warnołty
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preserved with Lugol’s solution and 4% ethyl alcohol. 
Rotifers and crustaceans were identified and enumer-
ated under the light microscope after sedimentation. 
Length and length-dry mass relationships were used 
to determine the biomass of rotifers using Ejsmont-
Karabin (1998) and the biomass of crustaceans using 
Bottrell et al. (1976).

The differences in the physical (water tempera-
ture), chemical (oxygen, DOC, POC, TP, TN) and 
biological (chlorophyll a, abundance and biomass of 
HNF, ciliates, rotifers, cladocerans, and copepods) 
parameters between seasons were analysed using 
the nonparametric Kruskal–Wallis test. The biologi-
cal, physical and chemical variables were correlated 
using principal component analysis (PCA) with sup-
plementary variables. Before PCA analysis, all data 
were log-transformed. Because response data were 
compositional and the gradient was 0.3–0.6 SD units 
long, the above linear method (PCA) was appropriate 
(ter Braak & Šmilauer, 2012). Data from the six sites 
for three months (n = 18 for each season) were used to 
perform statistical analyses in all seasons. The PCA 
analysis was carried out using CANOCO 5.0 (Micro-
computer Power, Ithaca, NY, USA) and other statis-
tical analyses were done using STATISTICA 10.0 
(StatSoft, Inc., St Tulsa, USA).

Results

Environmental characteristics

The physical and chemical parameters are presented 
in Table 1. The differences in water temperature were 
statistically significant in most of the possible config-
urations of compared data (P < 0.05), with one excep-
tion (between spring and autumn). Oxygen concentra-
tions were significantly higher in spring than in the 
three other seasons (P < 0.001). The concentrations of 
TP and TN were significantly higher in spring than in 
both autumn and winter (P < 0.001). In addition, there 
were significant differences in TN between winter 
and both summer (P < 0.001) and autumn (P < 0.05). 
DOC concentrations were very similar in spring, 
autumn, and winter and significantly lower in these 
three seasons than in summer (P < 0.05). The con-
centrations of POC were significantly lower in winter 
than in the three other seasons (P < 0.05). Chlorophyll 
a concentrations were significantly lower in winter 
than in summer (P < 0.01) and autumn (P < 0.001), 
while significantly higher in autumn than in spring 
(P < 0.001) and summer (P < 0.05).

Phytoplankton abundance and composition

The abundance and biomass of cyanobacteria were 
very similar in spring, summer, and autumn and sig-
nificantly higher than in winter (P < 0.001; Fig.  2a). 
In all seasons, filamentous cyanobacteria were the 
dominant component of phytoplankton. Their per-
centage contribution both to the total abundance and 

Table 1  The physical, chemical and biological characteristics of Lake Warnołty during spring, summer, autumn, and winter (ice-
covered period) 2016/17

Mean values with standard deviations and ranges (in parentheses) from six sampling stations. Values with different letter indexes 
indicate statistically significant differences (P < 0.05)
TP total phosphorus, TN total nitrogen, DOC dissolved organic carbon, POC particulate organic carbon

Parameter Spring Summer Autumn Winter

Temperature (°C) 8.2 ± 4.8 (3.0–15.0)b 21.1 ± 1.2 (19.0–23.0)a 12.3 ± 6.0 (4.2–18.5)b 1.1 ± 0.5 (0.4–1.8)c

Oxygen (mg  L−1) 14.5 ± 0.4 (13.8–15.0)a 9.9 ± 0.8 (8.6–11.2)b 11.0 ± 1.8 (8.1–13.3)b 9.0 ± 2.8 (4.4–14.0)b

TP (μg  L−1) 128 ± 18 (78–154)a 114 ± 15 (101–153)ab 105 ± 8 (86–116)b 100 ± 13 (72–121)b

TN (mg  L−1) 2.2 ± 0.2 (1.8–2.6)a 1.9 ± 0.3 (1.6–2.4)ab 1.4 ± 0.3 (1.1–1.9)b 0.9 ± 0.0 (0.8–1.0)c

