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MICROCYSTINS AFFECT ZOOPLANKTON BIODIVERSITY IN OXBOW LAKES
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Abstract: The authors tested the hypothesis that zooplankton diversity and density are affected by the presence of cyanotoxins in the
water. The authors focused on 4 oxbow lakes of the Vistula River in southern Poland, which are subjected to mass cyanobacterial
development. In 2 of the oxbows (Piekary and Tyniec), microcystins released into the water were found. The highest concentration of
microcystins (0.246 pg/L) was observed for microcystins LR. Zooplankton diversity showed a weak response to the presence of
microcystins released into the water. The Shannon index (H”) of total zooplankton diversity decreased in the Piekary and Tyniec oxbows
during periods when the microcystin concentrations were highest. The same trend was noted for diversity of rotifers in both oxbows and
for diversity of copepods in Piekary, but not for copepods in Tyniec. No such trends were found for the diversity of cladocerans in any of
the oxbows, nor was a relationship found between density of zooplankton and microcystins. Statistical analyses showed that the number
of species in individual samples was negatively correlated with the levels of sulfates, phosphates, and ammonia, but the microcystin
concentration was positively related to those levels. This points to the complexity of the interactions and synergies among toxins, abiotic
factors, and zooplankton biodiversity. In focusing on the problem of cyanotoxins, conservation studies should pay attention to this
complexity. Environ Toxicol Chem 2017;36:165-174. © 2016 SETAC
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INTRODUCTION

Biodiversity is often defined as species richness, the total
number of species in a specified place and time [1]. Because
biodiversity is highly valued [2], it is important to understand
the threats that might lower it, and because biodiversity
determines the stable functioning of ecosystems [3], it needs to
be maintained. Each ecosystem depends on particular trophic
(interspecific) connections, with each species playing a role, so
it is obvious that ecosystems begin to be weakened by a decrease
in species diversity. Recent years have witnessed a growing
awareness of the need to protect and conserve biodiversity, and
international initiatives have been launched. One example is the
Water for Life Decade (2005-2015), a project of the United
Nations [4].

The main cause of decreasing water biodiversity is
anthropopression (e.g., intensification of agriculture) and its
effects (e.g., degradation of water ecosystems, habitat loss
because of modification, and fragmentation of the land-
scape) [5]. One effect of anthropopression on water ecosystems
is eutrophication, which may result in the growth of
cyanobacterial blooms [6]. A number of factors have been
cited to explain the mass development of cyanobacteria, such as
nutrient concentration, water temperature, light availability, and
food web structure [7]. Cyanobacterial blooms usually occur in
the summer, but in areas of warm climate such as the
Mediterranean they are present throughout the year [8], and
in regions of temperate climate from spring to late autumn [9].
Laboratory and field studies and observations, as well as various
models, have shown that cyanobacterial dominance will
increase in water ecosystems with changes in nutrient load,
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rising temperature, enhanced vertical stratification, and in-
creased atmospheric CO, [10].

Blooms modify water properties such as oxygen saturation,
nutrient cycling (e.g., fixing of atmospheric nitrogen), and the
presence of cyanobacterial toxins [11]. The different types of
cyanotoxins are grouped according to the systems or cells
affected, as follows: neurotoxins (anatoxin-a, homoanatoxin-a),
hepatotoxins, cytotoxins (cylindrospermopsin), irritants, and
gastrointestinal toxins [12]. The most frequent cyanobacterial
toxins are those belonging to the microcystin and nodularin
families [13]. The occurrence of microcystins has been shown in
cyanobacteria such as Microcystis (Microcystis aeruginosa,
Microcystis  wesenbergii, Microcystis viridis), Anabaena
(Dolichospermum) flos-aqaue, Nostoc, Planktothrix agardhii,
Planktothrix rubescens, Oscillatoria tenuis, Anabaenopsis,
Haphalosiphon hibernicus, and Aphanocapsa cumulus [13].
These are harmful to water organisms [14,15] and especially
planktonic ones, affecting their growth and reproduction [16]. In
freshwater ecosystems, microcystins are quite often present
during bloom episodes. These toxins can affect all zooplankton
groups, including rotifers, copepods, and cladocerans (e.g.,
Daphnia hyalina, Daphnia longispina, Daphnia pulicania,
Daphnia pulex) [17]. The groups of planktonic animals differ in
their response to cyanobacterial toxins. For example, copepods
and rotifers are more resistant than cladocerans, and smaller
cladocerans (Bosmina) are more resistant than larger ones
(Daphnia) [18].

