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Abstract: The influence of temperature and nutrients on the co-occurrence of
Cylindrospermopsis raciborskii and Microcystis panniformis in Mundad reservoir was
investigated. Samples were collected bimonthly from September 2008 to March 2009
with a Van Dorn bottle at two depths (surface and bottom) (n = 16). Water temperature
was greater than 22.50 °C; pH values ranged from 6.09 to 8.42; and nitrogen-phosphorus
ratios were low (0.11-1.46). The low N:P ratios indicated high phosphorus input, and an
eutrophic to hypereutrophic condition in the reservoir. A significant positive correlation
of spatial and temporal distribution of C. raciborskii with M. panniformis was observed.
Canonical correlation analysis (CCA) results revealed significant association of the biomass
of most cyanobacterial species with temperature and nutrients concentration. However,
these factors did not explain the co-occurrence of C. raciborskii and M. panniformis.
On the other hand, morphological and physiological adaptations such as the possession of
aerotopes and production of mucilage, and co-operation between the two species permitted
niche overlap, and consequently the co-occurrence of C. raciborskii and M. panniformis
in Mundau reservoir.

Keywords: cyanobacteria; physicochemical conditions; co-occurrence; phytoplankton
spatial distribution.

Resumo: Este estudo analisou a possivel influéncia da temperatura e nutrientes (fésforo
total ortofosfato, fésforo total dissolvido, nitrogénio total, nitrito e nitrato) na coocorréncia
de Gylindrospermopsis raciborskii e Microcystis panniformis no reservatério Mundad, um
ecossistema do semidrido do nordeste do Brasil. Amostras foram coletadas bimestralmente
com uma garrafa de Van Dorn, de setembro 2008 a marco 2009, em duas profundidades
(superficie e fundo) em uma estagio amostral, totalizando 16 amostras. A temperatura
esteve sempre acima de 22.50 °C e o pH variou entre dcido a alcalino (6.09-8.42). A relagio
nitrogénio-fésforo foi baixa (0.11-1.46), indicando um aumento da concentragio de
fésforo, contudo, o reservatdrio esteve de eutréfico a hipertréfico dependendo do perfodo de
amostragem. Mudangas na distribuicdo espacial e temporal das biomassas de C. raciborskii
e M. panniformis foram similares para ambas as espécies, as quais foram confirmadas pela
correlagao positiva entre elas. A Andlise de Correlagio Canénica (ACC) mostrou uma
forte correlagao entre a biomassa da maioria das espécies de cianobactérias com as varidveis
abidticas, principalmente temperatura e nutrientes. Apesar disto, estes fatores nao explicaram
acoocorréncia de C. raciborskii e M. panniformis. Por outro lado, as adaptagoes morfoldgicas
e fisioldgicas, tais como a posse de aerétopos e produgio de mucilagem, e cooperagio entre
as duas espécies permitiram a sobreposicao de nichos e, consequentemente, a co-ocorréncia
de C. raciborskii e M. panniformis no reservatério Mundad.

Palavras-chave: cyanobacteria; condigoes fisico-quimicas; coocorréncia; distribuigio
espacial do fitoplancton.
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1. Introduction

The occurrence and excessive proliferation
of cyanobacteria are closely associated with
changing of global climatic conditions and
eutrophication of aquatic resources. Despite the
important role environmental variables play in
cyanobacterial dominance, their success in a given
aquatic ecosystem is directly dependent on their
life strategies and ecological needs (Dokulil &
Teubner, 2000; Carey et al., 2012).

The worldwide distribution of Cylindrospermopsis
and Microcystis spp., and their potential toxigenicity
pose serious environmental challenges to water
resource managers (Chia & Kwaghe, 2015).
Most studies have focused on cyanobacterial
ecology and toxigenicity (Chia et al., 2009;
Bonilla etal., 2012; Bittencourt-Oliveira et al., 2014;
Borges et al., 2015), while the factors that
control the co-occurrence of Cylindrospermopsis
raciborskii and Microcystis panniformis are yet
to be investigated. Recent studies have been
aimed at understanding the morphological and
physiological characteristics that enable Microcystis
and Cylindrospermopsis species to co-dominate/
co-occur with other phytoplankton species
(Moustaka-Gouni et al., 2009; Soares et al., 2009;
Xie et al., 2011). The adaprtations to different
environmental conditions confer on cyanobacteria
competitive advantage over other phytoplankton
species (Piccin-Santos & Bittencourt-Oliveira, 2012;
Marinho et al., 2013). For example, intracellular
nutrient storage ability and atmospheric nitrogen
fixation with heterocysts (Dokulil & Teubner, 2000;
Briand et al., 2002); morphological adaptations
to defend against excessive grazing (Bouvy et al.,
2000; Albay & Akgaalan, 2003; Reynolds, 2007),
and the presence of aerotopes (gas vesicles), which
permits buoyancy (Hasler & Poulickovd, 2003;
Xiao etal., 2012) and access to photosynthetic active
radiation (van Liere & Walsby, 1982).