DOC (mg  L−1) 10.2 ± 1.9 (7.4–12.0)b 12.1 ± 1.1 (10.6–14.1)a 10.9 ± 1.6 (9.1–14.0)b 10.7 ± 0.6 (9.4–11.5)b

POC (mg  L−1) 1.8 ± 0.7 (0.8–2.8)a 1.7 ± 1.1 (0.1–4.0)a 1.7 ± 1.2 (0.3–4.0)a 0.7 ± 0.5 (0.0–1.6)b

Chlorophyll a (μg  L−1) 75.9 ± 9.1 (59.3–91.4)bc 87.9 ± 21.1 (57.1–126.1)b 112.4 ± 6.7 (101.2–122.2)a 41.9 ± 20.2 (22.0–84.5)c
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biomass decreased gradually from 91.2 to 60.4% 
and from 90.4 to 79.0%, respectively, and was the 
lowest in winter under the ice cover. Cyanobacteria 
were mainly represented by species of the genera 
Pseudanabaena, Aphanizomenon, Planktothrix, and 
Limnothrix.

The lowest abundance of algae was noted in sum-
mer, while biomass in winter (Fig.  2b). The dif-
ferences in abundance were significant (P < 0.05) 
only between spring and summer, while in biomass 
between winter and other seasons (P < 0.05). A total 
of 95 algal species, belonging to seven taxonomic 
groups, were identified. The community was domi-
nated by diatoms and cryptophytes (Fig. 4a). Diatoms, 
primarily Ulnaria acus (Kützing) Aboal, U. ulna 
(Nitzsch) Compére, and Cyclotella sp., dominated 
during spring. Cryptophytes, represented mainly by 
Cryptomonas erosa Ehrenberg and Rhodomonas lens 
Pascher & Ruttner, were the dominant group in other 
seasons. Miozoa were the most abundant in spring 
(19% of the total biomass). Ochrophytes of the genera 
Dinobryon and Erkenia accounted for a small part of 
the total biomass in winter (13%). The contribution 

of other groups, such as chlorophytes (small-sized 
Scenedesmus, Chlamydomonas, Kirchneriella and 
Monoraphidium), euglenoids and charophytes, to the 
total biomass, was low and did not exceed 10%.

Protistan abundance and composition

The lowest abundance and biomass of HNF were 
recorded in winter, while the highest in autumn 
(Fig.  3a). The differences in HNF abundance were 
statistically significant between winter and other 
seasons (P < 0.05), while in HNF biomass between 
winter and both spring and autumn (P < 0.001) as 
well as between summer and both spring and autumn 
(P < 0.01). Small-sized (< 5  µm) HNF cells domi-
nated in spring and winter, while medium-sized 
(5–10  μm) cells dominated in summer and autumn 
(Fig. 4b).

The ciliate abundance reached a maximum in 
autumn and minimum in winter (Fig. 3b). In contrast, 
ciliate biomass was maximal in winter, while minimal 
in summer. The differences in abundance were sig-
nificant between autumn and the three other seasons 
(P < 0.05). No significant differences were found in 
ciliate biomass (P > 0.05). A total of 79 ciliate taxa 
were identified. Oligotrichida, represented by species 
of the genera Rimostrombidium, Tintinnidium, Strom-
bidium and Halteria, clearly dominated in spring and 
winter, accounting for 77% of the total biomass for 
both seasons (Fig.  4c). In summer, oligotrichs and 
prostomatids (Coleps spp. and Urotricha spp.) co-
dominated, while in autumn oligotrichs and gymnos-
tomes (mainly composed of Mesodinium spp.) were 
the important components of ciliate communities. It 
should be noted that typically bacterivorous ciliates 
(mainly scuticociliates and peritrichs) constituted a 
substantial part (21%) of the total ciliate biomass in 
autumn.