In the present study we sought to determine whether and how
zooplankton diversity and density are modified when exposed to
toxins released from cyanobacterial blooms in water bodies. We
focused on oxbow lakes, which are eutrophic water bodies
potentially subject to the growth of cyanobacterial blooms.
Oxbows are important reservoirs that support riverine systems,
creating heterogeneous habitats [19,20], and they provide
valuable services to human societies [21], but they are also
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among the most threatened ecosystems on Earth [22]. They are
important habitats for many organisms—some of them are
Natura 2000 habitats—and are used for recreation. The oxbows
we studied are parts of old beds of the Vistula River, the largest
river in Poland.

Knowledge of microorganism biodiversity in oxbow lakes,
and an understanding of the threats to it, are fundamental to
future management and conservation of these valuable
ecosystems.

MATERIALS AND METHODS

We collected water samples from 4 oxbow lakes of the
Vistula River system (Figure 1) in southern Poland, situated
close to each other near the city of Krakow. The samples were
collected during the 2014 vegetation season (May—October:
spring—autumn, when cyanobacterial blooms are expected)
from the deepest part of each lake. All sampling sites were in
open water (without macrophytes), and are comparable.
Samples were collected every month before cyanobacteria
bloom growth started, and every week during bloom growth.
Physicochemical and biological parameters were assessed.
Water temperature, dissolved oxygen, oxygen saturation, pH,
conductivity, and chlorophyll a concentration were measured
in situ with a YSI 6600 V2 Multiparameter Sonde at 1 m depth,
and in water near the bottom. Depth and transparency (with a
Secchi disc) were also measured. The concentrations of ions
(NO,™, NO5~, PO4>", SO,*~, HCO5~, NH, ") and microcystins
were measured in samples that were collected from the same
points and depths and immediately transported to the laboratory.
Ion concentrations were determined with a Dionex ion
chromatograph at the laboratory of the Institute of Nature
Conservation, Polish Academy of Sciences. Microcystin
concentrations were analyzed using a high-performance liquid
chromatography (HPLC) Agilent 1100 with a diode matrix
(DAD) at the Central Laboratory of the Municipal Water

Figure 1. Locations in Poland of the oxbow lakes studied. Piek = Piekary
oxbow lake, 50°00'50.1”N, 19°47'35.7"E, maximum depth 4.0m, area
1.56 ha; Tyn = Tyniec oxbow lake, 50°01'47.0"N, 19°49'39.8"E, maximum
depth 3.0m, area 5.75ha; Jezl =Jeziorzany 1, 49°59'46.0"N,
19°46/52.5"E, maximum depth 2.4m, area 2.21ha; Jez2 =Jeziorzany 2,
49°59°43.7"N, 19°47'10.6"E, maximum depth 5.5 m, area 2.19 ha.
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and Sewage Company (Krakow, Poland) [23]. Microcystins
were analyzed as microcystin-LR (MC-LR), microcystin-RR
(MC-RR), and microcystin-YR (MC-YR). In total, 72 water
samples were taken for analyses of microcystin concentrations
and physicochemical parameters.

Samples for assessment of biological parameters (36 for
cyanobacteria composition and 36 for zooplankton) were taken
from 1 m depth in the lakes. For zooplankton analysis, the
samples were concentrated from 10 L water with a plankton net
(mesh size 50 wm) and fixed in 4% formaldehyde. The
zooplankton samples were analyzed under a Nikon H550L
light microscope (40-400x), and was recounted per L, in a
0.5-mL chamber, with mean density based on 5 counts. The
zooplankton species were identified using keys [24-29].

Samples for cyanobacterial structure analysis were concen-
trated from 10 L water with a plankton net (mesh size 10 pm)
and fixed with Lugol’s solution. Cyanobacteria were identified
under a Nikon H550L light microscope (40-400x) using
keys [30-32]. The biomass of cyanobacteria was calculated as
biovolume by comparing specimens with their geometrical
shapes [33]. Additional cyanobacteria samples were taken and
not fixed; they were transported immediately to the laboratory
for identification of fresh material.

Statistical analyses

The Shannon (H’) index was calculated on the basis of
density as a measure of zooplankton diversity. Spearman rank
correlation tests in Statistica 12 (Statsoft) were used to identify
correlations between microcystin concentration and zooplank-
ton density and species diversity. Canonical correlation
analyses in Canoco 5 (licence number ¢509112) were performed
to examine relationships between abiotic (physicochemical)
parameters and biotic variables (microcystin concentration,
number of zooplankton species in sample). All data were log-
transformed (x + 1).

