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RESUMO

A Piscicultura é uma atividade econdmica difundida nos reservatérios brasileiros por
conta das boas condic¢@es para cultivo, incentivo governamental e baixo custo-beneficio.
A analise da comunidade fitoplanctdnica e das variaveis ambientais em reservatorios com
esta prética, é relevante para se obter uma visao geral das caracteristicas ecoldgicas deste
ambiente e permite acompanhar possiveis mudancas causadas pela atividade além de,
prever os efeitos das mudancas ambientais sobre o reservatorio e suas comunidades
aquaticas. Com base nisso, foi realizado um estudo para avaliar a estrutura da comunidade
fitoplanctonica e as caracteristicas limnoldgicas de trés reservatorios com tilapicultura em
tanques-rede no Estado de Séo Paulo. Foram amostradas seis estacdes: uma estacdo no
reservatorio Chavantes, trés estacdes no reservatorio Nova Avanhandava e duas no
reservatorio Ilha Solteira, em dois anos consecutivos, nos periodos de marco e outubro de
2015 e marco e outubro de 2016. Para tanto, foram determinadas as concentragfes de
nutrientes totais e dissolvidos, oxigénio dissolvido, temperatura, pH, condutividade,
solidos suspensos, clorofila a, Indice de Estado Trofico (IET), cianotoxinas, densidade,
biomassa, Diversidade, Riqueza, composicdo e classificacdo da comunidade
fitoplanctonica em Grupos Funcionais Baseados na Morfologia (GFBM). Quanto ao grau
de trofia, os trés reservatorios foram classificados como mesotréficos de acordo com a
média dos IETs. A riqueza em Chavantes foi de 56 tadxons e a comunidade
fitoplanctonica apresentou baixa diversidade (H’=2 bits.ind?) e foi constituida
predominantemente por Cryptomonas spp. e Rhodomonas lacustris (Cryptophyceae), que
estdo entre as cinco espécies descritoras deste sistema. As descritoras bioldgicas foram
classificadas nos GFBM V e VII que estiveram associados aos maiores valores de
transparéncia de agua, baixas temperaturas de agua e a auséncia de mistura completa da
coluna d’agua. No reservatorio Nova Avanhandava as concentracfes de fosforo total e
nitrogénio total estiveram elevadas, e tal resultado associado a concentracdo dos demais
nutrientes refletiu na comunidade fitoplancténica que apresentou riqueza de 177 taxons,
diversidade maxima de H’=3,6 bits.ind? e foi constituida principalmente por espécies de
Cyanobacteria. As 22 espécies descritoras deste reservatdrio foram classificadas em cinco
GFBM 11, 1V, V, VI e VII, associadas principalmente aos maiores valores de
condutividade elétrica da &gua, tanto em mar¢o de 2015 como marco de 2016,

independente dos pontos amostrados (montante, fazenda ou jusante). Dentre as espécies
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de cianobactérias, oito sdo produtoras de microcistinas, toxina encontrada em
concentracdes elevadas (acima de 1,60 pg L) neste reservatdrio. Destaca-se ainda para
Nova Avanhandava, o primeiro registro de ocorréncia do dinoflagelado invasor, Ceratium
furcoides, muito embora, esse registro foi com baixos valores de biomassa. No
reservatorio de llha Solteira foi registrada riqueza de 114 taxons e a maior diversidade
H’=3,8 bits.ind?, registrou-se a maior contribuicio de Cryptophyceae e 11 espécies
descritoras classificadas em cinco GFBM 1II, IV, V, VI e VII. As Analises de
Componentes Principais e de Correlagdo Candnica evidenciaram de forma geral uma
diferenca temporal anual entre as estacOes, grande correlacdo da concentracdo de
nutrientes e condutividade com os pontos e fitoplancton de Nova Avanhandava e
correlacdo com a transparéncia. Apesar dos reservatorios terem o mesmo grau de trofia,
registrou-se composicao e abundancias distintas quanto a comunidade fitoplanct6nica,
muito provavelmente em funcdo das caracteristicas de uso e ocupacdo da bacia,
profundidade e intensidade dos cultivos. Dentre as espécies de cianobacterias registradas
nos reservatorios Dolichospermum circinalis, D. planctonicum, Microcystis aeruginosa,
M. protocystis, Planktothrix isothrix, Radiocystis fernandoi e Synechocystis aquatilis sao
citadas na literatura como produtoras de microcistinas. A microcistina-LR foi detectada
em todas as estacdes amostradas e alerta para a intoxicacéo e bioacumulagéo no cultivo e
para o comprometimento da qualidade da agua com possiveis riscos a satde-publica, por
serem reservatorios destinados também ao abastecimento humano. Com base nos
resultados obtidos, verificamos que a presenca da atividade de piscicultura em tanques-
rede nos reservatdrios Chavantes, Nova Avanhandava e llha Solteira, esta promovendo
alteracdes tanto na concentracdo das variaveis fisicas e quimicas da agua, quanto na
estrutura comunidade fitoplanctdonica com substituicdo de espécies de Cryptophyceae
para Cyanobacteria, com tendéncia ao aumento da biomassa de cianobactérias, em
especial de espécies toxicas. A implicacdo para esta situacdo é a perda da qualidade da
agua nestes reservatorios e 0 comprometimento da piscicultura, além do risco a saude

publica.