Rotifer abundance and composition

Rotifer abundance, biomass (Fig.  3c) and the domi-
nance structure (Fig. 4d) changed considerably during 
the study. The lowest abundance was noted in spring, 
while the highest was both in summer and winter. The 
biomass was more or less similar in spring, summer, 
and autumn and reached a maximal value in winter. 
The differences in abundance were statistically sig-
nificant between summer and both spring (P < 0.01) 

Fig. 2  Abundance and biomass of a cyanobacteria and b algae 
in Lake Warnołty (Poland) during spring, summer, autumn, 
and winter (ice-covered period) 2016/17. Mean from six sam-
pling sites. Lowercase letters indicate the statistically signifi-
cant differences between seasons in abundance, while upper-
case letters indicate the statistically significant differences in 
biomass (P < 0.05)
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and autumn (P < 0.05) as well as between winter and 
both spring (P < 0.01) and autumn (P < 0.05). The 
differences in biomass were significant only between 
winter and both spring (P < 0.0001) and summer 

(P < 0.001). A total of 44 species were identified. The 
dominant species in the biomass were Asplanchna 
priodonta Gosse, 1850 in spring and autumn, Filinia 

Fig. 3  Abundance and biomass of a heterotrophic nanoflag-
ellates (HNF), b ciliates, c rotifers, and d crustaceans in Lake 
Warnołty during spring, summer, autumn, and winter (ice-
covered period) 2016/17. Mean values from six sampling sites 
with standard deviations. Lowercase letters indicate the statis-
tically significant differences between seasons in abundance, 
while uppercase letters indicate the statistically significant dif-
ferences in biomass (P < 0.05)

Fig. 4  Percentage contribution of a algal taxonomic groups, b 
heterotrophic nanoflagellate (HNF) size classes, c ciliate taxo-
nomic groups, d rotifer species, and e crustacean taxonomic 
groups to the total biomass in Lake Warnołty during spring, 
summer, autumn, and winter (ice-covered period) 2016/17. 
Mean values from six sampling sites. Abbreviations Rotifera: 
A., Asplanchna; B., Brachionus; F., Filinia; K., Keratella; P., 
Polyarthra; T., Trichocerca 



2032 Hydrobiologia (2024) 851:2025–2040

1 3
Vol:. (1234567890)

longiseta (Ehrenberg, 1834) in summer, and Brachio-
nus calyciflorus Pallas, 1766 in winter (Fig. 4d).

Crustacean abundance and composition

The abundance and biomass of crustaceans showed 
a decreasing trend throughout the year (Fig. 3d). The 
differences in abundance were statistically significant 
between winter and the three other seasons (P < 0.05) 
and between summer and autumn (P < 0.001). The 
biomass was significantly higher in summer than in 
autumn (P < 0.01) and winter (P < 0.001). The differ-
ences in the biomass were also found between spring 
and autumn (P < 0.01). A total of 25 crustacean spe-
cies were identified. Copepods clearly dominated in 
all seasons (Fig.  4e). Cladocerans formed an impor-
tant part of the total crustacean biomass (31%) only 
in summer. Copepods were mainly represented by 
Cyclops bohater Koźmiński, 1933, C. kolensis Lillje-
borg, 1901, Eudiaptomus graciloides (Lilljeborg, 
1888) and Thermocyclops oithonoides (G.O. Sars, 
1863), while cladocerans were mainly composed of 
Daphnia cucullata G.O. Sars, 1862 and Chydorus 
sphaericus (O.F. Müller, 1776).

Relationships between algae and zooplankton

In spring, the biomass of plankton was dominated 
by algae and copepods (Fig.  5). In the three other 
seasons, algae distinctly dominated (46–65%). The 
ratio of algae to zooplankton biomass was about 
2–3 times higher in autumn (2.1) than in other 
seasons (0.8, 1.1, and 0.9 in spring, summer and 

winter, respectively). Copepods were the dominant 
component of the zooplankton community, consti-
tuting 45–83% of the total biomass. The percentage 
contribution of cladocerans to the total zooplankton 
biomass was relatively high only in summer (26%). 
Ciliates composed an important part of zooplankton 
biomass in autumn (26%) and winter (23%), while 
rotifers in winter (32%).