RESULTS

Physicochemical parameters

Water pH ranged from slightly acidic to slightly alkaline in
the Piekary and Tyniec oxbow lakes, and from neutral to slightly
alkaline in Jeziorzany 1 and Jeziorzany 2. These lakes differed
in some environmental parameters (Table 1). The water of
the Tyniec oxbow showed considerably higher conductivity and
CI” and SOf‘concentrations than the other oxbows, and the
highest mean concentrations of HCO3™~, NO5™, and PO,*". The
water of Jeziorzany 1 showed the lowest PO,*>"and NH,"
concentrations, and the water of Jeziorzany 2 the highest
variation of PO437and NH," (Table 2). The Piekary oxbow lake
showed the lowest mean conductivity and lowest SO,*and
HCO;™ concentrations but high NH, " and the highest variation
of conductivity and NO;3".

Blooms and microcystins

We found cyanobacteria in all sampled oxbow lakes
(Table 2). In 2 oxbow lakes (Tyniec and Piekary) there were
persistent blooms formed by species potentially able to
produce microcystins. Blooms were present in the Tyniec
oxbow lake from August to October, formed by Microcystis
ichthyoblabe (G. Kunze) Kiitzing, M. wesenbergii (Komarek)
Komarek ex Komarek in Joosen, and Woronichinia naegeliana
(Unger) Elenkin (Table 2). In the Piekary oxbow, blooms
were present in August, at the beginning of September,
and in October, created by Dolichospermum planctonicum



Microcystins affect zooplankton

Environ Toxicol Chem 36, 2017 167

Table 1. Values of physicochemical parameters in the water of Piekary (n=22), Tyniec (n=26), Jeziorzany 1 (n=12), and Jeziorzany 2 (n = 12) oxbows

Parameter

Piekary

Temperature [°C]

Range (mean)

8.6-24.3 (15.6)

(6% 26

pH Range (mean) 5.5-8.3 (6.7)
(6% 8

Dissolved oxygen [mg/L] Range (mean) 0.3-9.2(5.0)
(6% 55

Oxygen saturation [%] Range (mean) 2.6-100.8 (52.5)
(0% 53

Conductivity [wS/cm] Range (mean) 481-1011 (668)
(6% 18

CI” [mg/L] Range (mean) 52.9-155.4 (93.5)
(0% 26

NeXa [mg/L] Range (mean) 17.7-78.1 (35.0)
(6% 36

HCOj;™ [mg/L] Range (mean) 196-270 (244)
(0% 7

NO;™ [mg/L] Range (mean) 0.1-3.5 (0.5)
(6% 148

NO, [mg/L] Range (mean) nd-0.220 (0.022)
(0% 250

NH," [mg/L] Range (mean) 0.025-1.96 (0.38)
(6% 114

PO, [mg/L] Range (mean) nd-0.19 (0.060)
(6% 85

Chlorophyll a [pg/L] Range (mean) nd-94.4 (23.3)
(6% 102

Oxbow
Tyniec Jeziorzany 1 Jeziorzany 2
9.3-24.7 (16.9) 12.7-23.3 (19.0) 10.1-25.0 (17.1)
25 20 31
6.4-8.3 (7.2) 7.1-7.7 (1.4) 7.0-8.1 (7.5)
7 3 5
0.2-14.3 (5.4) 0.3-9.7 (4.2) 1.5-11.2 (6.1)
68 67 51
2.2-169.6 (57.8) 2.4-94.6 (45.1) 14.2-115.2 (65.1)
74 62 55
1259-1361 (1299) 748-1023 (802) 682-910 (734)
2 11 10
250.8-284.8 (274.4) 90.1-140.5 (99.7) 90.0-97.1 (93.4)
3 13 3
75.9-100.1 (84.7) 43.3-71.6 (53.5) 39.9-64.2 (48.9)
[§ 15 16
225-327 (284) 229-316 (280) 203-327 (263)
11 10 14
nd—4.1 (0.6) 0.1-1.3 (0.5) nd-1.2 (0.4)
117 67 107
nd-0.019 (0.001) nd-0.017 (0.003) nd-0.015 (0.002)
357 233 237
0.029-1.21 (0.25) 0.005-0.30 (0.13) 0.004-1.98 (0.35)
108 102 169
nd-0.52 (0.130) nd-0.03 (0.007) nd-0.43 (0.060)
114 161 201
nd-140.0 (29.7) nd-87.9 (19.7) 6.2-103.3 (28.6)
103 137 118

Abbreviations: nd = undetectable level; CV = coefficient of variation.

