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Abstract

Background: During the last decades the frequency and global distribution of toxic cyanobacteria blooms has
increased globally, which has been attributed to the eutrophication and climate change. In Chile there have been
reports on blooms in aquatic ecosystem in localities with high density population and on the presence of five
congeners of microcystins but only two documented toxics blooms with hundreds fish kills. We investigated the
presence of toxic cyanobacteria blooms in the Lo Galindo urban lake, Concepcion city, and the environmental
factors that influence the abundance of cyanobacteria and microcystins concentration. Lo Galindo Lake, is used for
various recreational and eventually as a drinking water source.

Results: Toxic blooms of Microcystis aeruginosa are developed in Lo Galindo lake, those that occur throughout the
year in a wide range of environmental conditions, forming scums blooms during summer and dispersive blooms in
all seasons. There are different microcystin congeners, the most frequent congener was MC-RR (21 %) and the
highest concentration corresponded to 1154 ug L' MC-LR.

Conclusions: The dominance and development of the M. aeruginosa blooms in the lake is determined by various
environmental factors such as temperature, nutrients, diversity of taxa and wind speed that affect the formation of
disperse-type blooms and/or scums; the latter are developed only in summer, coinciding with the highest
temperature and concentrations of total microcystins. In the lake the microcystin and different types of congener is
highly variable, so special care is recommended to use lake water for consumption and for recreational activities.
The emergence and persistence of Microcystis blooms in this body of water are considered a potential health risk
for the inhabitants of the area, considering the proximity and the system use by the inhabitants.
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Resumen

la ciudad.

sistema por los habitantes.

Antecedentes: Durante las Ultimas décadas la frecuencia y la distribucion global de las floraciones de
cianobacterias toxicas han aumentado a nivel mundial, lo que ha sido atribuido a la eutrofizacion y al cambio
climdtico global. En Chile existen reportes de floraciones en ecosistemas acuaticos en zonas con alta densidad
poblacional y la presencia de cinco congéneres de microcistinas, pero sélo dos floraciones toxicas que ocasionaron
la muerte de cientos de peces. Se investigd la presencia de floraciones de cianobacterias toxicas en el lago urbano
Lo Galindo, ciudad de Concepcion, y los factores ambientales que influyen en la abundancia de cianobacterias y
concentracion de microcistina. Este lago, se utiliza para recreacion y como fuente de agua potable alternativa para

Resultados: En el lago se desarrollan floraciones toxicas de Microcystis aeruginosa, las que se presentan durante
todo el ano en un amplio rango de condiciones ambientales, formando floraciones tipo acumulativas (scums)
durante el verano y dispersivas en todas las épocas del afo. Existen diferentes congéneres de microcistina, el méas
frecuente es MC-RR (21.0 %) y el de mayor concentracion MC-LR (1154 ug L.

Conclusion: La dominancia y el desarrollo de las floraciones de M. aeruginosa esté determinada por diversos
factores ambientales como la temperatura, nutrientes, diversidad de taxa y la velocidad del viento que afectan a la
formacion de floraciones dispersivas y/o scums, esta Ultima se desarrolla sélo en verano, coincidiendo con las
mayores temperaturas y concentraciones de microcistinas totales. La concentracion de los congéneres es altamente
variable en el lago, por lo que se recomienda especial cuidado en usar el agua para consumo y para actividades
recreativas. La aparicion y persistencia de las proliferaciones de M. aeruginosa en este cuerpo de agua se consideran
un riesgo potencial para la salud de los habitantes de la zona, teniendo en cuenta la proximidad y el uso del

Background

During the last decades, frequency and global distribu-
tion of toxic cyanobacteria blooms have increased world-
wide, due to eutrophication and climate change
(increased temperature, alteration of rainfall patterns
and water bodies residence time) [1]. Cyanobacteria
blooms can produce a variety of water quality problems
in systems used for human activities, generating loss of
biodiversity and recreational spaces, changes in food
webs, and produce health effects on humans and ani-
mals as a result of toxins production [2].