In spring, cladocerans and rotifers were strongly 
and positively correlated with each other and posi-
tively related to ciliates, while negatively related to 
HNF, cryptophytes, euglenophytes, and TP (Fig. 6a). 
Copepods were weakly positively related to dino-
flagellates (Miozoa) and negatively related to abiotic 
parameters, such as temperature, DOC, and POC. In 
turn, dinoflagellates were negatively correlated with 
DOC and POC. In summer, rotifers and ciliates cor-
related positively with each other and showed positive 
correlations with algal groups (among which crypto-
phytes and euglenophytes were the most significantly 
correlated) and negative correlations with cladocer-
ans, TP, and TN (Fig.  6b). Copepods showed weak 
positive correlation with HNF and ciliates, while 
negative correlations with TP and TN. In turn, some 
algal groups (cryptophytes, euglenophytes, chloro-
phytes, and dinoflagellates) were positively related 
to temperature and oxygen, while negatively related 
to TP and TN. In autumn, cladocerans and copepods 
were weakly negatively related to ciliates and rotifers 
(Fig.  6c). In turn, rotifers were positively related 
to ciliates. Almost all groups of algae showed posi-
tive correlations with abiotic parameters. In winter, 
copepods were closely and positively related to HNF, 
diatoms, chlorophytes, charophytes, and dinoflagel-
lates, while negatively related to ice/snow cover, TN, 
and DOC (Fig. 6d). Rotifers were weakly negatively 
related to euglenophytes, POC and TP. In addition, 
rotifers and ciliates were positively, while copepods, 
HNF, and some algal groups (mainly diatoms) nega-
tively correlated with ice/snow cover and TN.

Relationships between the trophic state indices 
calculated based on chlorophyll a and total phos-
phorus concentrations, and the Secchi disk are pre-
sented in Fig.  7. The values of TSI calculated for 
individual seasons indicated highly eutrophic char-
acteristics (TSI above 60). The values of the  TSITP 
varied between 71 (autumn and winter) and 74 (sum-
mer). The trophic state index based on the Secchi 
disk ranged from 60 in winter to 70 in summer. The 

Fig. 5  Percentage contribution of the studied groups of organ-
isms to the total plankton biomass in Lake Warnołty dur-
ing spring, summer, autumn, and winter (ice-covered period) 
2016/17. Mean values from six sampling sites. HNF hetero-
trophic nanoflagellates
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Fig. 6  Biplot of abiotic and biotic parameters, based on prin-
cipal component analysis (PCA) in a spring, b summer, c 
autumn, and d winter (ice-covered period) 2016/17 in Lake 
Warnołty. Oxy oxygen, TP total phosphorus, TN total nitrogen, 
DOC dissolved organic carbon, POC particulate organic car-
bon, Cry Cryptophyta, Och Ochrophyta, Bac Bacillariophyta, 

Eug Euglenozoa, Chl Chlorophyta, Cha Charophyta, Mio Mio-
zoa. Cumulative explained variation for the two first axes in 
spring is 94.8 (88.6 and 6.2, respectively), in summer is 94.9 
(86.9 and 8.0, respectively), in autumn is 97.2 (91.6 and 5.6, 
respectively), while in winter it is 91.0 (85.2 and 5.8, respec-
tively)
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values of the  TSICHL varied from 67 in winter to 77 
in autumn.