(Brunnthaler) Wacklin et al., Dolichospermum spiroides
(Klebahn) Wacklin et al., Microcystis wesenbergii, and
Oscillatoria tenuis C. Agardh ex Gomont. In Jeziorzany 1,
M. wesenbergii developed for a short period during September.
In Jeziorzany 2, cyanobacteria (W. naegeliana, Cuspidothrix
issatschenkoi (Usachev) P. Rajaniemi, J. Komarek, R. Willame,
P. Hrouzek, K. Kastovskd, L. Hoffmann, and K. Sivonen,
Anabaena spp.) occurred at higher concentrations in September
and October, but those species do not produce microcystins.
Microcystins were present in the Tyniec and Piekary oxbows
but were not found in the water of Jeziorzany 1 and 2 (Table 3).
The highest microcystin concentration was found for MC-LR at
1m depth in the Tyniec and Piekary oxbows. We noted the
presence of MC-LR at the beginning of September (Tyniec) and
the beginning of October (Piekary). Both MC-RR and MC-YR
were found at 1 m depth and in water close to the bottom in both
oxbows, mostly at the end of the bloom period.

Diversity and density of zooplankton

In the sampled oxbow lakes we found 42 zooplankton
species in total: 19 rotifer species, 9 copepod species, and
14 cladoceran species (Table 4). The number of zooplankton
species was highest in the Tyniec oxbow (35 species noted
during the whole sampling period) and lowest in Jeziorzany
1 (26 species for the whole period). Tyniec had the highest
number of cladoceran and copepod species but the lowest
number of rotifer species. The water bodies differed mostly in
the number of cladoceran and copepod species; their numbers of
rotifer species were similar.

The mean total density of zooplankton, rotifers, and
cladocerans was highest in the Piekary oxbow and lowest in
Jeziorzany 2 (Table 5). Jeziorzany 1 had the highest mean density
of copepods, and Tyniec the lowest. Jeziorzany 1 showed the
highest variation of total zooplankton, rotifer, and copepod

density, and the lowest variation of copepod density. Piekary had
the highest variation of cladoceran density and the lowest
variation of total zooplankton, rotifer, and copepod density.

In terms of particular groups, rotifers were most diverse
in the 2 Jeziorzany oxbow lakes (Figure 2), but the densest
(7565 Ind/L; Table 5) in the Piekary oxbow. Cladocerans were
densest (1327 Ind/L) but least diverse in the Piekary oxbow
(Figure 3). Copepod density was highest (839 Ind/L) in
Jeziorzany 1, but diversity was highest in the Tyniec oxbow
lake (Figure 4).

The Shannon index (H’) of total zooplankton diversity
decreased in the Piekary and Tyniec oxbows during periods
when the microcystin concentrations were highest (Table 6).
The same trend was noted for diversity of rotifers in both
oxbows and for diversity of copepods in Piekary, but not for
copepods in Tyniec. We found no such trends for the diversity of
cladocerans in any of the oxbows.

Statistical analyses

In analyses of the relationships between toxin concentrations
in oxbow lakes water and zooplankton density and diversity,
Spearman rank correlations revealed only 1 statistically
significant correlation (negative): between the total number of
zooplankton species at 1-m depth and the microcystin
concentration at the same depth (p <0.05; r=-0.343).
Canonical correlation analyses confirmed that correlation
(Figure 5).

The number of zooplankton species was highest (19-20
species) in individual samples from Jeziorzany 1 and 2, where
cyanobacteria blooms developed during only a short period. A
single sample from the Piekary oxbow also contained 19
species; samples from the Tyniec oxbow, the lake with the
longest period of cyanobacterial blooming, had fewer species
(maximum 17-18 species per sample) than the other water
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Table 2. Chlorophyll a concentration (Chl a; pg/L), cyanobacteria species, and biomass (mg/L) present in oxbow lakes during 2014

