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Abstract: Increasingly frequent weather extremes induce changes in the quantity and quality of surface waters, 
which significantly complicates their use and management of their resources. The above problems concern in 
particular dam reservoirs, created to ensure good quality water for numerous recipients. Impact of extreme 
drought in lowland eutrophic reservoir-river system is still poorly understood. Our studies were focused on 
average and high water levels in the reservoir and outflowing river. These studies conducted during three 
extreme drought periods showed the dominance of toxic cyanobacteria in the phytoplankton of the reservoir 
and its outflow. During the drought periods, a change in the dominant cyanobacteria was observed from 
Planktothrix agardhii to Microcystis spp., which resulted in a change in oligopeptides profile, including toxic 
microcystins. The negative pressure of the strongly eutrophic reservoir on downstream river, due to release of 
a large biomass of cyanobacteria, was positively correlated with reservoir outflow. 
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1. Introduction 

Cyanobacteria dominance in plankton of the freshwater, estuarine, and marine ecosystems is a 
clear symptom of their eutrophication [1-3]. Mass development of these microorganisms drastically 
deteriorate the quality of both natural and artificial surface water bodies, excluding or significantly 
restricting their use for recreational and economic purposes [4-6]. The spread of the blooms is 
especially favored by interconnected systems, such as fresh-brackish [3] and river-reservoir waters 
[7]. Cyanobacteria as a rich source of bioactive secondary metabolites significantly affect the quality 
and functioning of water and land organisms, including humans [8]. Jones and co-authors [9] listed 
2010 cyanoproducts synthesized by these microorganisms based on 850 peer-reviewed articles 
published between 1967 and 2020. Majority of the research articles on cyanometabolites focuses on 
toxic compounds [10], especially microcystins [11-12]. These cyclic heptapeptides belong to the most 
numerous (above 300 variants), widely distributed and most frequently studied cyanobacteria 
secondary metabolites [9, 13]. They have well-documented negative effects on living organisms [11, 
14-16]. Cyanotoxins are frequently synthesized with other classes of cyanopeptides such as 
cyanopeptolins, microginins, aeruginosins, and anabaenopeptins [17-19]. The toxicity to aquatic 
plants and invertebrates is determined not only by cyjanotoxins but also by the other secondary 
metabolites of cyanobacteria [15, 20-22]. Therefore, the reliable assessment of bathing and drinking 
water quality should include qualitative and quantitative analyses of phytoplankton assemblages, 
with special references to potentially toxic cyanobacteria, and cyanotoxins [6, 23]. 

Global climate changes result in an increase in the frequency of extreme events such as droughts 
and floods [24-25] to which phytoplankton respond very quickly [26-29]. The large shift in the limno- 
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and potamoplankton community composition and biomass occurs in relations to clear changes of 
meteorological and hydrological parameters [30-31]. Drought duration and intensity is positively 
correlated with a decrease in the amount of precipitation, a reduction in the water level and discharge, 
and an increase in temperature and stability of the water column [28, 32-35]. These conditions often 
result in the appearance of both non-toxic and/or toxic cyanobacteria or strengthening their position 
towards more toxic species [10, 36- 39]. This generates a whole range of unfavorable effects on 
numerous freshwater ecosystems, especially dam reservoirs created in order to provide a safe source 
of water to numerous users [35, 40-43]. Therefore, there is a need to assess the response of freshwater 
phytoplankton to these weather extremes. To gain better knowledge how the functioning of lowland 
dam and outflowing river can be affected by the changing conditions, the studies in the strongly 
eutrophic lowland Siemianówka dam Reservoir and outflowing Narew River during extreme 
drought periods were performed. We hypothesized that the negative impact of the reservoir on the 
river, manifested by the dominance of toxic cyanobacteria in the potamoplankton over a long distance 
below the dam [44], will be much stronger during drought compared to the flood periods. The tasks 
of the study included: (1) comparison of limnoplankton and potamoplankton communities’ structure, 
with respect to cyanobacteria; (2) determination and comparison of the cyanometabolite profiles, 
including toxins, as indicators of the changes in cyanobacteria community structure; (3) assessment 
of the impact of reservoir on potamoplankton during draughts. 

2. Materials and Methods 

2.1. Study Area 

The lowland multifunctional polymictic Siemianówka dam reservoir (SDR) is located on the 
Upper Narew River in the north-east part of Poland (52°55’N, 23°50’E) [40, 44] (Figure 1). One of the 
main objectives of the reservoir is to increase the low flow during the summer season in the Narew 
River valley and to reduce the high flow in the spring floods. The long-term observation well 
documented that flow of the Narew River precisely follows the precipitation pattern [34]. 

 
Figure 1. Map of the study area with the location of the sampling stations. 