The norm in natural aquatic ecosystems is
the alternation of C. raciborskii blooms with
those of other cyanobacteria or microalgae.
For example, the substitution or alternation of
C. raciborskii dominance with species of Microcystis
is closely related to seasonality (Marinho &
Huszar, 2002; Costa et al., 2006). However,
Moura et al. (2011) showed that C. raciborskii
was capable of forming multispecies blooms with
non-heterocystous filamentous cyanobacteria in
eutrophic/hypereutrophic tropical and subtropical
reservoirs. Investigations into the co-occurrence of
cyanobacterial species are still in their beginning
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stages. Marinho et al. (2013) is the only published
work showing the competition for light and
phosphorus by M. aeruginosa and C. raciborskii
strains. However, this study was carried out in the
laboratory under controlled conditions. Therefore,
the objective of the present study was to determine
the abiotics factors that determine the co-occurrence
of C. raciborskii and M. panniformis in Mundad

reservoir, a semiarid Brazilian reservoir.

2. Material and Methods

Mundati Reservoir (08° 56’ 776” S and
36° 29 5527 W) is located in the semiarid region
of the state of Pernambuco, northeastern Brazil.
The reservoir is situated at an altitude of 716 m.
It has maximum capacity of 1.9 x 10° m* and
maximum depth of 9 m (ANA, 2013). The reservoir
receives large amount of sewage from domestic and
industrial sources (ANA, 2013).

Pernambuco state is characterized by long
drought periods and the duration of the present
investigation was not an exception. During
the present study, average precipitation ranged
from 0 to 0.12 mm and temperature from
18.65 to0 23.07 °C (INMET, 2013).

Duplicate samples were collected in September
2008, November 2008, January 2009 and March
2009 at a sampling station located near the reservoir
dam and at two different depths (subsurface, 0.2 m;
and bottom, x3 Secchi disk depth of extinction).

Samples for biological analysis were collected
using a Van Dorn bottle, and preserved with Lugol’s
solution in 100 mL amber flasks. Taxonomic
analysis was carried out using a Zeiss Jenaval
microscope and published identification keys
(Komdrek & Anagnostidis, 1989, 1998, 2005;
Komairek et al., 2002).

Biomass quantification was performed using an
inverted microscope (Zeiss, model Axiovert 135M),
following the Utermohl method (Uterméhl, 1958).
At least 100 individuals of the most frequent
species or 400 individuals were counted in
random fields. Cell densities were converted into
biovolume following the procedure described by
Hillebrand et al. (1999) and biomass in mg.L™
according to Wetzel & Likens (2000). Abundance
and dominance were determined using the method
described by Lobo & Leighton (1986). Abundant
species were classified as those with cell densities
above the community average density, while
dominant species were those with cell densities
above 50% of the community total density.
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Dissolved oxygen and water temperature were
measured iz situ with an Oximeter (HandyLab
OX1/SET). Water turbidity measurement was done
with a Turbidimeter (HANNA HI93703), while pH
was determined with a potentiometer (DMPH-2).
The concentrations of the following nutrients were
analyzed: total phosphorus (Valderrama, 1981),
orthophosphate and total dissolved phosphorus
(Strickland & Parsons, 1965), total nitrogen
(Valderrama, 1981), and nitrite and nitrate
(Mackereth et al., 1978). Nitrogen to phosphorus
(N:P) ratios were calculated according to Downing
& McCayley (1992). The Carlson Trophic State
Index (Carlson, 1977) was used for the trophic
characterization of the water body.