Oxbow
Month Piekary Tyniec Jeziorzany 1 Jeziorzany 2
May Species cno cno cno cno
Biomass 0.0 0.0 0.0 0.0
Chl a 16.8 40.3 35.7 242
June Species Oscillatoria tenuis cno cno cno
Biomass 0.8 0.0 0.0 0.0
Chl a 274 17.4 3.1 78.2
July Species Dolichospermum spiroides cno cno cno
Biomass 0.4 0.0 0.0 0.00
Chl a Data not available 27.4 52 Data not available
August Species D. planctonicum, Aphanocapsa sp. cno Dolichospermum planctonicum,
D. spiroides, Microcystis Microcystis ichthyoblabe, Aphanizomenon sp.
wesenbergii, O. tenuis Woronichinia naegeliana
Biomass 3.5 66.9 0.0 0.2
Chl a 94.4 29.2 39.7 10.7
August Species Samples not taken M. ichthyoblabe Samples not taken Samples not taken
Biomass 16.4
Chl a 28.6
August Species Samples not taken Aphanizomenon sp. Samples not taken Samples not taken
M. ichthyoblabe,
W. naegeliana
Biomass 128.3
Chl a 54.5
September  Species O. tenuis M. ichthyoblabe, M. wesenbergii D. flos-aquae, D. planctonicum,
M. wesenbergii, D. spiroides, Cuspidothrix
W. naegeliana issatschenkoi, Woronichinia
naegeliana
Biomass 2.7 533 0.5 7.4
Chl a 75.6 140.0 24.8 15.3
September  Species D. planctonicum, M. ichthyoblabe, Samples not taken Samples not taken
O. tenuis M. wesenbergii
Biomass 0.6 42.6
Chl a 21.3 38.4
September  Species O. tenuis Aphanizomenon sp., Samples not taken Samples not taken
M. ichthyoblabe,
M. wesenbergii
Biomass 0.5 60.4
Chl a 17.8 26.1
October Species O. tenuis M. ichthyoblabe, cno Anabaena flos-aquae,
M. wesenbergii A. planctonica, Aphanizomenon
cf. issatschenkoi
Biomass 0.4 48.3 0.0 2.1
Chl a 19.3 41.8 18.7 9.6
October Species O. tenuis M. ichthyoblabe, Samples not taken Samples not taken
M. wesenbergii
W. naegeliana
Biomass 2.0 39.3
Chl a 23.4 17.2
October Species O. tenuis M. ichthyoblabe, Samples not taken Samples not taken
M. wesenbergii,
W. naegeliana
Biomass 0.8 93.1
Chl a 144 12.4
October Species cno W. naegeliana Samples not taken Samples not taken
Biomass 0.0 55.5
Chl a 3.7 11.0

cno = cyanobacteria not observed.

Table 3. Microcystins concentration (pg/L) in the oxbow lakes studied®

8 September 6 October 14 October 28 October
Microcystins RR YR LR MCtot RR YR LR MCtot RR YR LR  MCtot RR YR LR  MCtot MC tot
Piekary 1 m nd nd nd nd nd nd 0205 0205 0.057 nd 0081 0.138 0.035 0.018 0.027 0.080 0.423
Piekary bottom nd nd nd nd nd nd nd nd 0.082 0.029 0.018 0.129 0.041 0.014 nd 0.055 0.184
Tyniec 1 m nd nd 0246 0246 =nd nd nd nd nd nd nd nd 0.041 0.019 nd 0.060  0.306
Tyniec bottom nd nd nd nd nd nd nd nd nd nd nd nd 0.045 0.032 nd 0.077  0.077

0 values not presented.

nd = not detected.
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Species Piekary Tyniec

Jeziorzany 1

Jeziorzany 2

Rotifera
Asplanchna priodonta (Gosse, 1850)
Brachionus angularis (Gosse, 1858)
Brachionus calyciflorus (Pallas, 1766)
Brachionus diversicornis (Daday, 1883)
Brachionus urceolaris (Mueller, 1773)
Filinia longiseta (Ehrenberg, 1834)
Gastropus minor (Rousselet, 1892)
Kellicotia longispina (Kellicott, 1879)
Keratella cochlearis (Gosse, 1851)
Keratella tecta (Gosse, 1851)
Keratella quadrata (Mueller, 1786)
Lecane stenroosi (Meissner, 1908)
Polyarthra major (Burckhardt, 1900)
Polyarthra minor (Voigt, 1904)
Polyarthra remata (Skorikov, 1896)
Polyarthra vulgaris (Carlin, 1943)
Pompholyx sulcata (Hudson, 1885)
Trichocerca capucina (Wierzejski and Zacharias, 1893)
Trichocerca similis (Wierzejski, 1893)
Total Rotatoria number
Cladocera
Alona rectangula (Sars, 1862)
Bosmina longirostris (Mueller, 1785) +
Ceriodaphnia pulchella (Sars, 1862)
Chydorus sphaericus (Mueller, 1776) +
Daphnia ambigua (Scourfield, 1947)
Daphnia cucullata (Sars, 1862)
Daphnia galeata (Sars, 1864)
Daphnia longispina (Mueller, 1776)
Diaphanosoma brachyurum (Lievin, 1848)
Eubosmina coregoni (Baird, 1857)
Eubosmina gibbera (Schoedler, 1863)
Eubosmina longispina (Leydig, 1860)
Leptodora kindtii (Focke, 1844)
Moina micrura (Kurz, 1875)
Total Cladocera number
Copepoda
Acanthocyclops venustus (Norman and Scott, 1906)
Cyclops abyssorum (Sars, 1863)
Cyclops strenuus (Fischer, 1851)
Cyclops vicinus (Uljanin, 1875)
Eudiaptomus gracilis (Sars, 1863)
Eurytemora affinis (Poppe, 1880)
Mesocyclops leuckarti (Claus, 1857)
Metacyclops gracilis (Lilljeborg, 1853)
Thermocyclops crassus (Fischer, 1853) +
Total Copepoda number 5
Total species number 30
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bodies. For samples with fewer species, the relation to DISCUSSION