Extremely drought in the reservoir-riverine system were recorded especially in the summer and 
autumn period of 2015, when low rainfall (Supplementary Table S1)[45] was accompanied by a sharp 
drop in water level (Figure 2a). On November 8, the absolute minimum level (83 cm) in the history 
of the reservoir was observed [46]. 

In 2015 and 2018, the studies were limited to two months, August and September, respectively, 
when one of the lowest annual water levels in the SDR were recorded. In these months the outflow 
from the SDR and discharge in the downstream NR were also exceptionally low. In 2020, in SDR 
water samples were collected twice a month from July to September (Table 1). During this period, in 
outflowing river, sampling was performed once a month. Data concerning water levels in the 
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reservoir (No. 1) and water levels and discharge in the river (gauge stations No. 3 - 25.5 km from dam 
and No. 5 - 88.2 km from dam) were provided by the Institute of Meteorology and Water 
Management National Research Institute [47] and documented with pictures of the river. The 
background for these studies were the results from periods of the heaviest flooding in 2010 (Figure 
2b).      The water samples were collected, from the SDR and the outflowing Narew River (NR) 
using a Limnos sampler (5 L). At the first station, located near dam, both surface (No. 1S) (0.1-0.5 m) 
and bottom (No. 1B) (5-6 m) samples were taken. These sampling depths correspond to the levels at 
which water is discharge from the reservoir [48]. In the NR, six stations (No 2-7) situated between 9.1 
and 136.6 km downstream from the dam, were chosen. The last three river stations are located in the 
Narew National Park (NNP) (Figure 1). The samples were taken at the midstream (0.1-0.5 m) from 
bridges at river stations. 

 
                              (a)                               (b) 

Figure 2. River bed at station No. 6 during weather extremes: drought in August 2015 (a) and floods 
in October 2010 (b). 

2.2. Water Chemistry 

At each station, water temperature, pH, dissolved oxygen (DO, DO%) and conductivity (EC) 
were measured with HQ40D Multi Meter (Hach-Lange GmbH). Additionally, total chlorophyll a 
concentration (chl a) was measured in situ by the submersible spectrofluorometer FluoroProbe (bbe-
Moldaenke). Hydrochemical laboratory analyses were made directly after sampling. Ion 
concentrations were determined via Dionex ICS 1100 ion chromatography. The concentration of 
dissolved nutrient forms (orthophosphate SRP, ammonium N-NH4+, nitrate N-NO3-, and nitrite N-
NO2-) were determined in the laboratory using Dionex ICS 1100 ion chromatography. Dissolved 
organic carbon (DOC) and total nitrogen (TN) were determined by the method of high temperature 
catalytic combustion using a Shimadzu TOC-5050A analyzer. Total phosphorus (TP) analyses were 
conducted according to the standard photocolorimetric method [49]. Statistical analyses were 
performed with STATISTICA version 13. 

2.3. Phytoplankton and Secondary Metabolites 

Water samples for microscopic analysis were preserved with Utermöhl solution. Algae biomass 
will be determined according to the Utermöhl method using an inverted microscope (Olympus CX 
41). The detailed methodology has been described previously [50].  

Material collected on filters was extracted to 75% methanol in water by sonication (15 min, 
ultrasonic bath) and vortexing (15 min). After centrifugation, the supernatants were analyzed with 
LC-MS/MS system equipped in liquid chromatograph (Agilent Technologies, Boeblingen, Germany) 
and tandem mass spectrometer (QTRAP5500, Applied Biosystems, Sciex, Concorde, ON, Canada). 
For chromatographic separation, a Jupiter Proteo C12 column (150 × 4.6 mm, 4 µm, 90 Å) 
(Phenomenex, Aschaffenburg, Germany), and a gradient elution (0.6 mL/min) with 5% acetonitrile in 
water (A) and 100% acetonitrile, both with 0.1% formic acid were used. The MS system with turbo 
ion spray, operated in positive mode under the following conditions: ion source voltage 5.5 kV, 
temperature 550°C, nebulizer gas pressure 60 psi, curtain gas pressure 20 psi. Compounds were 
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detected using non-target information-dependent acquisition (IDA) in the m/z range 500-1000, at 
collision energy 55 eV and dwell time 100 msec. 

3. Results 

3.1. Hydrological Conditions   

The study period coincided with the period of low water levels in the reservoir and the river, 
which was observed at the turn of summer and autumn. The lowest water level in SDR, except short 
period from September to October in 2015, was noted in 2020 (Figure 3a). The highest level was 
recorded in the SDR through the whole 2018, with the minimum in October and it was statistically 
different from the other two years (Kruskal-Wallis nonparametric test: H = 8,08, p = 0,018). 
Additionally, in 2020, there were also the lowest outflows from the reservoir (Figure 3b) and 
discharge in river (Figure 3cd). The outflow not exceeding 1.6 m3 s-1 (Figure 3b), while the lowest 
average monthly discharge at two constantly monitored river station No. 3 and No. 5 were noted in 
August reached 2.10 m3 s-1 and 2.56 m3 s-1, respectively (Figure 3cd). The outflows and discharges 
recorded on the sampling days were close to the monthly averages, with the exception of the flow at 
station No. 5 in August 2015 (4.8 m3 s-1 and 14.54 m3 s-1, respectively). 