Blooms of Microcystis spp. (Chlorococcales, Cyanobac-
teria) are the most common in freshwater bodies around
the world and of great concern due to the production of
hepatotoxins [3]. This cosmopolitan cyanobacteria form
macroscopic colonies composed of thousands of cells,
which can regulate their position in the water column by
the presence of many intracellular aerotopes [4]. When
the water column is stable, colonies float and accumu-
late in the surface forming a dense layer (as foam) that
can cover a fraction or the whole surface of the water
body. This dense layer is known as scums and/or
hyperscum, whereas when the colonies are dispersed in
the water forming green patches they are known as dis-
persive colonies or simply blooms [5, 6].

The presence of Microcystis blooms in fresh water eco-
systems has been explained by a series of factors related to
the cells capacity to regulate buoyancy, as well as a

consequence of different environmental factors such as:
the availability of light, nutrients, temperature and pH
[7-11]. Other studies have attributed the blooms occur-
rence to physical characteristics such as the type of the
water body, size, residence time and hydrodynamics
(wind, turbulence and stratification) [12—14], as well as
the biotic interactions of competition and grazing [15].

Microcystis synthesizes toxic metabolites called microcys-
tins (MCs). These toxins are cyclic peptides that produce
human, animal and environmental health problems. More
than 90 congeners of this toxin [16] are known and all of
them contain the Adda peptide [17, 18]. The microcystins
production occurs in the cells that contain functional mcy
genes, which are expressed as a response to certain envir-
onmental conditions [19]. In the same population both
toxic and non-toxic genotypes can be found, but they are
phenotypically identical. The factors that control the pro-
duction of microcystins by producing cells over the
non-producing cells in natural systems have been stud-
ied by several authors, though no consensus has been
found up to date [7, 8, 10, 11, 14].

In South America, the events of toxic cyanobacterial
blooms have been under estimated and poorly docu-
mented [20]. One of the most common genera reported
in blooms is Microcystis, responsible for the intoxication
of 131 people and 52 deaths in Caruaru city, Brazil [21],
as well as blooms in other areas of Brazil. However, no
deaths have been reported other countries of South
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America, although there are records on cyanobacteria and
cyanotoxins presence in Uruguay [5, 12, 22, 23] and
Argentina [24-27]. In Chile there have been reports on
blooms in aquatic ecosystem in localities with high density
population [28-33], and on the presence of five congeners
of microcystins (MC-LA, MC-RR, MC-FR, MC-LR and
MC-YR) [30, 31], but the only two documented toxics
blooms with hundreds fish kills occurred in the Redonda
urban lake, Concepcién city [32] and in the Laguna Act-
leo close to Santiago city [33].

Considering the variety of factors that influence blooms
formation and permanence, the identification of the local
environmental conditions that allows Microcystis to be
dominant and causing blooms is a valuable piece of infor-
mation to guide management of water bodies. The object-
ive of this study was to investigate the presence of toxic
cyanobacteria blooms in the Lo Galindo urban lake, Con-
cepcion city, and the environmental factors (biotic and
abiotic) that influence the abundance of cyanobacteria and
microcystins concentration. This will increase the still
scarce knowledge on toxic cyanobacteria blooms in South
America, contributing to have a broader view on diversity
and concentrations of microcystins in temperate southern
hemisphere regions.

Methods

Study area

Lo Galindo is a shallow urban lake (maximum depth of 3 m)
that corresponds to a non-stratified lake), located in the
center of Concepcidén city, Chile (36°48°01”S and 73°
02'31"W). Its area reaches 4.9 Ha and a volume of
62,500 m’. Lake Lo Galindo was monitored during
15 months. Samples were taken every 15 days in one sin-
gle sampling station, because no significant differences
were found in physical and chemical parameters between
two or more sampling stations in the lake. Samples were
taken by means of a 1 L vertical Niskin bottle at two
depths (surface and bottom). These samples were then
mixed and an integrated water column sample was
obtained.