microcystin concentration was not significant.

The number of species in samples was negatively correlated Biodiversity is directly linked to the health of an ecosystem.
with the concentrations of sulfates, phosphates, and ammonia, Healthy water ecosystems provide valuable ecosystem services
and the microcystin concentration was related to the concen- to humans [21]. The diversity of microorganisms in freshwater
trations of those ions. ecosystems is underestimated, because the emphasis generally

Table 5. Density (Ind./L) of total zooplankton and particular groups

Piekary Tyniec Jeziorzany 1

Jeziorzany 2

Range Mean (6)% Range Mean (6\% Range Mean

CvV

Range

Mean

CvV

Zooplankton total ~ 766-8230  3944.1 53.05 371-3326 1774.8 59.20 1373-7843  3304.5
Rotifera 504-7565  3304.7 64.80 61-2983  1408.1  70.60 392-7192  2682.0
Cladocera 31-1327 237.7  162.60 24-233 122.7  61.10 6-633 194.8
Copepoda 161-670 401.7 43.20 32-533 2442 70.10 26-839 427.1

72.66
90.50
131.74
73.40

239-2618
213-2307
12-151
14-405

1446.5
1086.3
80.6
279.2

66.40
81.50
59.30
52.90

CV = coefficient of variation.
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Figure 2. Diversity and density of rotifers in the oxbows studied. Bars represent density, triangles represent number of species, and arrows indicate the presence

of microcystins in the water.

is on macroorganisms [21]. For holistic management, and to
maintain water ecosystems in good health, we need studies on
microorganism diversity and on the mechanisms by which that
diversity is altered in freshwater systems. The diversity of
microorganisms is driven by abiotic and biotic factors. Among
the latter are toxins produced by cyanobacteria, and our
understanding of their effects on microorganisms is poor.

The most frequent cyanotoxins are microcystins, which are
found in most populations of Microcystis spp., Anabaena,
Nostoc, Planktothrix, Oscillatoria, and Anabaenopsis [13].
Microcystins are secondary metabolites that are toxic to aquatic
organisms, including protozoa, because they bind to and inhibit
protein phosphatases 1 and 2A [34 and literature cited therein].
They are intracellular toxins, released into the water when the

cells lyse naturally or are broken [12,17]. Once released into the
water, microcystins can remain for a relatively long time before
being eliminated through biodegradation or photolysis [35]. In
support of that observation, we found the highest microcystin
concentrations close to the end of the cyanobacterial bloom,
when cyanotoxins were present in the upper layer of water and
in the layer close to bottom sediment.

The presence of cyanotoxins was not significantly linked to
the biomass of cyanobacteria, which was higher in the Tyniec
oxbow than in Piekary. In Tyniec, the microcystin concentration
was lower and its presence was of shorter duration.

In the Tyniec oxbow, only non-nitrogen—fixing cyanobacteria
created blooms. In Piekary, there were nitrogen-fixing (but in
smaller biomass) as well as non-nitrogen—fixing cyanobacteria.

Number of species

Piekary Tyniec

Jeziorzany 2

Jeziorzany 1

Figure 3. Diversity and density of cladocerans in the oxbows studied. Bars represent density, triangles represent number of species, and arrows indicate the

presence of microcystins in the water.
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Figure 4. Diversity and density of copepods in the oxbows studied. Bars represent density, triangles represent number of species, and arrows indicate the

presence of microcystins in the water.