Palavras-chave: Ceratium furcoides, fitoplancton, grupos funcionais, mesotréfico,
eutrofizacdo, microcistinas, piscicultura, tanques-rede
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ABSTRACT

Fish farming is an economic activity widespread in Brazilian reservoirs due to the good
conditions for cultivation, government incentives and low cost-benefit. The analysis of
the phytoplankton community and the environmental variables in reservoirs with this
practice is relevant to obtain an overview of the ecological characteristics of this
environment and allows to monitor possible changes caused by the activity in addition to
predicting the effects of environmental changes on the reservoir and its aquatic
communities. Based on this, a study was carried out to evaluate the structure of the
phytoplankton community and the limnological characteristics of three reservoirs with
tilapiculture in net cages in the State of S&o Paulo. Six stations were sampled: one station
in the Chavantes reservoir, three stations in the Nova Avanhandava reservoir and two in
the Ilha Solteira reservoir, in two consecutive years, in the periods of March and October
2015 and March and October 2016. For this, the concentrations of total and dissolved
nutrients, dissolved oxygen, temperature, pH, conductivity, suspended solids, a
chlorophyll, Trophic State Index (TSI), cyanotoxins, density, biomass, diversity, richness,
composition and classification of the phytoplankton community in Morphology Based
Functional Groups (MBFG) were determined. As for the degree of trophy, the three
reservoirs were classified as mesotrophic according to the average of the TSIs. The
richness in Chavantes was 56 taxa and the phytoplankton community showed low
diversity (H '= 2 bits.ind?) and was predominantly made up of Cryptomonas spp. and
Rhodomonas lacustris (Cryptophyceae), which are among the five species that describe
this system. The biological descriptors were classified in MBFG V and VII which were
associated with higher values of water transparency, low water temperatures and the
absence of complete mixing of the water column. In the Nova Avanhandava reservoir,
the concentrations of total phosphorus and total nitrogen were high, and this result
associated with the concentration of the other nutrients reflected in the phytoplankton
community that showed a richness of 177 taxa, maximum diversity of H '= 3.6 bits.ind !
and was made up mainly of Cyanobacteria species. The 22 species that describe this
reservoir were classified into five MBFG IIlI, 1V, V, VI and VII, mainly associated with
the highest values of electrical conductivity of the water, both in March 2015 and March
2016, regardless of the sampled points (amount, farm or downstream). Among the species

of cyanobacteria, eight are producers of microcystins, a toxin found in high
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concentrations (above 1.60 pg L) in this reservoir. Is also noted for New Avanhandava,
the first record of occurrence of the invading dinoflagellate, Ceratium furcoides, although
this record was with low biomass values. In the llha Solteira reservoir, 114 taxa were
recorded and the greatest diversity H '= 3.8 bits.ind?, the largest contribution of
Cryptophyceae and 11 descriptive species classified in five MBFG III, 1V, V, VI and VII.
The Principal Component and Canonical Correlation Analysis showed, in general, an
annual time difference between the seasons, a great correlation of the concentration of
nutrients and conductivity with the points and phytoplankton of Nova Avanhandava and
correlation with transparency in Chavantes and Ilha Solteira. Despite the fact that the
reservoirs have the same degree of trophy, different composition and abundances were
registered regarding the phytoplankton community, most likely due to the characteristics
of use and occupation of the basin, depth and intensity of the crops. Among the species
of cyanobacteria recorded in the reservoirs Dolichospermum circinalis, D. planctonicum,
Microcystis aeruginosa, M. protocystis, Planktothrix isothrix, Radiocystis fernandoi e
Synechocystis aquatilis are mentioned in the literature as producers of microcystins.
Microcystin-LR was detected in all sampled stations and warns of intoxication and
bioaccumulation in the crop and the compromise of water quality with possible risks to
public health, as they are reservoirs destined also for human supply. Based on the results
obtained, we verified that the presence of fish farming activity in network tanks in the
Chavantes, Nova Avanhandava and Ilha Solteira reservoirs is promoting changes both in
the concentration of the physical and chemical variables of the water and in the
phytoplankton community structure with substitution of Cryptophyceae species for
Cyanobacteria, with a tendency to increase the biomass of cyanobacteria, especially of
toxic species. The implication for this situation is the loss of water quality in these

reservoirs and the compromise of fish farming, in addition to the risk to public health.

Keywords: Ceratium furcoides, phytoplankton, functional groups, mesotrophic,

eutrophication, microcistins, pisciculture, net cages
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2015, O15: outubro de 2015, M16: marco de 2016 e O16: outubro de
2016).

Sintese dos resultados para os trés primeiros eixos da Analise de
Correspondéncia Canonica (ACC) realizada a partir de quatro
variaveis ambientais e cinco Grupos Funcionais Baseados na
Morfologia (GFBM) considerando os reservatorios Chavantes,
Nova Avanhandava e llha Solteira. Abreviacfes: SP: espécie, A:

ambiente.

Morphometric characteristics and surface area values, maximum
depth and residence time for each reservoir and averages and
standard deviation of the physical and chemical variables studied
for the three reservoirs during the study period (March and October
2015 and March and October 2016). *Adapted from CETESB
(2017) and Neto et al. (2015).

Pearson correlation values between the limnological and nutrient
variables vectors with axes 1 and 2 of the Principal Component
Analysis (APC) performed for the three reservoirs.

Toxic species of Cyanobacteria occurred at the three reservoirs
(Chavantes, Nova Avanhandava e Ilha Solteira) during the study

period.

Mean, minimum and maximum values of the physical (WT: Water
Temperature, Turb.: Turbidity) and chemical variables (DO:
Dissolved Oxygen, Cond.: Conductivity, pH, Chl a: Chlorophyll-a)

measured at the three samplings stations.