 
                     (a)                                             (b) 

 
                     (c)                                             (d) 

Figure 3. Changes of water level in the SDR (a), outflow from SDR (b) and discharge in the Narew 
River at station No. 3 (c), and No. 5 (d) in 2015, 2018 and 2020; monthly averages with indication of 
daily averages from the date of sampling; AWL - average water level, ALQ - average low discharge. 

3.2. Water Parameters 

Water in the reservoir was characterized by alkaline pH, a high content of DOC (Table 1). In the 
SDR the highest pH, DO and chl a concentration was noted in 2015, while the highest water 
temperature, EC, and TP concentration were in 2020. In each season water temperature, chl a and TN 
concentrations in the reservoir were higher than in the river. An inverse relationship was found for 
EC. 
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Table 1. Comparison of physicochemical and biological water parameters for the reservoir and river 
in 2015, 2018 and 2020. 

 

3.3. Phytoplankton Structure 

Between subsequent seasons, the differences in phytoplankton assemblages in the SDR were 
noticed (Figure 4). In 2015 and 2018, Cyanobacteria strongly dominated over eukaryotic algae, while 
in 2020 they prevailed only in the second half of August and first half of September. Through the 
remaining part of 2020, diatoms (mainly Aulacoseira granulata (Ehrenberg) Simonsen 1979) and/or 
dinoflagellates (Ceratium furcoides (Levander) Langhans 1925) reached a higher biomass. The 
structure of river phytoplankton was strongly shaped by reservoir phytoplankton (Figure 5a-j). In 
August 2015 and September 2018, in reservoir and riverine stations, cyanobacteria were mainly 
represented by Oscillatoriales (Figure 5ad). Planktothrix agardhii (Gomont) Anagnostidis & Komárek 
was their main representative and reached minimum 86.4 % of total cyanobacteria biomass (TCB) in 
the reservoir and 62.5% of TCB at six riverine stations (Figure 5be). The species was accompanied by 
Limnothrix redekei (Goor) Meffert 1988, Pseudanabaena limnetica (Lemmermann) Komárek 1974 and 
Planktolyngbya spp. which occurred at lower biomass. 

 
Figure 4. Comparison of phytoplankton community structure in the surface layer in SDR (st. No. 1S) 
in 2015, 2018 and 2020; Cyano. - Cyanobacteria, Dino. - Dinophyceae, Bacill.- Bacillariophyceae. 

In 2015 the SDR cyanobacteria reached 93.1% of total phytoplankton biomass (TPB) in surface 
layer and even higher biomass at bottom layer (96.2% TPB). In the NR their strong dominance (54.5 
% - 95.1% TPB) was noted till station No. 5, and then, it rapidly decreased (0.69% TPB) (Figure 5ab). 
Nostocales were represented mainly by Aphanizomenon spp. and Dolichospermum flos-aquae (Bornet & 
Flahault) (P.Wacklin, L.Hoffmann & Komárek 2009. In the SDR and at six riverine stations, these 
cyanobacteria reached approximately 10.9 % TPB and 10.8 % TPB, respectively. Share of 
Chroococcales (Woronichinia naegeliana (Unger) Elenkin 1933, Microcystis aeruginosa (Kützing) 
Kützing 1846) was negligible (Figure 5ab).   
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(a)                           (b)                                 (c) 

 
     (d)                            (e)                                 (f) 

 
     (g)                             (h)                                 (i) 

 
     (j)                              (k)                                 (l) 

 
     (m)                            (n)                                 (o) 

Figure 5. Phytoplankton composition, total concentration of microcystins and their individual 
variants in: August 2015 (a-c), September 2018 (d-f), July 2020 (g-i), August 2020 (j-l) and September 
2020 (m-o). 

In 2018, the share of cyanobacteria in the TPB at dam station was similar to 2015 (respectively, 
98.8% at surface and 94.7% at bottom), and even higher downstream (89.8% - 97.4%). This year, the 
Oscillatoriales still dominated phytoplankton at all stations increasing their predominance over 
Nostocales and Chroococcales (compared to 2015) (Figure 5de).  