Non-nitrogen—fixing species are favored by the presence of
ammonium nitrogen, while the development of species fixing
molecular nitrogen is promoted under conditions of nitrogen
scarcity [7,36]. The Tyniec oxbow showed the highest mean
concentrations of NO;~ and PO,*"and a high concentration of
NH,". The higher concentration and longer duration of micro-
cystins in Piekary, together with the presence of nitrogen-fixing
cyanobacteria, support the suggestion that these toxins play an
ecological role in improving nutrient availability [37]. In that
oxbow we found the highest variation of conductivity and NO3~

Table 6. Shannon Index (H’) of total zooplankton and its particular groups
in oxbows with microcystin presence

Rotifera  Cladocera Copepoda  Total zooplankton

Piekary oxbow

May 1.17 0.14 0.90 1.61
June 1.69 0.26 0.98 2.10
July 1.42 0.88 0.81 1.86
August 1.85 0.40 1.00 223
September 0.90 0.74 0.98 1.14
September 1.30 1.04 1.00 1.80
September 1.04 0.71 0.44 1.42
October® 0.81* 0.85" 0.77* 1.287
October® 0.61° 1.29* 0.83* 0.85*
October 0.63 0.75 0.46 0.96
October® 0.82° 1.06* 0.38* 1.63*
Tyniec oxbow
May 1.24 1.09 1.07 2.09
June 0.75 0.77 0.84 1.66
July 1.18 1.02 1.07 2.03
August 1.39 1.52 1.14 1.83
August 1.29 0.74 0.73 1.86
August 1.37 0.94 1.34 2.18
September 1.14 1.09 1.25 1.69
September® 1.24* 1.30* 1.12* 1.79*
September 0.67 1.23 1.29 0.94
October 0.74 1.27 0.80 1.02
October 0.73 1.24 1.40 1.26
October 1.32 1.24 1.20 222
October® 1.06* 1.26* 0.88* 1.72*

“Data with microcystin detection in the water.

concentrations, and low mean PO4>". It has been suggested that
the production of toxins by cyanobacteria is not for defense
against predators but for important biological functions such as
cell signaling, nutrient uptake, and iron scavenging [37].

<
-
14 C//
161 \/
SO4
PO4
water temperature (2C)
o
\—|1 4

-0.6 1.0

Figure 5. Canonical correspondence analysis for number of zooplankton
species in individual samples, physicochemical parameters, and total
concentration of microcystins in the water. Total variation: 1.02848, with
explanatory variables accounting for 60.7%. Abbreviations: Tyn = Tyniec
oxbow lake; Piek = Piekary oxbow lake; Jezl= Jeziorzany 1 oxbow lake;
Jez2 = Jeziorzany 2 oxbow lake; water temp = water temperature; MC =
microcystins in 1-m layer; oxyg =oxygen saturation; NO2, NO3, NH4 =
nitrogen ions (NO, , NOj;, NH,"); PO4= phosphate ions (PO43’);
HCO; =hydrocarbonates (HCO3"); SO4 = sulfates (SO42’). Numbered
lines represent the number of species in individual samples.
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Canonical correlation analyses showed a positive relation-
ship between microcystin concentration and levels of NH, ",
PO,*, and SO,%in the Tyniec oxbow. In other work it was
reported that hepatotoxic cyanobacterial strains produced more
toxins under conditions of high phosphorus (P), the difference
between high and low P being 2-fold to 4-fold [38]. That does
not negate the suggestion that microcystins improve P uptake,
which is given above in discussing the findings from Piekary.
The production and storage of toxins inside cells might follow a
scenario different from that of their release into the water. In
systems with low availability of P, the cells might degrade more
rapidly and the toxins might remain in the water longer. Non-
nitrogen—fixing genera such as Microcystis and Oscillatoria
produce more toxins under high-nitrogen conditions [13,38,39],
and in both Tyniec and Piekary the nitrogen ion concentration
was high.

In the literature we have found only 1 report on the effect of
sulfates on cyanotoxin production; in A. ovalisporum cells,
sulfate and phosphate limitation were suggested to have
pleiotropic effects on cyanobacterial toxin metabolism [40].

The most common and most toxic form of microcystin
is believed to be MC-LR [17]; data on the other forms
are insufficient [41]. According to the World Health Organiza-
tion, its concentration in surface water should not exceed
0.001 mg/L [42]. We found that form of microcystin mostly in
the upper layers of the Tyniec (only at the beginning of
September) and Piekary oxbows (in October). Other forms such
as MC-RR and MC-YR were found in the upper layers and close
to the bottom at the end of the bloom period. Both of those forms
are known to reduce the growth rate of adult Daphnia [43], and
MC-RR and unknown metabolites of cyanobacterial extracts
have negative effects on D. magna reproduction processes,
similar to those observed in response to endocrine-disruptive
molecules [43].