Abundance of Microcystis aeruginosa and plankton
community

The abundance of M. aeruginosa was estimated by the
disintegration of the colonies with alkaline hydrolysis
(90 °C during 15 min, followed by an intensive mixing)
[34]. This method allowed counting the individual cells
by standard microscopy with a magnification of 400x
using a Neubauer chamber. Results obtained in the
counting were expressed as the number of cells per liter
(cells L™"). Moreover, the biovolume (mm® L") of M.
aeruginosa was calculated using the geometric approxi-
mations by Hillebrand et al. [35]. Phytoplankton samples
were fixed with 4 ml of 1 % Lugol’s solution and the
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amount of microalgal cells were quantified by means of
the Utermohl method [36], from sedimentation cham-
bers of known volume in a Zeiss Axiovert 35 inverted
microscope. For the chlorophyll a determination,
250 mL of the sample was filtered, the filter was incor-
porated into a dark plastic jar with 20 ml of 90 % acet-
one, and the absorbance reading was performed 24 h
later for the total extraction of the compound. The deter-
mination was carried out through membrane filtration with
a 10 AU Turner Designs fluorometer [37]. Zooplankton
was collected once a month by filtering a volume of 10 L
through a 50 pm plankton net. Concentrated samples were
conserved in 95 % ethyl alcohol, subsamples of 5-10 ml of
zooplankton were taken and then diluted in water to quan-
tify their abundance in a Sedgwick-Rafter count chamber
[38]. These data were registered as the number of zoo-
plankton individuals per liter.

Abiotic factors

The water quality parameters in situ measured were
temperature (°C), pH, conductivity (uS cm™), dissolved
oxygen (DO) (mg L7') with a Multiparameter probe
(Hydrolab Quanta model) and transparency (cm) with a
Secchi disk. In the case of the chemical parameters, water
samples were taken, transferred to the laboratory, stored
at 4 °C and analyzed by molecular absorption spectropho-
tometry and/or ionic chromatography described in Stand-
ard Methods 22* Edition 2012 for total phosphorus (TP)
(4500 P), orthophosphate (PO,) (4500 P), total nitrogen
(TN) (4500-N C), nitrate (NO;3) (4500-NO3), nitrite
(NO,) (4500-NO2) and ammonium (NH,) (4500-NH4)
[39]. Environmental temperature (°C), wind speed (m s )
and solar radiation (w m~2) were obtained with a Camp-
bell CR 1000 meteorological station, located at approxi-
mately 3 km from the lake.

Microcystins concentration

In order to characterize and quantify the concentration
of microcystins, samples were taken in a 1 L amber color
glass jar and transferred to the laboratory in cold (4 °C)
and dark. These samples were subsequently analyzed by
means of high pressure liquid chromatography (HPLC)
with a DAD Agilent 1100 detector. Samples were sub-
jected to 3 freeze-thaw cycles in order to lyse the cells
and release the toxins. A volume of 600 ml were filtered
in a vacuum pump with 0.45 pum pore diameter filters.
Solid phase extraction was performed on a C-18 column
(54 pm, 6 ml, Oasis) and 1 % methanol (90 %). Separ-
ation was carried out using an RP 18 Lichrospher 100
column (5 pm pore, 150 x 4.6 mm) and an eluent
system (mobile phase: A water Milli Q and eluent B
acetonitrile, both with 0.5 % TFA) during 20 min [40].
The injection volume was 20 pl with a flow of 1 mL min™".
UV detection was carried out at 238 nm and the absorption
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spectrum of each peak was analyzed in the range of 200—
300 nm [40]. The presence of the congeners MC-RR, MC-
YR, MC-LR and MC-LA in the samples was confirmed by
comparing with the respective analytical standards from
Abraxis (USA). Microcystin concentrations were quantified
on the basis of the calibration curves. Total microcystin
was considered as the sum of the four congeners.