In 2020, the share of cyanobacteria in the TPB was from 18.1 % to 71.4% and the replacement of 
Oscillatoriales by Chroococcales was reported (Figure 5ghjkmn). Planktothrix agardhii was not 
recorded in limnoplankton from July to September. It was found sporadically at 2 river sites (at 
station No. 7 in July and at No. 3 in September) and the biomass of the species was very low (0.001-
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0.023 mg L-1). Other taxa from Oscillatoriales were sporadically observed and their total share did not 
exceed 2.2% TPB. Three species from Microcystis genus, M. aeruginosa, M. viridis (A.Braun) 
Lemmermann 1903 and M. wesenbergii (Komárek) Komárek ex Komárek 2006 were most numerously 
represented throughout the whole season. In July, the biomass of the three species was comparable 
and the lowest in the sampling season. At the beginning of August, the share of Chroococcales 
increased (Figure 4, Figure 5jk). simultaneously with the highest increase in the concentration of 
ammonium ions (from 14 µg L-1 to 415 µg L-1) and total nitrogen (from 3050 µg L-1 to 4895 µg L-1). 
Microcystis aeruginosa was the dominant among the representatives of the genus, reaching a 
maximum biomass (3.980 mg L-1), and then M. viridis prevailed, reaching its peak at the end of 
September (9.880 mg L-1). Additionally, in the SDR the highest share of Nostocales in 2020 was 
recorded in surface water layers between August 6 (max. 23.% TPB) and September 11 (11.0% TPB). 
At other dates it ranged from 0% to 1.95 % TPB. The highest biomass was reached by Dolichospermum 
planctonicum (Brunnthaler) Wacklin, L.Hoffmann & Komárek 2009, D. flos-aquae, Aphanizomenon spp. 
and Cuspidothrix issatschenkoi (Usachev) P.Rajaniemi, Komárek, R.Willame, P. Hrouzek, K.Kastovská, 
L.Hoffmann & K.Sivonen 2005. 

3.4. Secondary Metabolites of Cyanobacteria 

In the phytoplankton material collected from the SDR and outflowing NR, 34 cyanobacterial 
oligopeptides were detected (Table 2). On the basis of their m/z values and the ion fragmentation 
spectra, the compounds were assigned to a specific class of peptides. Among them, there were 11 
aeruginosins (AERs), 6 cyanopeptolins (CPs), 8 microcystins (MCs), 5 anabaenopeptins (APs), and 2 
microginins (MGs). In addition, one peptide classified to aeruginosamides (AERD) and 
planktocyclins (PL) metabolites were detected. Higher number of oligopeptides was recorded in the 
SDR (33) than in the NR (30). As many as 29 out of 33 oligopeptides from the reservoir were also 
present in the river, at least in sample from one of the stations. One AERs detected in the NR was not 
present in the reservoir. Whereas in the river there were no three metabolites (2 cyanopeptolins and 
1 aeruginosins) that were found in the SDR. Microcystins, aeruginosamide and aeruginosins were 
constantly present in the SDR and NR. Planktoline and anabaenopeptins were detected there in 2015 
and 2018. In contrast, 5 out of 6 cyanopeptolins were identified only in 2020.  

Table 2. Oligopeptide profile in the reservoir and outflowing river; reservoir station: No. 1S - surface 
of reservoir, No. 1B - bottom of reservoir; river stations with distance from reservoir: No. 2 (9.1 km), 
No. 3 (25.5 km), No. 4 (56.0 km), No. 5 (88.2 km), No. 6 (118.2 km), No. 7 (132.6 km);. 

No m/z Class Name of oligopeptide  2015 2018 2020 

1 1057 MC MC-Prhcyst(O)R dam   1S 

    river    

2 1045 MC [Asp3]MC-HtyR dam 1S, 1B   

    river  2-7   

3 1038  MC MC-RR dam 1S, 1B 1S, 1B 1S, 1B 

    river  2-7 2-7 2-7 

4 1031 MC [Asp3]MC-YR   dam 1S, 1B   

    river 2-7   

5 1024 MC [Asp3]MC-RR dam 1S, 1B 1S, 1B  

    river 2-7 2-7  

6 995 MC MC-LR dam  1S, 1B 1S, 1B 

    river 2, 5-6 2-7 2-7 

7 981 MC [Asp3]MC-LR   dam 1S, 1B 1S, 1B 1S, 1B 

    river 2-7 2-7  
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8 1045 MC  MC-YR dam  1S, 1B  