Two-way analysis of variance was used to verify
the existence of vertical and temporal differences
in the environmental variables. The co-occurrence
of C. raciborskii and M. panniformis was evaluated
using Pearson’s correlation coeflicient (7). After the
confirmation of a positive correlation between the
occurrences of the two species, correlation tests
between their biomass and abiotic variables were
performed to determine which abiotic factor was
responsible for the growth of these taxa. In the
event of a significant relationship (p <0.05), a

partial correlation test (r

v,) Was conducted to
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investigate the influence of the variable on the
co-occurrence of these cyanobacteria. The BioEstat
v5.0 statistical program was used for these analyses
(Ayres et al., 2003).

Canonical correlation analysis (CCA) was
performed using the R software, to confirm
significant interactions of environmental factors
with the co-occurrence of C. raciborskii and
M. panniformis. The biotic data matrix included
species of cyanobacteria that contributed to more
than 5% of the total biomass in at least one sampling
unit per time. Abiotic variables were phased out
using the routine forward selection available in the
Canoco 4.5 software. The significance of the CCA
was evaluated using the Monte Carlo test with
999 unrestricted permutations. All analyses were
done at 5% significance level.

3. Results

The monthly and vertical variations of
hydrological variables are shown in Table 1.
Significant differences were observed between
the depths for dissolved oxygen (F = 18.88,
£<0.01) and turbidity (F = 18.096, p<0.01), and
between months for pH (F = 13.19, p<0.05) and
orthophosphate (F = 8.77, p<0.05).

Table 1. Physicochemical conditions of Mundat reservoir, Pernambuco, Brazil, during the present investigation.

S = subsurface (0.20 cm); B = bottom (2.5 m).

Variables September November January March
2008 2008 2009 2009
s 2430 25.80 26.10 27.20
Water Temperature (°C) B 22.50 23.80 2520 24.40
. s 6.31 6.30 214 7.20
Dissolved Oxygen (mg. L-1) B 0.00 0.20 129 0.00
s 109.00 82.00 98.06 172.00

Turbidity (UNT
urbidity (UNT) B 25.92 27.77 42.72 18.28
H s 8.16 7.00 7.86 8.46
P B 8.08 6.09 7.82 8.42
s 293.28 286.23 43147 552.75
Total phosphorus (ug. L-1) B 44557 317.25 44557 962.55
. S 247 31 137.74 102.25 371.33
Total dissolved phosphorus (ug. L-1) B 300.52 115.83 120.68 44595
S 55.99 55.99 94.55 64.11
Orthophosphate (ug. L-1) B 12566 33.59 85.34 215.24
Total nirogen (ug. L1 s 132.14 162.64 62.75 4183
gen (Hg. B 635.30 45233 65.74 53.78
s 30.01 13.34 1.06 2.11

Nitrite (ug. L-1
frite (bg. L-1) B 456.81 1.1 2.11 423
s 136.31 54.52 14.79 5.69

Nitrate (ug. L-1
firate (bg. L-1) B 156.81 87.24 455 227
S 0.45 0.57 0.15 011
TN:TP B 142 146 0.15 0.12
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The highest biomass was recorded in the
subsurface, where M. panniformis was dominant.
Cyanobacterial species such as C. raciborskii,
Geitlerinema amphibium (Agardh ex Gomont)
Anagnostidis and Merismopedia punctata Meyen
were abundant on at least one sampling date
(Table 2). The highest biomass of M. panniformis
and C. raciborskii was recorded in the subsurface,
except in January 2009, when the highest biomass
of M. panniformis was recorded at the bottom
(Figure 1 and Table 2).

The biomass of C. raciborskii was positively
correlated (r = 0.98) with that of M. panniformis.
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SM. panniformis 0 Other Cyanobacteria

Figure 1. Biomass variation of total cyanobacterial
population, C. raciborskii, M. panniformis and other
cyanobacteria without C. raciborskii and M. panniformis
in the subsurface (S) and at the bottom (B) of the water
column of Mundat reservoir, Pernambuco, Brazil.
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Furthermore, the change in the biomass of
both cyanobacteria was positively correlated

with temperature (r. . . = 0.80 and
.raciborskii

rM.panniformis = 075) and turbldlty (7C.raciborskii = 079

and 7, = 0.82). However, the correlation

M.panniformis

between these cyanobacteria remained significant
even when the abiotic conditions were constant
(rXY.temperaturc =0.96; X curbidity = 0.94; p < 0.01).