Data analyses

A multiple linear regression model was used to determine
the variables that influence on the biovolume of M. aerugi-
nosa in the lake. Independent variables used for this model
were adjusted by using the AIC information criterion
(Akaike Information Criterion). Subsequently, variables cor-
related to each other were eliminated. It was verified that
the selected variables met normality criteria (by means of
the Shapiro Willks test), constant variance (Bresush Pagan
test) and independent errors (Durbin Watson test). Rich-
ness of taxa (S) (genera and species) and the Shannon-
Wiener diversity index (Hlog;,) were calculated for the
microalgae and zooplankton community. The presence of
two types of blooms of M. aeruginosa, scums and disper-
sive during the studied months allowed the comparison of
the lake conditions during the events, as well as the identifi-
cation of the factors that promote these blooms and/or
their absence. Therefore, a Pearson correlation was con-
ducted in order to determine significant associations be-
tween the abundance of M. aeruginosa, and the
concentration of microcystin with environmental parame-
ters by types of blooms and/or its absence. Due to the fact
that the cause is not implied by the correlation, a discrimin-
ant analysis was used to link biotic and abiotic factors with
the dominance of M. aeruginosa during the blooms and/or
its absence. A one-way Kruskal Wallis nonparametric vari-
ance analysis was used to identify differences among biotic
and abiotic parameters by type of bloom and/or its absence.
All analyses were performed using R version 2.14, Statistical
and Primer 6.0 software.

Results

Microcystis aeruginosa abundance

A total of 30 samples were taken between December 2012
and March 2014 in the Lo Galindo Lake (Fig. 1). A M.
aeruginosa scums bloom occurred during the summer of
2013, but it was not evident during the summer of 2014.
In this bloom, the number of cells reached a peak of 3.1 x
10° cells L™, which significantly decreased during the
studied period (Kruskal-Wallis test H=10.5; p <0.05),
without presenting a similar event. Nevertheless,
macroscopic colonies of M. aeruginosa dispersed in the
water column were observed during all seasons, with
an average of 966905 + 533143 cells L' forming
blooms of dispersive type (Fig. 2a). During these
blooms three peaks of abundance of cells were
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observed, through without generating a scums bloom.
In the months of the early spring the lowest abundance
of cells was observed, with an average of 80000 +
26458cells L™*. These blooms were considered absent,
because no colonies were observed with the naked eye.

Microcystins concentration

Microcystins (MC) were detected throughout the year, even
in the absence of bloom. A total of 83 % of the analyzed
samples were found positive to MC presence. Although no
correlation was found between the MC concentration and
the number of M. aeruginosa cells (Pearson’s r* = 0.07; p >
0.05), significant variations between the concentration
occurred during the scums (13.68-84.0 mg L"), the
dispersive blooms (0-115.4 mg L ™) and in blooms absence
(0-2.05 mg L™") (H=10.5, p <0.05). The highest concen-
trations observed in the dispersive blooms occurred during
summer (the maximum concentration was reported in Feb-
ruary 2014) with significantly different concentrations com-
pared to other seasons of the year (H=11.5 p<0.05)
(Fig. 2a).

Four different congeners of microcystin were detected:
MC-LA, MC-RR, MC-LR and MC-YR. The most common
congener in the samples was MC-RR (40 %), its concentra-
tion (between 0.5 and 31.1 pg L") varied between the types
of blooms and its absence (H=9.1; p <0.05). The second
most common congener was MC-LA (26 %), with concen-
trations between 0.9 and 44.8 pg L', which was signifi-
cantly higher during the scums (H=51; p<0.05).
Congener MC-YR represented only the 15 % of the samples
analyzed as positive and its maximum concentration was
28.3 ug L (Fig. 2b). For the MC-LR and MC-YR conge-
ners presented no significant differences in their concentra-
tions between scums and dispersive blooms and their
absence.

The MC cell quota changes in different moments of
the year, though these differences were not significant
(H=1.2; p>0.05). MC cell quota was positively corre-
lated with changes in the concentrations of MC
(Pearson’s r* = 0.52; p < 0.05) but shows no correlation
with Microcystis cells densities (Pearson’s r*=0.06;
p >0.05) (Fig. 2¢).