    river  2-7  

9 1015 CP X-X-[Thr-Arg-Ahp-Phe-MeTyr-Val] dam   1S 

    river   4 

10 973 CP Hex-Gln-[Thr-Lys-Ahp-Leu-MeTyr- dam   1S 

    river    

11 917 CP X-X-[Thr-X-Ahp-Phe-MeTyr-X] dam   1S 

    river   4 

12 905 CP X-X-[Thr-X-Ahp-Phe-MeTyr-X]  dam   1S, 1B 

    river    

13 887 CP X-X-[Thr-X-Ahp-Phe-MeTyr-Ile] dam   1S, 1B 

    river   3-7 

14 858 CP [Phe-MeAla-HTyr-Ile-Lys]CO-Tyr dam 1S, 1B 1B  

    river  2-5, 7 2, 4-7  

15 916 AP  [Ile-MeHty-HTyr-Val-Lys]CO-Tyr dam 1S, 1B 1B  

    river  2-4, 6- 2, 4-5, 7  

16 910 AP G [Tyr-MeLeu-HTyr-Ile-Lys]CO-Arg dam 1S, 1B 1B  

    river 2-4, 6-7 2, 5-7  

17 851 AP F [Phe-MeAla-HTyr-Ile-Lys]CO-Arg dam 1S, 1B 1B  

    river 2-4, 6-7 2, 4-7  

18 844 AP A [Phe-MeAla-HTyr-Val-Lys]CO-Tyr dam 1S, 1B 1B  

    river 2-7 2, 4-7  

19 837 AP B [Phe-MeAla-HTyr-Val-Lys]CO-Arg dam 1S, 1B 1B  

    river 2-7 2, 4-7  

20 801 PL [Leu-Val-Met-Phe-Arg-154] dam 1B 1B  

    river 2-4 5-6  

21 765 AER Cl-Hpla-Leu-(Xyl)Choi-Aeap dam 1S, 1B   

    river 2-4   

22 749 Cl-AER Cl-Pla-Leu-(Xyl)Choi-Aeap dam 1S, 1B   

    river 2-4   

23 715 AER  Pla-Leu-(Xyl)Choi-Aeap dam 1S, 1B 1B  

    river 2-4 2, 4-7  

24 707 AER Hpla-Leu-(Xyl)Choi-Agm dam 1S, 1B   

    river 2-3   

25 691 AER  Pla-Leu-(Xyl)Choi-Agm dam 1S, 1B 1B  

    river 2-4 2, 4-7  

26 653 AER Hpla-Tyr-Choi-Argal dam    

    river   4-5 

27 643 AER Cl2-Hpla-Tyr-Choi-Agm dam 1S, 1B   

    river    

28 637 AER Cl-Hpla-Leu-Choi-Argal dam 1S 1B  
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    river 2-4, 7 2, 6-7 3, 5 

29 625 MG ClAhda-Tyr-MeLeu-Pro dam  1B  

    river  2, 4-7  

30 621 AER  X-Leu-Choi-Agm dam 1S, 1B 1B  

    river 2-5, 7 2, 4-7  

31 609 AER  Cl-Hpla-Leu-Choi-Agm dam 1B 1B  

    river 2-3 2, 4, 6-7  

32 587 AER X-Leu-Choi-Agm dam 1S, 1B 1B  

    river 2-4, 7 2, 5 - 7  

33 593 MG ClAhda-Tyr-MeLeu-Pro dam 1S 1B  

    river  2, 4 - 7  

34 561 AERD (Pren)2Ile-Val-Pro-methiazole dam 1S, 1B 1B 1S, 1B 

    river 2-7  2-6 

AER - aeruginosin, AP - anabaenopeptin, CP - cyanopeptolin, MC - microcystin, MG - microginin, PL- 
planktocyclin, AERD - aeruginosamide, X - unidentified residue of the peptide. 

Microcystins were among the most frequently detected oligopeptides at all stations (Table 2, 
Figure 5cfilo). In all samples 4 MC and 4 demethylated, Asp3-containing MC variants were detected 
with LC-MS/MS system (Table 2). Between subsequent seasons, the changes in the variants of MCs 
and their total concentrations were noticed. In all season only MC-RR and dmMC-LR were constantly 
present. Additionally, in 2015 4 demethylated variants, and in 2018 MC-YR and 2 demethylated MC 
variants were recorded. In 2020, from June to September, apart from MC-RR and dmMC-LR, MC-LR 
and MC-Prhcyst(O)R were identified in samples from surface layer of dam. 

In 2015 the total concentration of MCs ranged from 9.44 µg L-1 (No. 1S) to 32.75 µg L-1 (No. 1B) 
and from 1.43 µg L-1 (No. 5) to 10.65 µg L-1 (No. 4), respectively in the reservoir and the outflow 
(Figure 5c). These were the highest values from the research period, with the exception of the station 
No. 5 (Figure 5). In 2018 the total concentration of MCs in the SDR was significantly lower than in 
2015 and ranged from 2.61 µg L-1 (No. 1S) to 3.11 µg L-1 (No. 1B). In the NR the concentrations were 
twice lower than in the SDR, reached values from 0.99 µg L-1 (No. 4) to 2.05 µg L-1 (No. 2) (Figure 5f). 
In 2020, the permanent presence of toxins was recorded only in the surface layer of the reservoir (2.45 
µg L-1 - 9.04 µg L-1) (Table 2, Figure ilo). Only at the beginning of July, toxins were found at all stations, 
and their concentrations were almost twice higher in the reservoir (4.83 µg L-1 - 5.00 µg L-1) than in 
the river ones (1.25 µg L-1 - 2.60 µg L-1). In the SDR the highest MCs concentration (Figure 5o) were 
detected during late September with M. viridis dominance. 