XVi

70

72

91

95

97

117
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Tabela 2. Mean values and standard deviation of nutrients concentrations for 117
the samplings stations in Nova Avanhandava reservoir, recorded in
March and October 2015, and March and October 2016.



SUMARIO

APRESENTAGAO DA TESE.......oiiiieieeeeeeeeeseeses st s
INTRODUGAOQO GERAL .....c.oooiteeeeeeeeeseeeee e eeesseees s sess s,
(012 = 1 AV TS
HIPOTESES......ooctee ettt ee s ess et ss et ss ettt es e
AREA DE ESTUDO........oiiitieiiieeeteeeete st es s sn s sass s esa e ss s
REFERENCIAS BIBLIOGRAFICAS.......cooiiiireeeeeeseseeee e evesess e

CAPITULO 1: Caracterizacdo da comunidade fitoplanctonica em trés
reservatdrios tropicais com tanques-rede: abordagem classica e Grupos

INEFOAUGED. ...ttt
Material @ MELOUOS. .......ecveeie e
RESUITATOS. ...ttt st
DISCUSSAD. ...ttt sttt sttt shb ettt nn et e b

Referéncias bibliograficas..........cccooeviiiiiiiiie s

CAPITULO 2: Cyanobacteria and microcystins in reservoir with

tilapiculture, Southeastern of Brazil.............cccocoooiviiiiciie s
ADSEFACE. ... e

ACKNOWIEAGMENLS. ...t

RETEIENCES. ...

CAPITULO 3: Ceratium furcoides (Levander) Langhans: first record in

Nova Avanhandava, a reservoir with fish farming in Southeast Brazil......

AADSETACE. ... et e

Xviii

20
22
28
28
29
38



XiX

RESUILS. ... et e e 126
DISCUSSION. ...ttt ettt ettt et sttt st st enee e 130
ACKNOWIBAGMENT.......oniiiieie e 133
LITErature CILEA.......eoveieeeieie ettt et srae e 133
CONSIDERAQ@ES FINAIS. ... 140
RECOMENDAGOES..........oiioeeeeeeeeeeeeeeeeee e 141

ANEXO (Characterization of phytoplankton by pigment analysis and the
detection of toxic cyanobacteria in reservoirs with aquaculture
PrOTUCTION). ...ttt ettt et e b e 142



20

APRESENTACAO

Os resultados da Tese séo frutos dos seguintes projetos de pesquisa:

» “IMPCON — Improved Quality of Cultured Fish for Human Consumption”
Projeto Tematico de Pesquisa (FAPESP-DCSR 2013/50504-5), coordenador -
Prof. Adj. Reinaldo José da Silva (Depto. de Parasitologia, 1B, UNESP), vigéncia:
fevereiro de 2014 a janeiro de 2018 e;

» " Phytoplankton characterization with emphasis on cyanobacteria in reservoirs
with implantation of cages for tilapia culture” Projeto de Treinamento Técnico
(FAPESP 2014 / 19860-2), pesquisadoras responsaveis - Cacilda Thais Janson
Merchante (Instituto de Pesca, SP) e Andréa Tucci (Instituto de Boténica, SP),
vigéncia: janeiro de 2014 a setembro de 2016.

A Tese foi composta por quatro capitulos:

» Capitulo 1 — artigo que trata da estrutura da comunidade fitoplancténica e a
classificagdo em Grupos Funcionais Baseados em Morfologia. Formatacdo de
acordo com Hoehnea.

» Capitulo 2 — artigo que trata do grupo Cianobacteria e as microcistinas avaliadas
nos trés reservatorios. Formatagédo de acordo com Journal Water and Health.

» Capitulo 3 — artigo que trata de nova ocorréncia de uma espécie. Trabalho ja
submetido & Hoehnea.

» Anexo — artigo que trata da caracterizacdo do fitoplancton por meio de
pigmentos e detec¢do de microcistinas. Trabalho ja publicado na Aquaculture
Environment Interactions (https://doi.org/10.3354/aei00256).

Durante a etapa de coleta do projeto base foram realizadas quatro amostragens, em seis
estacdes de coletas, nos periodos de mar¢o e outubro de 2015 e marco e outubro de 2016,
em trés reservatorios com atividade de tilapicultura do Estado de S&o Paulo. Cada
empreendimento/piscicultura foi considerado como uma estacdo amostral (E).

Em cada estacdo, foram definidos pontos de coleta chamados montante (M; antes dos
tanques-rede), fazenda (F; onde ficam os tanques-rede) e jusante (J; depois dos tanques-
rede), ou seja, em cada estacdo haviam dois ou mais pontos de coleta de amostras. Os
reservatorios amostrados foram: Chavantes (E1: montante, fazenda 1, fazenda 2, jusante),
Nova Avanhandava (E2: montante, fazenda e jusante; E3: montante e fazenda 1; E4:

fazenda 2 e jusante), llha Solteira (E5: montante, fazenda e jusante; E6: montante, fazenda
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e jusante). Em Nova Avanhandava, duas fazendas (E3 e E4) possuiam localizagdo
préxima e, portanto, foi considerada somente uma montante e uma jusante para ambas.
As coletas das amostras de dgua nos reservatdrios e as analises das variaveis fisicas,
quimicas e bioldgicas (quantitativa e qualitativa do fitoplancton) da agua sdo resultados
dos projetos mencionados e as analises dessas variaveis foram realizadas nos laboratérios
de Microscopia do Nucleo de Pesquisa em Ficologia do Instituto de Boténica de Sao
Paulo, de Limnologia do Instituto de Pesca, no Instituto de Biociéncias da Universidade
Paulista Junior de Mesquita Filho (UNESP-Botucatu), na Agéncia Paulista Tecnologia
dos Agronegdcios (APTA-Jal) e no laboratério Environment and Toxicology, do Danish
Hydraulic Institute (DHI).
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INTRODUCAO GERAL