Relation between Microcystis aeruginosa abundance,

microcystin concentration and environmental factors

During the sampling period lake in the lake, 71 taxa of
algae were identified in the phytoplankton, which belong
to six major classes: Chlorophyceae (46 taxa), Bacillario-
phyceae (16 taxa), Euglenophyceae (3), Cyanobacteria (2),
Cryptophyceae (2) and Dinophyceae (2). Chlorophyceae
mainly of the genera Monactinus, Pediastrum, Desmodes-
mus, Monoraphidium and Closterium, Cryptophyceae and
Cyanobacteria dominated the lake community (78 %, 10 %
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and 7 % respectively) (Fig. 3b). Species of the classes Bacil-
lariophyceae, Dinophyceae and Euglenophyceae were
present in low abundance (<5 % of total phytoplankton).
Chlorophyceae were significantly different during disper-
sive blooms, especially in spring (H=4.7; p<0.05),
whereas Cryptophyceae were abundant in winter (H = 1.5;
p>0.05) and Cyanobacteria presented their maximum
abundance during the studied summers, mainly in the
scums blooms (H=8.8; p<0.05). M. aeruginosa was al-
most the only component of cyanobacteria present
throughout the study period. In the scums, the richness of
average taxa was 17 +8, lower when compared to other
months of the year, whereas up to 32 taxa were observed
in a dispersive bloom (early summer). However, these
differences were not significant. The diversity of taxa
(H'log1o) was significantly lower during scums (H=
8.4; p<0.05) (Fig. 3c). In the case of dispersive blooms,
colonies of M. aeruginosa were present together with several

genera of green algae (Pseudopediastrum boryanum and Des-
modesmus communis), diatoms (Aulacoseira granulata and
Asterionella formosa), and Cryptomonas ovata.

Zooplankton consisted of crustaceans (genera: Chydorus,
Daphnia, Eubosmina and some species of Cyclopidae) and
rotifers (Polyarthra, Keratella, Asplanchna, Trichocerca,
Brachionus and Filinia). Genera Eubosmina and Polyarthra
dominated the community (31 % and 30 %, respectively).
During the formation and declining of the scums, indi-
viduals of the genus Eubosmina dominated, whereas in
the case of dispersive blooms (mainly winter-spring)
the greatest abundance consisted of individuals of the
genus Polyarthra (53 %) (Fig. 3d). Richness of taxa was
greater during summer (S=10), coinciding with the
period of greater abundance of M. aeruginosa and
lower during late summer and autumn (S =5), coincid-
ing with the scums senescence, and high concentrations of
total microcystin. However, no significant differences between
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the seasons were presented (H=4.0; p >0.05). Diversity of
taxa was higher in late winter (Hlog;o=0.8) and lower in
summer (Hlog;o = 0.6).

The results of the linear multiple regression model for
the M. aeruginosa biovolume showed that parameters
such as temperature, TN and diversity of taxa influenced
on the abundance in Lake Lo Galindo (Table 1). Chloro-
phyll a was definitively different during scums, reaching
during the study a maximum concentration value of
1635 pg L™ (H=6.0; p<0.05) (Fig. 3a). The average
temperature was 23+2 °C during the bloom, being

significantly ~ different compared to the average
temperature in other seasons with the dispersive blooms
and in absence periods (H =9.0; p <0.05). Similarly, the
maximum abundance of cells of M. aeruginosa in the
scums corresponded to the maximum temperature re-
ported for the lake (25 °C) (Fig. 4a). The pH, together
with conductivity and DO presented significant differ-
ences respect to the conditions during the dispersive
blooms and in their absence (Fig. 4b). The total oxygen
concentration was positively correlated with the biovo-
lume of M. aeruginosa (Pearson’s r*=0.94; p<0.05), and
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Table 1 Multiple linear regression model for biovolume

Parameter Estimation  Standard error ~ Statistical  p value
Constant -8.66 741 -1.17 -
Water temperature 0.71 0.15 4.69 0.01
Conductivity -0.01 0.01 -0.58 -
Total nitrogen 2.38 0.94 2.53 0.01
Dissolved oxygen 0.17 041 043 -
Total phosphorus —-10.03 13.94 -0.72 -
Nitrate -137 1.23 =1.11 -
Wind speed —-1.86 1.02 -1.83 -
Rainfall 0.01 0.01 1.07 -
Diversity of taxa 3.67 1.77 207 0.04
The model explains 56.5 % (adjusted determination coefficient). (-) p > 0.05