In the SDR the highest total concentration of MCs (av. 21.10 µg L-1) was detected in 2015 when 
the total cyanobacteria biomass (TCB) was the highest (av. 33.33 mg L-1) and strongly dominated by 
P. agardhii (av. 83.7 %) (Figure 5a-c). In 2018, with an even higher predominance of P. agardhii (av. 
95.0 %), there was a two-fold decrease in the biomass of cyanobacteria (av. 16.52 mg L-1) and an over 
seven-fold decrease in the concentration of toxins (av. 2.855 µg L-1) (Figure 5d-f). In 2020 in the SDR, 
replacement of Oscillatoriales by Chroococcales and no presence of P. agardhii, coincided with a 
change of microcystins variants (Table 2, Figure 5g-o) and their concentrations (av. 4.22 µg L-1). The 
highest concentration of MCs (9.04 µg L-1) was noted at surface layer on August 26 during at the 
highest (71.4 %) share of cyanobacteria in TPB (Figure 5j-l). At the time Chroococcales biomass was 
nearly twice higher than Nostocales.  

At river stations, where the presence of the same cyanobacteria as in the reservoir was noted, 
only MC variants, detected in the reservoir, occurred (Table 2), and their concentrations were on 
average two times lower (Figure 5 cfilo). In the NR, the highest total MC concentration (10.65 µg L-1 
st. No. 3) similar to the SDR ones, was recorded in 2015 (Figure 5c).  
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The relationships between total concentration of MCs and cyanobacterial biomass varied 
depending on the cyanobacterial dominants (Table 3). In 2015 and 2018, MCs were most strongly 
correlated with P. agardhii and Oscillatoriales biomass, while in 2020 with Chroococcales ones. In the 
case of Nostocales the relations were most similar in both periods.   

Table 3. Correlation between cyanobacteria biomass and total microcystins concentration during 
Oscillatoriales (2015 and 2018) and Chroococcales (2020) dominance; 2015&2018: SDR n = 4, NR n= 12; 
SDR& NR n= 16; 2020: SDR n = 9, NR n= 18; SDR&NR n= 27. 

 Species/order season SDR NR SDR&NR 
P. agardhii  2015 &2018 0.953 0.478 0.725 
  p=0.047 p=0.116 p=0.001 
Oscillatoriales 2015 & 2018 0.947 0.482 0.725 
  p=0.054 p=0.113 p=0.001 
Chroococcales 2015 & 2018 0.132 0.409 0.070 
  p=0.868 p=0.186 p=0.796 
Nostocales 2015 & 2018 0.724 0.591 0.693 
  p=0.276 p=0.043 p=0.003 
Cyanobacteria 2015 & 2018 0.921 0.501 0.717 
  p=0.079 p=0.097 p=0.002 
P. agardhii  2020 n.d. 0.046 -0.075 
   p=0.860 p=0.708 
Oscillatoriales 2020 0.252 0.161 0.539 
  p=0.513 p=0.524 p=0.004 
Chroococcales  2020 0.631 0.751 0.779 
  p=0.069 p=0.000 p=0.000 
Nostocales 2020 0.378 0.663 0.953 
  p=0.315 p=0.003 p=0.047 
Cyanobacteria 2020 0.691 0.839 0.779 
  p=0.039 p=0.000 p=0.000 

In the NR the TCB and TPB were positively related with outflow from the SDR, especially in the 
case of stations closer to the dam (Figure 6a-c). The relationship became weaker with increasing 
distance from the dam. 

 
(a)                        (b)                                 (c) 

Figure 6. Changes in total phytoplankton biomass (TPB), cyanobacteria biomass (TCB) at riverine 
station No. 3 (a), No. 4 (b) and No. 5 (c) in relations to reservoir outflow. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 October 2024 doi:10.20944/preprints202410.1003.v1

https://doi.org/10.20944/preprints202410.1003.v1


 11 

 

4. Discussion 

From the beginning of its existence, the shallow polyhumic SDR has been classified as eutrophic 
ecosystem characterized by the permanent presence of planktonic cyanobacteria, initially only in the 
summer period [51-52]. Over the years, cyanobacteria not only extended the period of occurrence by 
subsequent seasons, but also significantly increased their share in the limnoplankton biomass, which 
was shown by their dominance from spring to late autumn [51-53]. The presence of potentially toxic 
Cyanobacteria in SDR, directed our attention to microcystins. The first studies concerned only the 
reservoir [48, 50, 54-55]. Since 2008, the research has been extended to include its outflow [45, 56], 
where cyanobacteria were found to be an important component of potamoplankton on over 130 km 
of the NR section below the dam [53]. The studies confirmed the presence of cyanobacteria secondary 
metabolites not only in the waters of the reservoir, but also in its outflow [45, 56].  