As finalidades dos primeiros reservatorios construidos no Brasil eram a geragdo
de energia e abastecimento publico, porém atender a multiplicidade de usos € um dos
principais focos na construcdo destes sistemas artificiais na atualidade (Julio Jr. et al.
2005, Galli & Abe 2010, Tundisi 2014). Dentre estes usos, destaca-se a aquicultura
continental que apresenta uma crescente importancia no cenario econémico mundial e
nacional (Sabbag et al., 2007; Kubitza, 2010; Brabo et al., 2014, David et al. 2018, Lopes
et al. 2018, Vallad&o et al. 2018).

A aquicultura pode ser conceituada como o cultivo em cativeiro de diferentes
organismos aquaticos em qualquer fase de desenvolvimento (Oliveira, 2009; Azevedo-
Santos et al., 2011; Brabo et al., 2014).

No estado de S&o Paulo este processo se consolidou no fim da década de 1990
com a produgdo de tilapias-do-Nilo (Oreochromis niloticus Linnaeus, 1758). Durante este
periodo, incentivos governamentais foram surgindo para subsidiar a atividade, dentre eles
podemos citar a concessédo de 1% das aguas da Unido (reservatorios e Usinas Hidrelétricas
- UHE) por meio da criacdo de ‘“fazendas aquaticas” denominadas como Parques
Aquicolas (Ayrosa et al. 2006; Ayrosa et al. 2008; Sussel 2013; Brabo et al. 2014), assim
como a criacdo do Decreto 60.582/2014 que dispde sobre o licenciamento ambiental da
aquicultura, estabelecendo as condigdes para o desenvolvimento sustentavel da producgéo
aquicola no Estado de Sao Paulo, classificando-a como uma atividade de interesse social
e econdmico e de elevado potencial para politica publica.

Assim, o cultivo em tanques-rede é uma das modalidades de criacdo intensiva de
peixes que apresenta a melhor relacdo custo beneficio. Neste sistema, o produtor
consegue montar seu empreendimento com um investimento inicial menor ampliando de
acordo com a necessidade. A criacdo em tanques-rede também pode ser praticada sem a
necessidade de posse de terras, utilizando-se de aguas sob dominio da Unido. Além disso,
este sistema apresenta uma produtividade até 30 vezes superior a dos viveiros tradicionais
devido ao constante fluxo de dgua que renova a concentracdo do oxigénio dissolvido
necessario aos processos metabdlicos dos peixes e eliminando os residuos organicos tais
como fezes e sobras de alimento (Kubitza 1999; Castellani & Barrella 2006; Attayde &
Panosso 2011).

A implantagcdo dos tanques-rede como forma de cultivo, aliada as condicbes

ambientais e climaticas do territorio brasileiro e aos avangos tecnoldgicos no setor,
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impulsionaram a producdo de pescado no pais que hoje ocupa a 4° posi¢do no ranking
mundial da producdo de tilapias segundo a Associacdo Brasileira de Piscicultura (2020).

Apesar da piscicultura ser economicamente viavel nos reservatorios nacionais, é
considerada uma atividade alteradora da qualidade ecoldgica dos reservatorios em
decorréncia dos residuos e substancias metabolicas que sao liberadas diretamente na agua
(Tomazelli Jr. & Casaca 1997; Guo & Li 2003; Toledo et al. 2003; Zaniboni Filho 2005;
Araripe et al. 2006; Henry-Silva et al. 2006; Bueno et al. 2008; Mallasen et al. 2008;
Macedo & Sipatba-Tavares 2010; Leonardo et al. 2011; Agra et al. 2012; Américo et al.
2012; Signor et al. 2012; Américo et al. 2013a; Moura et al. 2014; Dias & Machado 2007;
Kubitza & Kubitza 2015).

O nitrogénio e o fosforo séo nutrientes essenciais no metabolismo aquético,
estando presentes de varias formas (organicas e inorganicas). O nitrogénio encontra-se
disponivel aos produtores primarios, principalmente, nas formas de nitrato e de ion
amonio. Enquanto que o fésforo esté disponibilizado na agua na forma de fosfato (Guo
& Li 2003; Américo et al. 2013b). Estes nutrientes podem ainda ser disponibilizados de
fontes aldctones oriundas dos diferentes usos e ocupacgdes da bacia de drenagem do corpo
hidrico. Valores elevados destes nutrientes, acima dos quais 0 sistema aquatico pode
depurar, pode promover a eutrofizacdo artificial do ambiente aquatico e
consequentemente o aumento na produtividade (Margalef 1983).

Criagbes em tanques-rede, sdo considerados fontes de degradacdo ambiental.
Araripe et al. (2006) destaca que tal efeito esta relacionado a fatores técnicos como o
manejo do cultivo, a densidade de estocagem e a qualidade da racdo utilizada, como
também a fatores hidrodindmicos como a area do reservatério, profundidade e tempo de
residéncia da &gua. O aporte de nitrogénio na piscicultura é oriundo do metabolismo dos
peixes, portanto a densidade da producdo estard diretamente ligada a quantidade de
nitrogénio disponibilizado para 0 meio. Desta forma, quanto mais intensivo for o sistema,
maiores serdo as taxas de nitrogénio oriundas do cultivo (Guo & Li 2003; Araripe et al.
2006).