no significant differences were presented respect to its
concentration in the dispersive blooms, as well as in their
absence (H=0.3; p<0.05). The same behavior was ob-
served for the concentrations of NO,, NH,, PO, and TP
(Fig. 4c, d). The scums was presented under low wind
conditions (1.4+02 m s '), low precipitations (2.7 +
2.2 mm) and high solar radiation (338.9 +59.0 w m™%),
in comparison to dispersive blooms (3.0+1.0 m s/,
76.0 +65.9 mm and 2159+ 119.8 w m™' respectively)
(Fig. 4e). Only precipitations (H=12.9; p<0.05) and
solar radiation (H=10.8; p <0.05) presented statistically
significant differences during scums blooms, dispersive
blooms and their absence. Dispersive blooms of M. aerugi-
nosa were presented in a range of temperatures between
11 °C and 24 °C, with an average of 17 + 4 °C. Water trans-
parency ranged between 20 and 50 ¢cm and no seasonal
variations were presented. These blooms were presented
in an average pH of 8.47 £ 0.71, with a concentration
of NO3 of 1.5+1.4 mg L', significantly different re-
spect to scums (0.2+0.2 mg L") and in its absence
(4.0 +0.4 mg L") (H=12.2; p<0.05).

Results from the discriminant analysis show three
groups that differentiate the water conditions when a
scums bloom, dispersive bloom or its absence are pre-
sented. These were explained by 100 % of variation in the
data. The parameters that allowed discriminating between
absence and presence of a bloom of M. aeruginosa corre-
sponded to the following factors: temperature, TN, NOs,
NH,, PO,, DO, wind speed, and diversity of taxa. Differ-
ences between these scums and dispersive blooms would
be indicated by parameters such as transparency, TP, NHy,
NOj3, NO,, pH and diversity of taxa.

The differences in MC concentration were not clearly
associated with the water environmental conditions,
though the only parameters that are correlated for the
scums bloom are temperature (Pearson’s 1> = 0.7; p < 0.05)
and TN (Pearson’s r’=0.6; p<0.05). Finally, in both
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dispersive bloom and its absence, the MC showed no cor-
relation with any variable measured in this study.

Discussion

Microcystis aeruginosa blooms and environmental factors

M. aeruginosa formed monospecific blooms during all
seasons in Lo Galindo Lake. These blooms presented a
wide range of environmental conditions and
responded positively to the high concentration of
nutrients in the lake (especially TN), as well as to
seasonal changes of temperature and phytoplankton
community. This cyanobacteria was dominant in the
summer of 2013, when the temperature reached its
annual peak (25 °C) and during this season a bloom
of scums type was generated, coinciding with the
maximum concentration of PO, reported in this
study, a high concentration of TN, low wind speed
and high solar radiation. On the contrary, during the
summer of 2014 the number of cells and the visual
aspect of the foam (scums bloom) were not reached.
This can be explained by this season’s lower
temperature (two degrees less) and lower PT and
NO, concentration, 27 % and 90 % less respectively
but a highest concentration de NOj3 (67 % over the
previous year). Apparently these conditions together
with an increase in wind speed contributed to the devel-
opment of macroscopic colonies of M. aeruginosa
dispersed throughout the water column and formed
blooms of dispersive type.

The highest growth and optimum photosynthetic rates
for this species have been reported in temperatures
above 25 °C. In water bodies from temperate zones,
Microcystis  presents different morphological states
through the year with the resistance cells recruitment in
the sediment during winter (hibernation stage) [4].
When it is below 15 °C the growth is severely limited,
though during spring and summer the colonies reinvade
the water column giving place to the proliferation in the
plankton and the formation of blooms [4]. However, re-
sults from the present study indicate the presence of M.
aeruginosa and the formation of blooms even at tempera-
tures of 10 °C, consistent with behaviors observed in other
urban and hypereutrophic lakes of temperate zones [22,
26, 41]. In these systems the excess of nutrients influ-
ence on the colonies of M. aeruginosa persistence,
promoting their dominance under unfavorable envir-
onmental conditions, such as those in the winter
(water mixing driven by the wind and low temperatures)
[22], and the typical populations hibernation in the
sediment decreases, increasing their permanence in
the plankton, which is extended throughout most of
the year. Their occurrence in winter and in early
spring contributes to maintain the populations in the
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system and play an important role for the blooms for-
mation in other seasons [6].