Opinions differ on the effect of cyanotoxins on zooplankton
in water ecosystems. Laboratory studies strongly indicate
adverse effects of cyanotoxins [44], but there are conflicting
results from studies in natural ecosystems [45,46]. For example,
the effect of toxins on cladocerans in field studies, including our
present study, was not as clear as in laboratory experiments.
Daphnia is the cladoceran genus most frequently tested against
microcystins, because its species are extremely vulnerable to
them. Field observations and large-scale lake experiments have
shown that daphnid populations can be affected by toxicity if the
toxins are released into the water at high concentrations
following lysis of cyanobacterial cells [47]. Increasing numbers
of reports suggest that Daphnia—cyanobacteria relationships are
more complicated than previously thought, and that a decrease
in the daphnid population during cyanobacterial blooms is not
necessarily because of the toxins [48]. Moreover, short-term
exposure to toxic cyanobacteria has been shown to improve the
fitness of D. magna for further exposure to toxic prey during
development. This trait might be transferred to offspring via
maternal effects, or such an adaptation might also be clone-
specific [49,50]. In the present study we did not find decreased
cladoceran diversity in the presence of toxins; we observed
decreased cladoceran density in Piekary but not in the Tyniec
oxbow. The Tyniec oxbow yielded more species of daphnia than
Piekary. Maternal effects might explain the difference in the
response of the cladoceran populations of those oxbows.

Assessments of the sensitivity of rotifers to toxic cyanobac-
teria also differ. Some studies indicate that rotifers are more
sensitive than copepods to microcystin exposure [51], and
others suggest that rotifers are tolerant to cyanotoxins [52]. The

W. Krzton et al.

present study showed decreased rotifer diversity in the presence
of cyanotoxins in both of those oxbows, but the response of
density under exposure to microsystins differed: it decreased in
the Tyniec oxbow but not in Piekary.

Results on copepod sensitivity to cyanotoxins vary as well.
One study showed reduced survival of Eurytemora affinis under
exposure to elevated microcystin levels [53]. In the present
study, E. affinis was present in an oxbow where microcystins
were present at a high concentration (Piekary oxbow). This
species might not be a good example, however, because it has
been reported that E. affinis can detoxify nodularin, another
cyanobacterial hepatotoxin, suggesting that some copepods
have adapted to algal toxins and possess detoxification
mechanisms [54]. In general, copepods showed decreased
diversity and density under toxin exposure in Piekary but not in
the Tyniec oxbow.

It is difficult to pick apart the responses of zooplankton to
cyanotoxins in field data, because several factors simulta-
neously affect their diversity and density. The most important of
these factors are water flow [55], water temperature and water
chemistry [56], the food base [57], and the impact of
macrophytes [58], and predation by fish [59]. The oxbows
studied did not differ in water inflow, water temperature,
macrophyte impacts, or fish predation. The highest differences
were in the chemical properties responsible for cyanobacterial
blooms, the presence of cyanobacterial blooms, and the
presence, concentration, and duration of microcystins.

CONCLUSIONS

We found the highest total number of zooplankton species
during the vegetation period in the Tyniec oxbow, the most
polluted lake, which had the longest duration cyanobacterial
bloom but a lower microcystin concentration. Surprisingly, that
oxbow had the highest number of cladoceran and copepod
species but the fewest rotifer species for the study period as a
whole.

We conclude that zooplankton diversity showed a weak
response to the presence of microcystins released into the water.
Rotifers were the most sensitive group in terms of diversity but
not in terms of density. Cladoceran density, but not diversity,
decreased under exposure to the toxins in both oxbows with
blooms. In general, cladoceran diversity was lower in the
Piekary oxbow, where the concentration of cyanotoxins was
highest. Copepod diversity decreased slightly in the Piekary
oxbow but not in Tyniec. It is difficult to maintain that the
decreased copepod density was a response to cyanotoxins,
because it was lower in all oxbows studied (with and without
toxins) in September and October.

Statistical analyses showed that the number of species in
individual samples was negatively correlated with the levels of
sulfates, phosphates, and ammonia, but the microcystin
concentration was positively related to those levels. This points
to the complexity of the interactions and synergies among
toxins, abiotic factors, and zooplankton biodiversity. In
focusing on the problem of cyanotoxins in these fragile
ecosystems, conservation studies, and planning should pay
attention to that complexity.
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