An increase in the frequency of extreme events such as droughts and floods threaten the 
functioning of aquatic ecosystems [25, 57], especially damming rivers [34, 43, 58]. Understanding the 
response of aquatic ecosystems to the these phenomena is necessary in order to improve management 
strategies and reduce the risk of water quality deterioration [59]. This response may be different, 
depending on the characteristics of the water body and its catchment [60]. In our opinion, studies 
explaining the effect of weather extremes on water quality in dammed lowland rivers are very much 
needed. Previous research (2005-2012), conducted during periods of average or high-water levels in 
the reservoir and in the river, documented the production of MCs in the SDR and the NR mainly 
when the strong permanent dominance Oscillatoriales occurred (since 2006) [44, 48, 50, 55-56]. The 
heavy floods were recorded especially in reservoir-river system in 2010, which were a consequence 
of the greatest rainfall in the Upper Narew River [33-34]. Then, the water level in the reservoir and 
outflow was significantly higher than during drought (230 cm - 259 cm and 3.24 m3 s-1 - 11.3 m3 s-1, 
respectively) (Figure 1ab). Similarly, the flows at the 2 monitored stations were definitely higher (st. 
No. 3: 5.23 m3 s-1 -19.4 m3 s-1 and st. No. 5: 9.0 m3 s-1 - 33.3 m3 s-1) than during drought periods (Figure 
1cd). Current studies covered the three drought periods (2015, 2018, 2020) distinguished by the lowest 
rainfall in the growing season [Supplementary Table S1]. The present studies gave the opportunity 
to compare the limno- and potamoplankton community structure and to assess the reservoir impact 
on dammed lowland river during low water levels in reservoir, the lowest outflows and discharge in 
the NR.  

Planktothrix agardhii, the permanent established dominant in limnoplankton of SDR in 2006-2012, 
show well-documented positive correlation between its biomass and total concentration of MCs [50, 
55]. Additionally, production of 3 microcystins ([Asp3 Mdha] MC-HtyR, [Asp3 Mdha] MC-YR, [Asp3 
Mdha] MC-RR by 2 isolated strains has been proven [55]. During P. agardhii blooming in the SDR 
other 3 microcystins ([Asp3 Dha] MC-RR, [Asp3 Dha] MC-LR, MC-LR) were also present [48, 55]. 
Additionally, from August to October in 1999 MC-YR was identified in cyanobacterial blooms 
formed by Planktothrix, Aphanizomenon, Dolichospermum and Microcystis [52, 54].  

In drought 2015 and 2018, P. agardhii still maintained its strong dominance in the reservoir, not 
only in the months of our research but throughout the summer-autumn period (data not shown). 
Among 27 detected oligopeptides there were 7 microcystins and 20 other metabolites. Up to 23 
oligopeptides (5 MCs, 5 APs, 10 AERs, 2 CPs, 1 MGs) were earlier (2008-2012) detected [44, 50, 56] 
which indicates high stability of P. agardhii chemotypes in the reservoir-river system. In the drought 
periods 2015 and 2018, similarly to the floods, strong positive correlations between P. agardhii biomass 
and total microcystin concentration was noted (Table 3). This well-documented long-term presence 
of toxic subpopulations of P. agardhii does not exclude the co-presence of non-toxic ones. Detection 
of numerous oligopeptide variants in P. agardhii-dominated eutrophic and hypertrophic freshwaters 
and influence of abiotic factors e.g. nutrients, temperature, and light on the production of toxins and 
other metabolites has also been described by numerous authors [17, 23, 61-63].  

 The situation was completely different during the drought in 2020 when there was a major 
overhaul of limnoplankton and, consequently, potamoplankton. The period of the cyanobacteria 
dominance in the SDR was significantly shorter than drought in 2015 and 2018. It covered only the 
second half of August and September. Additionally, the cyanobacteria composition changed from 
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species represented for many years by the Oscillatoriales order to the Chroococcales order. The 
absence of P. agardhii in the reservoir coincided with the strong dominance of the genus Microcystis. 
The structure of limnoplankton was similar to one observed at the beginning of the reservoir's 
existence, when there was a greater seasonal exchange of dominants representing three orders of 
cyanobacteria Chroococcales, Oscillatoriales, and Nostocales. The strong predominance of 
Chroococcales, was mainly observed from August to October [51-53]. In 2020 the lowest supply of 
NR with SDR waters was recorded, which translated into the lowest river discharges. Since mid-July, 
the upper outlets of SDR were closed, which additionally excluded the discharge of especially 
colonial cyanobacteria accumulated in the surface layer of the reservoir. The change in the 
cyanobacteria community structure resulted in a change in detected secondary metabolites, including 
only 4 microcystin variants. 