Discussion

In the shallow, highly eutrophic Lake Warnołty, the 
phytoplankton community was mainly composed of 
cyanobacteria that dominated throughout the stud-
ied period (Napiórkowska-Krzebietke et  al., 2020, 
2021). Algae accounted for a small part of the total 
phytoplankton abundance and biomass (9–40% and 
10–21%, respectively). Some studies have shown that 
cyanobacterial blooms generally contain a huge and 
diverse community of bacterioplankton, phytoplank-
ton and zooplankton, among which certain species 
have a destructive impact on cyanobacteria (Gołdyn 

& Kowalczewska-Madura, 2008; Van Wichelen et al., 
2016). In contrast, Kosiba et al. (2018) recorded only 
15 ciliate and 54 metazooplankton taxa and indicated 
that in aquatic ecosystems with higher and longer-
lasting toxin concentrations, the abundance and spe-
cies richness of zooplankton decreased, showing a 
tendency to uniformity. Similarly, Tirjaková et  al. 
(2016) and Krevš et al. (2010) stated that cyanobac-
terial blooms significantly lowered the diversity of 
ciliate communities. In this study, all of the studied 
groups of zooplankton were quite rich in species and 
relatively abundant. The ciliate abundances were very 
similar to those recorded in a tropical Mexican lake 
(Esquivel et  al., 2016), but much higher than those 
noted by Krevš et  al. (2010) in the highly eutrophic 
lake in Lithuania; both lakes were dominated by 
filamentous cyanobacteria. In lake ecosystems with 

Fig. 7  Relationships 
between the components 
of the trophic state index 
(TSI) calculated from the 
mean values of chlorophyll 
a  (TSICHL), Secchi depth 
 (TSISD) and total phos-
phorus  (TSITP) based on 
the model by Carlson and 
Havens (2005) in Lake 
Warnołty during spring, 
summer, autumn, and 
winter (ice-covered period) 
2016/17
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summer cyanobacterial blooms, ciliates can reach 
maximal abundance during spring, when the cyano-
bacterial bloom is not fully developed, while mini-
mal values are observed at the beginning of summer 
when the water bloom culminates (Tirjaková et  al., 
2016). In our study, ciliates were the most abundant 
in autumn, when maximal abundance and biomass 
of heterotrophic nanoflagellates were observed. In 
turn, the highest ciliate biomass was noted in winter, 
when algal biomass was the lowest and cyanobacte-
rial bloom substantially decreased (Napiórkowska-
Krzebietke et  al., 2021). In winter, not only ciliates 
but also rotifers reached maximal biomass. At this 
time, the rotifer biomass was significantly higher 
than in spring and summer, while cryptophytes and 
ochrophytes reached their maximal abundance and/
or biomass. The development of ciliates and rotifers 
was probably the result of a decrease in crustacean 
abundance and a visible increase in the contribution 
of algae to the total phytoplankton abundance (up to 
40%) and biomass (to 21%). All these facts suggest 
that in a shallow eutrophic lake dominated by cyano-
bacteria, winter may be a more favourable period for 
the growth of some planktonic groups of organisms, 
especially ciliates and rotifers, despite adverse envi-
ronmental conditions (quite thick ice cover in Janu-
ary/February and a thin layer of snow). In contrast, 
the ice/snow cover was a factor limiting the devel-
opment of HNF, copepods, dinoflagellates, diatoms, 
chlorophytes, and charophytes.

Small-bodied cladocerans and cyclopoid copepods 
usually dominate zooplankton biomass in eutrophic 
lakes during cyanobacterial blooms (Zhang et  al., 
2013). The co-occurring cladocerans and copepods 
differ markedly in algal diet composition and prefer-
ences, especially between winter and summer (Tõnno 
et  al., 2016). In the colder season, cryptophytes are 
the dominant food for copepods, while in warmer 
months (May to September), small algae (< 25 µm), 
such as dinoflagellates, diatoms and green algae 
are the preferred food for them (Levine et al., 1999; 
Tõnno et al., 2016). As shown by Kosiba and Krztoń 
(2022), algivorous ciliates as well as ciliate species 
feeding on bacteria and algae are consumed prefer-
entially by copepods in the periods without and with 
cyanobacterial blooms, but to a greater extent dur-
ing the bloom. We showed that zooplankton biomass 
was dominated by copepods throughout the study. In 
summer, rotifer and cladoceran communities showed 