O fosforo é um mineral de grande importancia no processo de geracdo de energia
e metabolismo animal e interfere diretamente na qualidade do pescado, assim como o
nitrogénio encontra-se, em geral, em baixas concentragdes no ambiente aquatico ou em
formas nédo absorviveis. Como forma de compensar a caréncia de fosforo, algumas racfes
séo desenvolvidas com altas concentragdes dos nutrientes. No entanto, a quantidade de

fosforo disponibilizada na racdo ndo € totalmente metabolizada, sendo parte deste



24

nutriente diluido na &gua durante a desintegracéo da ragdo e outra parte por meio das fezes
dos peixes (Tacon & Foster, 2003; Araripe et al., 2006; Américo et al., 2013b). Bueno et
al. (2008) destaca que apenas 32% do fosforo é metabolizado pelos peixes enquanto que
0S 68% restantes sdo transferidos para 0 meio. Desta forma, a quantidade e qualidade da
racdo utilizada estdo direta e indiretamente ligadas ao aporte de fosforo no ambiente onde
ha o cultivo.

Além disso, um dos impactos indiretos provocados pelo aumento das taxas de
fosforo e nitrogénio liberadas no ambiente aquatico € o aumento da produtividade
primaria e a eutrofizacdo com consequente perda da qualidade da 4gua para consumo e
outros fins, assim como alteraces significativas das variaveis limnol6gicas, como
turbidez e transparéncia, pH e oxigénio dissolvido (Guo & Li 2003, Alves & Baccarin
2005, Lins et al. 2009, Degefu et al. 2011, Américo et al. 2012, Bartozek et al. 2016,
Marques et al. 2018, Osti et al. 2018, Rosini et al. 2019), e também aumento nas taxas de
sedimentacéo e decomposicdo (Avnimelech et al. 1992, Kochba et al. 1994, Avnimelech
etal. 1995, Guo & Li 2003, Alves & Baccarin 2005, Paes 2006, Diemer et al. 2010, Chen
et al. 2014, Venturoti et al. 2015, Guo & Li 2003, Liu et al. 2015, Zaniboni Filho 2005,
Zhang et al. 2015).

A heterogeneidade espacial dos reservatorios determinada pelas caracteristicas
morfomeétricas e hidrologicas, tais como tamanho, forma e profundidade que irdo
determinar a influéncia de varidveis climatologicas, permitindo que um mesmo
reservatorio possa apresentar areas distintas com metabolismo e desenvolvimento
proprio. Desta forma, alteraces fisicas e quimicas promovidas por atividades antrépicas
tais como a piscicultura em tanques-rede, podem influenciar também no desenvolvimento
das diversas comunidades, dentre elas a fitoplanctdnica (Taniguchi et al. 2005, Cunha-
Santino & Bianchini Jr. 2011).

O fitoplancton é um dos principais produtores primarios dos sistemas aquaticos e
um dos principais instrumentos utilizados no monitoramento da qualidade da agua em
reservatorios apresentando rapida variacdo em resposta as interferéncias antropogénicas
que promovem mudancas na disponibilidade de nutrientes (Huszar et al. 2000, Padisak et
al. 2003, Brasil & Huszar 2011). Assim, a composicdo e biomassa dessa comunidade
pode sofrer variacOes ao longo do tempo e, assim, pode ser investigada e utilizada como
ferramenta para avaliar alteracdes ambientais.

A literatura internacional vem discutindo sobre as alteragbes e o aumento da

biomassa fitoplancténica como consequéncia do aporte de nutrientes na agua oriundos do
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manejo aplicado nas pisciculturas destacam-se os trabalhos: Demir et al. (2001) na
Turquia; Diaz et al. (2001) na Argentina; Guo & Li (2003), Liu et al. (2011), Mao et al.
(2014) na China; Hakanson (2005) na Suécia; Degefu et al. (2011) na Etidpia, Kaggawa
et al. (2011) no Quénia, Kashindye et al. (2015) na Tanzania, Baleta & Bolafios (2016),
Navarret et al. (2019) nas Filipinas, Afia et al. (2018) na Nigéria, Er et al. (2018) na
Malésia.

No Brasil, os estudos que documentaram alteragbes na comunidade
fitoplanctonica devido ao cultivo e, em alguns casos, a ocorréncia e desenvolvimento de
cianobactérias, foram por exemplo: Deblois et al. (2008), nos estados do Rio de Janeiro
e Minas Gerais; Menezes (2008), no Rio Grande do Norte; Borges et al. (2010), no
Parand; Cavalcante (2010), em Santa Catarina; Sipauba-Tavares et al. (2010) em Minas
Gerais; Lins (2011), do Nascimento Moura et al. (2012) em Pernambuco; Pessoa et al.
(2011) e Gorlach-Lira et al. (2013) na Paraiba, Bartozek et al. (2014, 2016) no Parana,
Lins et al. (2016) na Paraiba, e Miranda et al. (2016) no Espirito Santo.

Para o Estado de S&o Paulo poucos séo os trabalhos, que relacionaram a estrutura
e dindmica do fitoplancton em ambiente com pisciculturas em tanques-rede, foram: Eler
et al. (2006) identificaram as principais espécies de cianobactérias em Pisciculturas de
bacia hidrografica do Mogi-Guacu e realizaram bioensaios toxicol6gicos e comprovaram
a presenca de hepatotoxina no ambiente; Tucci et al. (2009) e Rosini (2016), ambos
avaliaram as alteragbes nos padrdes fisicos, quimicos e bioldgicos provocados pela
piscicultura no reservatorio de llha Solteira. Somente Rosini (2015), apds dois anos de
estudos, detectou alteracdes na estrutura da comunidade e alteracdo de Cryptophyceae
para Cyanobacteria, incluindo a ocorréncia de espécies potencialmente tdxicas de
cianobactérias. Schliter et al. (2018) quantificaram a biomassa fitoplancténica por meio
dos pigmentos e compararam aos métodos quantitativos convencionais obtendo
resultados semelhantes em ambas as abordagens. Além disso fizeram a quantificacdo de
cianotoxinas nos reservatorios Chavantes, Nova Avanhandava e llha Solteira e
verificaram valores elevados da hepatotoxina.