In 2020, in the SDR the dominance of Microcystis genus coincided with the highest water 
temperature, and stability of water column resulting from the highest level of water impoundment 
and the lowest outflow during the study period. Moreover, in August and mid-September, the 
concentrations of ammonium and TN were significantly higher than in previous years. At the 
beginning of July 2020, the water temperature in the surface layer of the reservoir was 23.7 °C and 
was on average 3 °C higher than in 2015 and 2018. These conditions favor the development of 
Microcystis which grows faster when temperature reaches over 20 °C [64-65]. In addition, higher 
temperatures promoted greater stability of reservoir water, which enables Microcystis colonies 
formation contrary to trichomes of P. agardhii preferring turbulent mixing regimes [66]. The similar 
impact of temperature and TN on Planktothrix and Microcystis competition was well documented in 
many freshwaters [67-69]. 

Coexistence of potentially toxic M. aeruginosa, M. viridis, and non-toxic M. wessenbergii in the SDR 
is a phenomenon often observed in eutrophic freshwaters around the world [43, 70-73]. The highest 
MC concentration in the SDR in 2020 coincided with the highest M. viridis biomass. M. viridis is 
considered to be a strong dominant in dry season and an effective producer of microcystins and many 
other oligopeptides [43, 74].   

 Significant changes in the diversity of planktonic cyanobacteria and secondary metabolites 
synthesized in reservoir-river system in extreme events (droughts, flood-wet periods) were observed. 
In summer, peptide-producing cyanobacteria are permanently present in limno- and 
potamoplankton, regardless of weather extremes. During drought  periods the total concentrations 
of MCs in the SDR (av. 6.94 µg L-1, max. 32.8 µg L-1 in 2015) were close to those of recorded during 
heavy floods in 2010 (av. 10.9 µg L-1, max. 23.1 µg L-1) [44]. In the outflowing river, however, the 
differences in both extremes were clear. During drought periods TCB and total concentration of MCs 
were higher (av. 2.19 µg L-1, max. 10.66 µg L-1) at all riverine stations, compare to heaviest flood in 
2010 (av. 0.09 µg L-1, max. 1.22 µg L-1) when they were sporadically detected above 88 km from the 
dam (st. No. 4) [44]. Additionally, during drought periods, the situation in the river strongly 
correlated with the outflow from the SDR. In 2015, during the highest outflow, the highest increase 
of TCB and MCs concentration in river stations was observed. These high concentrations of MCs may 
be the result of a higher share of toxin-producing cyanobacteria or increased expression of genes 
responsible for toxin production. The increase gene expression which is necessary for Planktothrix or 
Microcystis maintenance under stressful conditions has been reported in other freshwaters [75-76]. 
Contrary in 2020, the lowest outflow resulted the later (from August) and slower increase and weaker 
dominance of cyanobacteria and lack or the lowest MCs concentration.  

Our research shows that the effects of extreme droughts resulting in a decrease in the water level 
in a lowland reservoir and its runoff are more dangerous than in the case of floods. During droughts, 
the reservoir pressure increases because the large load of cyanobacteria released from the reservoir 
in conditions of low river discharge is not subject to dilution as it occurs during floods. In particular, 
the low flow periods can enhance phytoplankton mass growth, and cause water quality problems to 
the river. 
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5. Conclusions 

Our results indicated the permanent presence of toxic cyanobacteria in the lowland reservoir-
river system and, probably, high stability cyanobacteria chemotypes, especially during extreme 
drought periods in 2015 and 2018, as documented by similar profile of detected cyanometabolites.  

In the third season, a significant change was noted in the limno-potamoplankton communities. 
P. agardhii (Oscillatoriales), a perennial long-term dominant, was replaced mainly by species of the 
genus Microcystis (Chroococcales). The period of summer dominance of cyanobacteria was also 
shortened. The type of secondary metabolites was closely correlated with the dominant cyanobacteria 
in the reservoir-river system. Although our results does not reflect in detail the relations between 
toxic and non-toxic cyanobacteria subpopulations, it documents very well changes in the composition 
of cyanobacteria. 

The situation in the reservoir is more stable because during presence of cyanobacteria, their 
biomass and microcystins production are similarly high, regardless of diverse hydrological 
conditions (flood, drought). However, in the outflowing river, the cyanobacteria and microcystins 
fluctuations are much greater, strongly depending on the reservoir outflow and river discharge. We 
hope that these results helped the better understanding of influence extremes on functioning of 
eutrophic lowland reservoir-river system and improve reservoir management. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Table S1. Comparison of the sum of monthly and annual rainfall from periods of 
floods (2009, 2010) and drought (2015, 2018, 2020); data for the Białystok station located 60 km from the 
Siemianówka dam reservoir [46] 
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