Canonical correlation analysis results showed
that the first two axes were responsible for 80.3%
of the total variation. In addition, within the first
two CCA axes, environmental variables explained
91.4% of total biological data variation. There was
a significant correlation between cyanobacterial
biomass and physicochemical conditions of the
reservoir (Figure 2 and Table 3).

The side by side ordination of C. raciborskii
and M. panniformis near the origin of the axes
confirmed their co-occurrence. Although the CCA
demonstrated that temperature and nutrients were
determinant factors of cyanobacterial growth,
these variables could not explain the co-occurrence
of C. raciborskii and M. panniformis. Vertical
differences in the biological and environmental
data were related to the first axis of the CCA.
G. amphibium and Me. punctata were positively
associated with total nitrogen, but negatively related
to temperature (Table 3 and Figure 2). On the

Table 2. Changes in cyanobacterial biomass (mg. L™!) in Mundad Reservoir, Pernambuco, Brazil, during the study.

September November January March
Species 2008 2008 2009 2009

S B S B S B S B
Aphanocapsa incerta (Lemmermann) 4 055 091 00038 0 008  0.06 0 0.011
G.Cronberg & Komarek
Aphanocapsa elachista 0 0 0 0 0.01 0 0.001
West & G.S.West ' '
Chroococcus limneticus 0 0 0 0 0.01 0 0 0.001
Lemmermann
Chroococcus minor (Kutzing) Nageli 0 0 0.0013  0.001 0 0 0
Chroococeus minutus (Keissl.) 001 0001 00093 0007 003 004 0 0003
Lemmermann
Cylindrospermopsis raciborskii
(Woloszynska) Seenaya & Subba 0.20 0.022 2.97° 1.474° 3.12° 2.70° 12.69 0.458°
Raju
Geitlerinema amphibium . o
(Agardh ex Gomont) Anagnostidis 0.17 0.443 0.39 0.916 1.61 1.03 1.87 0.642
Mgn.gmoped:a glauca (Ehrenberg) 0 0 0 0 0 0 0 0.067
Kutzing
Merismopedia punctata Meyen 0 0.357° 0.88 2.341° 1.22 1.36 0 0.692°
Merismopedia tenuissima 0.004 0.107 0.0077 0004 023 014 014  0.141
Lemmermann
Microcystis panniformis 7.69* 0402 7.61* 1.010° 16.42* 16.55* 86.68* 1.019'
Komarek et al.
Pseudanabaena catenata Lauterborn 0 0 0 0 0.01 0.03 0 0.006

Legends: S = subsurface; B = bottom. * Dominant species. ® Abundant species.
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Table 3. Canonical correlation analysis (CCA) statistical summary results for cyanobacterial species and abiotic

variables in Mundad Reservoir, Pernambuco, Brazil.

Axis 1 Axis 2
Eigenvalues 0.427 0.098
Accumulated variance in biotic data (%) 65.3 80.3
Accumulated variance in species-environment relation (%) 74.3 91.4
Species-environment correlation 0.998 0.921
Monte Carlo test
Significance of first canonical axis — p 0.001
Significance of all canonical axes — p 0.013
Canonical coefficient Intra-set correlation
Axis 1 Axis 2 Axis 1 Axis 2
Nitrate (NO,) 0.95 -0.27 0.95 -0.29
Total dissolved phosphorus (TDP) -0.05 -0.80 -0.05 -0.87
Total nitrogen (TN) 0.98 0.06 0.98 0.07
Water temperature (T°C) —-0.86 0.14 -0.86 0.15

(-): no correlation.
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Figure 2. Canonical correlation analysis (CCA)
biplot showing the relationship between the abundant
phytoplankton species and abiotic conditions of Mundat
reservoir, Pernambuco, Brazil. Note: Jan = January,
Mar = March, Sep = September, and Nov = November;
the symbols represent water column depths, i.e.
subsurface and bottom. NO3 = nitrate; TDP = total
dissolved phosphorus; TN = total nitrogen; T°C = water
temperature; Cra = Cylindrospermopsis raciborskii;
Gam = Geitlerinema amphibium; Mpa = Microcystis
panniformis; Mpu = Merismopedia punctata and
Mte = Merismopedia tenuissima.

second axis, Merismopedia glauca (Ehrenberg)
Kiitzing and Merismopedia tenuissima Lemmermann
were positively related to total dissolved phosphorus
and nitrate nitrogen (Table 3 and Figure 2).