De acordo com Reynolds et al. (2002) os organismos fitoplanctdnicos sdo mais
precisos e mais confidveis para indicar variacbes das condices ambientais do que a
presenca ou auséncia de espécies. Mais recentemente estudos ecolégicos buscam agrupar
os organismos fitoplanctonicos de acordo com sua fungdo no ecossistema.

Considerando a classificacdo funcional relacionando as principais caracteristicas

adaptativas, que ndo sdo necessariamente comuns a grupos filogenéticos, a gama de
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condi¢des ambientais nas quais as espécies podem ocorrer e seus padrdes de co-
ocorréncia, Reynolds et al. (2002), propuseram 31 grupos e seus padrdes basicos
ecoldgicos. Posteriormente a proposta foi atualizada para 41 grupos funcionais, por
Padisak et al. (2009). Embora esta classificacdo integre uma rica base de informacoes,
também se baseia, em parte, em pareceres de especialistas.

Kruk et al. (2010) apresentaram a proposta dos Grupos Funcionais Baseados na
Morfologia (GFBM), considerando que as relac6es entre morfologia e a fisiologia das
espécies sdo potencialmente bem definidas (Finkel et al. 2010, Naselli-Flores et al. 2007,
Reynolds 1988,1997). Kruk et al. (2010) acordaram que a classificacdo baseada em
caracteristicas morfoldgicas simples, como por exemplo: volume individual, area de
superficie e comprimento maximo; podem capturar a maior parte da variabilidade das
propriedades funcionais dos organismos fitoplancténicos, sugerindo que a morfologia
pode ser um bom indicador das caracteristicas funcionais das espécies.

Os sete grupos foram caracterizados por Kruk et al. (2010) da seguinte forma:
Grupo I inclui pequenos organismos com elevada razdo S/V, podem apresentar
aerotopos, flagelos e/ou mucilagem; Grupo Il: representado por pequenos organismos
flagelados e suas estruturas exoesqueléticas sdo formadas por silica; Grupo I11: contém
grandes organismos filamentosos, células especializadas como 0s aerotopos estdo
presentes, podem conter mucilagem e heterocitos; Grupo IV: representado por
organismos de tamanho médio com auséncia de estruturas especializadas (ex. aerotopo,
flagelo, etc.); Grupo V: retne os organismos flagelados unicelulares com tamanhos de
médio a grande, estruturas especializadas como aerotopos, mucilagem, heterocitos e silica
sdo ausentes; Grupo VI: representado por organismos bem diversificados quanto ao
tamanho celular, flagelos sdo ausentes e com presenca de exoesqueleto formado por
silica; Grupo VII: formado por grandes organismos coloniais mucilaginosos e podem
apresentar aerotopos.

Brasil & Huszar (2011) discutiram que esse esquema de classificacdo é uma
potencial ferramenta para sintetizar os tipos de comunidades em ecossistemas aquaticos
continentais, levando-se em consideracao o tipo de ambiente e seu estado tréfico.

A tentativa de agrupar o fitoplancton em categorias para compreender sua
estrutura e funcionalidade em diferentes condi¢cbes ambientais vem sendo amplamente
discutida (Brasil & Huszar 2011). Trabalhos que abordam a utilizagdo de Grupos
funcionais para avaliagdo dos impactos de pisciculturas em tanques-rede sobre a

comunidade fitoplanctdnica vem sendo desenvolvidos em reservatorios brasileiros (Tucci
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et al. 2009, Borges et al. 2010, Bartozek et al. 2014, Bartozek et al. 2016, Rosini et al
2016. Nos reservatorios paulistas, Rosini et al 2016 e Schluter et al. 2018 verificaram
altos valores de biomassa fitoplanctdnicas proximo aos tanques-rede com dominancia das
cianobactérias comprovando que esta atividade promoveu perturbagfes no reservatorio.
Assim, tendo em vista os impactos ambientais promovidos pela atividade de
piscicultura em tanques-rede em reservatorios, e a importancia dos estudos que abordem
a comunidade fitoplanctonica como ferramenta de avaliacdo destes impactos nos
reservatorios, a proposta deste estudo foi de avaliar a estrutura da comunidade
fitoplanctonica e a utilizacdo dos Grupos Funcionais Baseados na Morfologia em locais
com atividades de piscicultura em tanques-rede em reservatdrios do Estado de S&o Paulo.
O trabalho se justifica também devido aos poucos estudos desenvolvidos. Considerando
os trabalhos que foram apresentados, a abordagem é pioneira para dois dos reservatorios
estudados, Nova Avanhandava e Chavantes, tanto no que diz respeito a utilizacdo dos
GFBM de Kruk, como sobre o conhecimento da estrutura da comunidade fitoplancténica,
ainda ndo explorada nestes reservatdrios, mas essencial a posteriores estudos e

monitoramento.
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OBJETIVOS

= Avaliar as caracteristicas limnolégicas no compartimento lacustre, proximo aos
tanques-rede, a montante e a jusante das pisciculturas nos reservatorios estudados;

= Auvaliar a estrutura da comunidade fitoplanctonica e relacionar aos parametros
fisicos e quimicos da agua nas estacfes de amostragens estudadas;

= Determinar as espécies descritoras dos sistemas e associé-las a classificagdo dos
Grupos Funcionais Baseados na Morfologia (GFBM) nas estacOes de
amostragens;

= Avaliar a qualidade da &gua das pisciculturas nos que diz respeito a presenca e
abundancia de cianobactérias, assim como a presenca e concentracdo de
microcistinas nas fazendas de criacdo de tilapias localizadas nos reservatérios

Chavantes, Nova Avanhandava e llha Solteira.