relationships with many taxonomical groups of algae 
(mainly cryptophytes, euglenophytes, dinoflagel-
lates, and chlorophytes) and ciliates. However, in the 
case of rotifers, these relationships were positive (the 
clear increase in rotifer biomass may be the result of 
increasing algal biomass), while in the case of clad-
ocerans negative (strong predator–prey interactions). 
Our study indicated that during the studied periods, 
all available algal-food resources were consumed by 
zooplankton, except for autumn when fine detritus/
organic aggregates, bacteria, and picoplankton were 
probably the main food for zooplankton (Gilbert, 
2022). A small part of algae in summer (9 and 10% 
of the total phytoplankton abundance and biomass, 
respectively), an edible and easily available phyto-
plankton-food resource for zooplankton, might not be 
enough to maintain zooplankton communities. It is 
well documented that protists (HNF and ciliates) may 
enrich the diet of herbivorous consumers at times 
when the phytoplankton is deficient in nutrients, pol-
yunsaturated fatty acids and sterols (Sommer et  al., 
2012), and when copepods dominate (Vargas et  al., 
2006). In our study, the strong relationships between 
crustaceans and both HNF and ciliates may indicate 
that in spring, summer, and winter protists could be 
an additional and significant food source for meta-
zooplankton, in addition to algae (Sanders & Wick-
ham, 1993; Jürgens et al., 1996). It is probable that at 
this time, nutritional value of algae was considerably 
reduced due to excessive concentrations of nutrients 
(Taipale et  al., 2019). Also, rotifers supplemented 
their diet with HNF in spring and with ciliates in 
summer and autumn (Arndt, 1993; Weisse & Frahm, 
2002; Gilbert, 2022).

Results of some studies showed that bacteria may 
be a primary food resource for rotifers, cladocerans 
and autotrophic flagellates, especially in a situation 
where the availability of algae is reduced (Sanders 
et al., 1989). Decaying cyanobacterial blooms are an 
important source of organic carbon and nutrients for 
heterotrophic bacteria (Engström-Öst et  al., 2002). 
Unfortunately, bacteria were not determined in this 
study. However, the HNF community (the major graz-
ers of bacteria) was characterised by relatively high 
biomass, but low abundance, which is consistent 
with the results of Krevš et  al. (2010). A large pro-
portion of medium-sized cells suggests that medium-
sized bacteria could be the dominant component 
of bacterioplankton and the preferred food for HNF 
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(Adamczewski et al., 2010). The presence of Hasta-
tella radians Erlanger, 1890, bacterivorous ciliate 
species characteristic of waters with a high abun-
dance of bacteria (Foissner et  al., 1999), as well as 
the high contribution of bacterivorous ciliates to the 
total ciliate biomass, especially in autumn, indicates 
a rich, easily accessible and important source of bac-
terial food for heterotrophic protists. The close nega-
tive relationships between HNF and ciliates in winter 
confirm predator–prey coupling. In spring, summer, 
and winter, ciliates showed relationships with crypto-
phytes and additionally in the spring–summer period 
with euglenophytes, in autumn with charophytes, 
and in winter with ochrophytes. To sum up, bacteria, 
HNF, cryptophytes, euglenophyes, charophytes, and 
ochrophytes were probably fundamental food sources 
for ciliates, allowing them to reach high abundances 
in such difficult “cyanobacterial” conditions. Our 
results are similar to those recorded in other shal-
low, highly eutrophic lake dominated by filamentous 
cyanobacteria (Zingel et al., 2007).