4. Discussion

The growth of cyanobacteria, particularly
their ability to form blooms, has been reported to
be influenced by temperature, light quality and
nutrient concentrations (Dokulil & Teubner, 2000;
Briand et al., 2002; Wiedner et al., 2002;
Borges et al., 2008). This is in agreement with
the results of the present study, as changes in
the biomass of most cyanobacterial species were
positively related to the nutrient content of Mundad
reservoir. In addition, the results of the present study
revealed that C. raciborskii and M. panniformis
co-occur in Mundau reservoir. This is contrary to
findings that the biomass of Microcystis alternates
with that of C. raciborskii in several aquatic
ecosystems (Marinho & Huszar, 2002; Crossetti
& Bicudo, 2008). Most studies report that
C. raciborskii co-dominates/co-occurs with Lyngbya,
Plankrolyngbya and Planktothrix; while Microcystis
co-dominates/co-occurs with other species of the
same genus and Sphaerocavum (Kokocinski &
Soininen, 2012; Bonilla et al., 2012).

Although vertical temperature profile analyses
were not performed to determine the presence or
absence of thermal stratification, the difference
between surface and bottom temperature was up
to 2.8 °C. This temperature variation between
the surface and bottom is sufficient to infer the
formation of strata in tropical lentic systems
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(Soares et al., 2013). In the present investigation,
a significant correlation between temperature and
the biomass of C. raciborskii and M. panniformis
was observed. However, the co-occurrence of both
species was not determined by temperature, as
shown by the CCA result. This implied that other
factors were responsible for the co-occurrence of
both cyanobacterial species.

Ecophysiological and morphological adaptations
of Gylindrospermopsis and Microcystis facilitate their
success in Brazilian aquatic ecosystems. This is
supported by field data (1999-2011), which show
that Cylindropermopsis and Microcystis are well
adapted to varying nutrient and physical conditions
(Soares et al., 2013). Therefore, when environmental
conditions are equilibrated or within certain levels,
both species/strains may co-exist. The ability to
adjust their position in the water column is a
life strategy that supports the co-occurrence of
M. panniformis and C. raciborskii (Reynolds, 2007).
In addition, the potential to form intense surface
blooms by Microcystis spp. is aided by the production
of mucilage, which enhances their buoyancy
and access to photosynthetic active radiation.
This explains the dominance of M. panniformis
in the subsurface and not the bottom of the water
column. On the other hand, C. raciborskii is an
opportunistic species, which absorbs and stores
nutrients (Dokulil & Teubner, 2000), fixes nitrogen
using heterocysts (Briand et al., 2002), and is well
adapted to stratified (Berger etal., 2006) and mixed
waters (Burford et al., 2006). These characteristics
explain its abundance in both the sub-surface and
bottom regions of the water column.

Although photosynthetic active radiation is not
a limiting factor in tropical regions of Brazil, the
dominance and high biomass of M. panniformis can
reduce light penetration. However, the dominance
of M. panniformis, did not deter C. raciborskii
from being abundant, as the latter was adapted to
shade or low light condition caused by the high
biomass of the former. Consequently, some form
of “co-operation” between the two species was
established, resulting in common life strategies and
overlapped niche. Thus, the co-operation between
the two species, as also supported by the significant
positive correlation of their biomass, may be the
defining factor for their co-occurrence in Mundat
Ieservoir.

Conclusions can be made that the temperature,
turbidity and nutrient content determined
the general dynamics of cyanobacteria in the
Mundad reservoir. However, the co-occurrence of
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C. raciborskii and M. panniformis was independent
of the physicochemical conditions. Primarily, the
co-occurrence of both species was dependent on
their life strategies. C. raciborskii and M. panniformis
have morphological and physiological adaptations
that take advantage of physicochemical changes in
the water column. For example, the presence of
aerotopes and mucilage aid maximum light capture
and utilization. Also the probably co-operation
between the two species permitted niche overlap,
which allow the co-occurrence of both cyanobacterial
species.
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