HIPOTESES

" Os grupos morfofuncionais sao ferramentas eficientes para detectar alteracfes nos
grupos planctonicos predominantes nas condi¢des da qualidade da dgua de reservatdrios

com atividades de criacéo de peixes em tanques-rede.

" Atividades de piscicultura em tanques-rede interferem na estrutura da comunidade
fitoplanctonica diminuindo a diversidade de algas e promovendo o0 aumento da biomassa

de cianobactérias.
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AREA DE ESTUDO

Foram selecionados seis empreendimentos para o estudo que estdo distribuidos nos trés
principais polos produtores de tilapias do Estado de S&o Paulo e identificados a seguir:
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Figura 1. Mapa destacando o Estado de Sao Paulo (A) a localizacdo dos reservatorios
Chavantes (CH), Nova Avanhandava (NA) e Ilha Solteira (I1S) no Estado de Sdo Paulo
(B) e em destaque, 0s reservatorios e as respectivas estacdes/fazendas de criacdo de

tilapias (1 a 6) em tanques-rede (C).

Reservatorio de Chavantes

O reservatério de Chavantes pertence a Bacia Hidrografica do Alto Paranapanema
e esta localizado no municipio de Chavantes a sudoeste do Estado de Sdo Paulo, na
fronteira com o municipio de Ribeirdo Claro, Parana (23°07°42” S e 49°43°59” 0).
Apresenta area de 400 kmz, capacidade de armazenamento de 9,4 bilhdes de m3, vazdo
média anual de 310 m3 s, formato dendridico e profundidades acima de 60 metros
(DUKE ENERGY 2013).

A Bacia Hidrografica do Alto Paranapanema corresponde a Unidade de
Gerenciamento de Recursos Hidricos n° 14, localizada na regido sudoeste do Estado de

Sé&o Paulo, limitando-se a norte com a UGRHI Médio Paranapanema, a sul coma UGRHI
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Ribeira de Iguape e Litoral Sul, a leste com a UGRHI Tieté/Sorocaba e a oeste com a
regido nordeste do Estado do Paranid. Ocupa uma area de 22.550 Km? e abrange 34
municipios paulistas, sendo Itapetininga (120.455 hab), Itapeva (80.636 hab) e Itararé
(47,096 hab) as maiores cidades, respectivamente (CBH-ALPA 2019).

Na Bacia do Alto Paranapanema pode-se identificar o predominio de rochas
sedimentares e vulcanicas em grandes porcfes da bacia, e a ocorréncia de rochas
epimetamarficas e corpos graniticos na porcéao sudeste (CBH-ALPA 2019). O clima pode
ser classificado, de modo geral, como tropical de altitude com temperatura média
variando entre 18°C e 22°C (Ayrosa et al. 2013). A precipitacdo média anual é cerca de
1.200 mm/ano com maior pluviosidade em janeiro e menor em agosto (CBH-ALPA
2019).

A UGRHI — 14 apresenta 4.677 Km? de vegetacdo natural remanescente do tipo
Floresta Estacional Semidecidual, Floresta Ombrofila Densa e Floresta Ombroéfila Mista
protegidas entre Unidades de Conservacdo de Protecdo Integral e Unidades de
Conservacao de Uso Sustentavel (CBH-ALPA 2019).

O uso e ocupacdo é em especial pela pecuaria, mas também pela agricultura de
batata, cana-de-agucar e culturas anuais (milho e feijao), A industria € uma importante
atividade econdmica com destaque para Itapetininga como polo econdmico do setor
(CBH-ALPA 2019).

Os principais rios da UGRHI — 14 sdo Paranapanema, Apiai-Guacl, Taquari,
Itapetininga, Verde, Capivari, Itararé e Ribeirdo das Almas (CBH-ALPA 2019). Nesta
bacia encontram-se 0s reservatorios Boa Vista, Jurumirim e Piraju além do reservatorio
Chavantes, area de estudo, do qual foi selecionado um empreendimento (E1) com

aproximadamente 130 tanques em operacdo (Figura 2).
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Figura 2: Imagem de satélite (A) com localizacdo da estacdo E1 no Reservatdrio
Chavantes (23°07°42” S ¢ 49°43°59” O), Bacia Hidrogréafica do Alto Paranapanema, foto
da piscicultura (E1-B) e foto dos tanques rede (C) (ponto f1) onde as amostras foram

coletadas. Fontes: Google Earth 2020 e arquivo pessoal.

Reservatorio de Nova Avanhandava

O reservatorio Nova Avanhandava esta localizado no municipio de Buritama
(21°07°01” S e 50°12°06” W), inserido na Bacia Hidrografica do Baixo Tieté possui area
de 210 km2, volume total de 2.830.10° m3, vazdo média anual de 688 m3/s e apresenta
profundidade maxima de 30 m (CESP 1998, AES Tieté 2015).