Concentration of nitrogen and phosphorus, as well
as light has been considered as determining factors
for the Microcystis blooms development [7-10]. Cyano-
bacteria are generally poor competitors for phos-
phorus in comparison to diatoms and green algae,
and in consequence, their greater abundance is fa-
vored by an increase in the phosphorus [42, 43].
However, nitrogen is considered more limiting for

algae growth by restricting lower levels of competitors
and during more time than the phosphorus [43]. In
the case of the scums, the concentration of NO3 was
lower compared with the concentration in periods of
bloom absence, which probably allowed green algae
to persist as the dominant class. A high concentration
of NOj; favors the eukaryotic plankton growth,
whereas at low temperatures along with enough NH,
benefits cyanobacteria such as Microcystis [9]. In dis-
persive blooms some eukaryotes such as the green
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algae P. boryanum or D. communis were abundant.
These microalgae share similar environmental re-
quirements that allow the coexistence with Microcys-
tis and they are typical companions of shallow
eutrophic lakes blooms [44]. Microcystis is dominant
in low turbulence, the clustering and formation of
surface cells layers is conditioned by the water
column stability [22, 26]. This configuration corre-
sponds to a competitive advantage over diatoms and
green algae, because it gradually forms a shadow
over their competitors and producing light exclusion
[42]. Regarding zooplankton, individuals were ob-
served during blooms and, as well as in their ab-
sence. In presence of scums, cladocerans were
abundant and during dispersive blooms rotifers dom-
inated. These two groups can coexist in blooms of
cyanobacteria, conduct also reported in previous
studies [45].

Microcystin concentration and environmental factors
Results show high variability in the total MC concentra-
tion between seasons and bloom types. The highest total
MC concentrations we observed during summer, probably
associated with the temperature increase; however, this is
not associated with the type of bloom. The cellular micro-
cystin quota shows greater intracellular concentration of
toxins in the decline of the scums and in its absence.
These MC cellular quotas were significantly correlated
with the changes in MC concentrations, but no correl-
ation with M. aeruginosa cells densities was observed.
These results are similar to those found in two reservoirs
and two lakes near the Loire River itself [14]. Therefore,
this study shows that it is not necessary for scums to be
present to attain the highest microcystin concentration,
this result was in accordance to the no correlation be-
tween the MC concentration and the total number of M.
aeruginosa cells.

Seasonal variations in microcystins in Lake Lo Galindo
show a similar trend, as reported in other eutrophic
freshwater systems. This trend has been linked to vari-
ous factors such as the toxic and non-toxic genotypes
proportion, the succession of the species of microalgae
and/or the environmental factors dynamics, mainly the
TN and/or TP availability [7, 10, 11, 14]. The increment
in the temperature (up to a maximum of 25 °C) has been
also associated to the concentration of cell toxins in sev-
eral cyanobacteria genera [7].

The most frequent congeners found in Lo Galindo
were MC-RR and MC-LA. Less frequently, MC-LR and
MC-YA were also found in lo Galindo. Generally the
congeners MC-LR, MC-RR and MC-YR present wide
distribution and abundance in the environment, being
MC-LR better studied [2, 5, 20, 46—48]. In Central and
South America, the following MC congeners were
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described: MC-LR, MC-RR, MC-FR, MC-YR, MC-AR,
MC-LE, MC-hRhR, [Asp®]-MC-LR, [Asp®]-MC-YR and
[Leu']-MC-LR [20]. However, microcystin concentra-
tions are recorded in terms of microcystin LR, which
reached the following values: 78.0 MC-LR (mg L") in
the urban lake Chapultepec [49], 48.6+15 pg L™
Microcystin-LR in Salto Grande dam, Argentina [50],
0.02 and 8.6 pg L™ Rio de la Plata estuary [27] and 5.8—
2400.0 ug g ' San Roque Reservoir Uruguay [24]. In Lo
Galindo lake, higher concentrations of microcystin LR
were found, as well as other congeners with lower con-
centrations though more frequent as the MC-RR and
MC-LA previously reported in the country in the lakes
of the Metropolitan Region [30] and in the Biobio Re-
gion [31]. In these studies, an effort was made to
characterize the toxic peptides using mass spectrometry
MALDI-TOF MS, though quantifications of the concen-
trations of microcystins in the water were not
conducted.