The effect of fish predation on the structure of phy-
toplankton and zooplankton changes seasonally and is 
related to changes in water temperature, fish migra-
tion and reproduction (Jeppesen et  al., 1997; Som-
mer et  al., 2012). The highest predation pressure by 
fish is observed in summer, when fish larvae occur 
in the pelagial, while the lowest in winter, when low 
water temperature reduces the numerous metabolic 
processes (Sommer et al., 2012) and poor light con-
ditions limit the visual search and capture of prey 
(Salonen et al., 2009). It has been shown that the food 
requirements of cormorants vary over seasons (Salmi 
et  al., 2015) and are the highest during the breed-
ing season, mainly in spring and summer (Grémillet 
et al., 2000). Because most fish (small-sized individ-
uals of P. fluviatilis and B. bjoerkna) in the studied 
lake are an important component in the diet of cor-
morants (Traczuk & Kapusta, 2017) and feed mainly 
on crustacean zooplankton (Jeppesen et al., 1997), the 
relationships between cormorants-fish-zooplankton-
phytoplankton may likely be more obvious in sum-
mer. Theoretically, cormorants as an opportunistic top 
predator may considerably decrease the abundance 
of fish populations, leading to the increase in zoo-
plankton abundance that, in turn, limits algal growth. 
In our study, quite a large biomass of algae and the 
relatively high ratio (2.1) of algae to zooplankton bio-
mass in autumn indicate that the grazing pressure of 

consumers on algal food was relatively low in this 
period. In contrast, the low ratios in spring (0.8) and 
winter (0.9) indicate that the impact of zooplankton 
on algae was exceptionally strong. It is well docu-
mented that the grazing activity of great cormorants 
(Phalacrocorax carbo) can increase nutrient concen-
trations (Klimaszyk & Rzymski, 2016) and change 
the abundance, species composition, and size-age 
structure of fish communities (Traczuk & Kapusta, 
2017). A large breeding cormorant colony (3000 
individuals) living on the island in Lake Warnołty 
can deposit a high loading of nutrients (a minimum 
of 2.1 and 1.3 t of N and P per year, respectively) to 
the soil and surrounding water, which is probably 
responsible for the intense cyanobacterial blooms in 
this lake (Napiórkowska-Krzebietke et al., 2021). The 
relationships between trophic state variables indicated 
that phytoplankton growth was mainly controlled by 
phosphorus during the growing season, while being 
restrained by zooplankton in winter. The limiting 
role of this parameter (positive values on the Y axis, 
 TSICHL >  TSITP) was the most important from spring 
to autumn, while rapidly declining in winter. At the 
same time, the difference between  TSICHL and  TSISD 
values increased with the development of the vegeta-
tion. The phytoplankton community probably trans-
formed from smaller forms capable of limiting light 
penetration during spring, to larger forms, which dis-
perse sunlight weakly during autumn (thus increasing 
X axis values). In addition, the PCA analysis showed 
that algal groups were related to nutrients throughout 
most of the study, especially in summer and autumn. 
Negative relationships between TN and/or TP, and 
both algae and zooplankton in summer indicate that 
the high concentrations of nutrients decrease not 
only the abundance of high-quality algae, e.g. cryp-
tophytes, dinoflagellates, and euglenophytes (Taipale 
et al., 2019), but also the abundance and biomass of 
ciliates and rotifers.

Conclusions

A shallow, highly eutrophic lake dominated by cyano-
bacteria was characterised by the high concentrations 
of TP, TN and chlorophyll a, as well as a rich taxo-
nomic composition and high abundances of ciliates, 
rotifers and crustaceans, indicating that cyanobac-
terial blooms did not limit the growth of planktonic 
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organisms. Algae accounted for a small part of the 
total phytoplankton abundance and biomass, and 
were mainly dominated by diatoms and crypto-
phytes. Copepods were the dominant component of 
zooplankton. In spring, summer and winter, algal 
biomass was almost equal to zooplankton biomass. 
Maximal biomass of cryptophytes, ochrophytes, cili-
ates, and rotifers under the ice may indicate that win-
ter may be a more favourable period for the growth 
of some planktonic groups of organisms than other 
seasons. Our study indicated that during the studied 
periods, all available algal-food resources were con-
sumed by zooplankton, except for autumn when fine 
detritus/organic aggregates, bacteria, and picoplank-
ton were probably the main food for zooplankton. In 
the warmer period (spring–autumn) algae were bot-
tom-up controlled by nutrients.
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