Morphological and biochemical aspects in the cell
have showed that different chemical structures of the
MC congeners lead to different toxicity and toxic effects.
On the other hand, Puerto et al. [51] showed through a
mice toxicity test, the following sequence: MC-YR > MC-
LR > MC-RR. In this sense, MC-RR presents lower tox-
icity compared to MC-YR. During this study no aquatic
organisms died as a result of microcystins presence in
Lo Galindo, which could be related to the lower toxic ef-
fect of MC-RR, more frequent in the system. MC-LA
was also common in Lo Galindo, with higher concentra-
tions compared to MC-RR. In this regard, the MC-LA
toxin has been recently reported as dominant in small
shallow lakes [52], responsible of sea otters death in
California [53], and with a toxicity similar to MC-LR
[2, 46, 48].

Most of the water worldwide regulations for drinking
water and recreational have been developed mainly on
the toxicity and persistence of MC-LR [54], due to the
scarce information for other microcystins congeners and
the limited availability of this other congeners analytical
standards. WHO [54] recommends as precautionary
measure for tolerable daily intake (TDI) 1.0 ug L™ MC-
LR and for recreation activities 20 ug L™ MC-LR. In Lo
Galindo, of the nine samples in which MC-LR was de-
tected, eight were equal or higher than 1.0 pg L™ and
only one exceeded 20 pg L™". Our data show that values
exceeding WHO guideline values for drinking and recre-
ational water were exceeded in different periods, so fur-
ther systematic and expanded data sets are needed.
These will be fundamental to help local environmental
and human health authorities to avoid possible risks to
human health when using the lake either for recreation or
as a result of a shortage of water resources in the city, as
happened after the earthquake and tsunami on February
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2010, when the city dwellers used the lake to meet basic
needs. To date, there are no regulations in Chile referred
to the water quality in relation to toxins of cyanobacteria
[29, 30].

Microcystin concentration, for each congener and total,
in natural M. aeruginosa populations during the annual
cycle and in different types of blooms is highly variable,
both in frequency and concentration, so special care is
recommended to use lake water for consumption and for
recreational activities. Because of the seasonal variation of
environmental conditions and the Microcystis blooms, the
potential toxicity of such blooms is difficult to be pre-
dicted, making it necessary to continuously monitor the
body of water. Therefore, it is necessary to adopt manage-
ment measures to reduce and prevent the quantity of
available nutrients (nitrogen and phosphorous) in the lake.
Both presence and frequency of other congeners different
from MC-LR should be taken into account when deter-
mining regulations and more studies should be conducted
related to the congeners of microcystins of greater con-
centration, mainly with MC-LA and MC-RR. The infor-
mation generated in this study is considered relevant to
generate management measures or actions for the lake
restoration, constituting the first effort in Chile to study
the problem generated by cyanobacteria blooms as a con-
sequence of the eutrophication of freshwater aquatic
systems.

Conclusion

The dominance and development of the M. aeruginosa
blooms in the lake Lo Galindo is determined by various
environmental factors such as temperature, nutrients,
diversity of taxa and wind speed that affect the forma-
tion of disperse-type blooms and/or scums; the latter are
developed only in summer, coinciding with the highest
concentrations of total microcystins.

The combined effect of changes in temperature to-
gether with the excess nutrients in the body of water
was made clear, providing relevant aspects for under-
standing the development of cyanobacterial blooms in
shallow lakes in temperate areas. The emergence and
persistence of Microcystis blooms in this body of water
are considered a potential health risk for the inhabitants
of the area, considering the proximity and the system
use by the inhabitants. This information is considered to
be relevant to bring about lake restoration and manage-
ment actions or measures.
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