A Bacia Hidrogréfica do Baixo Tieté corresponde a Unidade de Gerenciamento
de Recursos Hidricos n° 19 localizada na regido oeste do Estado de S&o Paulo, limitando-
se a norte com a UGRHI Séao José dos Dourados, a sul com a UGRHI Aguapei-Peixe, a
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leste coma UGRHI Tieté Batalha e a leste com o Rio Parana. Ocupa uma area de 18.591,5
Km? e abrange 42 municipios paulistas dos quais Aracatuba (181.579 hab) é o mais
populoso (CBH — BT 2009 e 2016, IBGE 2020).

A Bacia do Baixo Tieté estd inserida na Provincia Geomorfoldgica do Planaldo
Ocidental Paulista e das Cuestas Basélticas e apresenta afloramentos arenosos, rochas
igneas basélticas e rochas sedimentares (CBH — BT 2009). O clima é tropical imido e
apresenta inverno seco com temperatura média de 23°C. A precipitacdo média anual varia
entre 1.100 a 1.300 mm/ano, com inicio do periodo chuvoso em outubro (CBH — BT
2009, Cicerelli 2013)

O remanescente de vegetacao natural da UGRHI-19 ocupa cerca de 4% da bacia
(874 Km?), composta principalmente por Floresta Estacional Semidecidual e Formacéo
Arborea / Arbustiva em regides de varzea. Apresenta ainda, as Unidades de Conservacéo
RB Andradina e PE do Aguapei, a Unidade de Conservacdo de Uso Sustentavel Foz do
Rio Aguapei e Vale Verdejante e uma area indigena, Terena Kaingang (CBH — BT 2019).

O uso e ocupacdo na UGRHI — 19 se da principalmente pela pecuaria de corte,
sistema agropastoril, cultura de cana de aclcar, milho, soja e laranja, além da avicultura
e outras criacOes (porco, jacaré, javali, etc). O desenvolvimento do setor sucroalcooleiro,
da pecuaria e da aquicultura promoveu a expansdo industrial nesta regido. Ha ainda, a
ocupacdo de areas pelo turismo e por loteamentos e condominios em especial has margens
do reservatorio Nova Avanhandava (Carvalho et al. 2005, CBH — BT 2009)

Os principais rios desta Bacia sdo Tieté, Parana, Agua Fria, das Oficinas e dos
Patos, e nela estdo os reservatorios Nova Avanhandava e Trés Irmaos, integrantes da
Hidrovia Tieté-Parana (CBH — BT 2019).

Foram selecionadas trés pisciculturas (E2, E3 e E4) do reservatorio Nova
Avanhandava com cerca de 110, 90 e 35 tanques em operacao, respectivamente (Figura
3).
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Figura 3: Imagem de satelite (A) com localizacdo das estacbes E2, E3 e E4 no
Reservatorio Nova Avanhandava (21°07°01” S e 50°12°06” O), Bacia Hidrografica do
Baixo Tieté e fotos das trés pisciculturas (E2-B, E3-C e E4-D). Fontes: Google Earth

2020 e arquivo pessoal.

Reservatorio Ilha Solteira

O Reservatorio llha Solteira (20°25'42° S e 51°20'34" O) pertence a Bacia
Hidrogréafica do Rio Sdo José dos Dourados e esta localizado entre os municipios de Ilha
Solteira (SP) e Selviria (MS). Este reservatorio apresenta area de 1.195 Km? e volume de
210,6.108 m3 e profundidade maxima de 41,5 m (CESP 2006, CBH — SJD 2019).

A Bacia Hidrografica do Rio Sdo José dos Dourados corresponde a Unidade de
Gerenciamento de Recursos Hidricos n° 18, localizada a oeste do Estado de S&o Paulo,
limitando-se a norte com a UGRHI Turvo Grande, a sul com a UGRHI Médio Tieté, a
leste com a UGRHI Tieté / Batalha e a oeste com o Estado do Mato Grosso do Sul. Ocupa
uma area de 6.783,2 Km? e abrange 41 municipios (CBH — SJD 2019).
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Quanto a geologia e geomorfologia na Bacia do Rio S&o José dos Dourados, pode-
se identificar a unidade morfoestrutural da Bacia Sedimentar do Parana, no Planalto
Centro Ocidental onde o reservatdrio Ilha Solteira se localiza, e a litologia predominante
s&o os arenitos, argilitos e lentes de siltitos (Ross & Moroz 1996). Segundo a classificacéo
climética de Képpen, o clima é tropical tmido com temperatura média anual de 24,7°C e
a precipitacdo media anual é de 1.259 mm/ano (Hernandez 2016).

A UGRHI — 18 apresenta 449 Km? de vegetalgdo remanescente, cujas principais
formacgdes sdo a Floresta Estacional Semidecidual e a Formacdo Arborea/Arbustiva em
Regido de Véarzea (CBH — SJD 2019).

O uso e ocupacdo na UGRHI — 18 é principalemte pela pecuéria leiteira e
fruticultura (uva, pinha, coco, carambola, caju, castanha e acerola). A piscicultura tem
ganhado destaque como atividade econémica, além do setor comercial concentrado nos
municipios de Jales e Santa Fé do Sul (CBH — SJD 2019).

Os principais rios da UGRHI — 18 séo o0 S&o José dos Dourados e 0 Parana e nesta
UGRHI encontra-se o reservatorio Ilha Solteira, a terceira area utilizada para este estudo,
no qual duas pisciculturas foram selecionadas: E5 e E6 com aproximadamente 80 e 190

tanques em operacéo, respectivamente (Figura 4).
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Figura 4: Imagem de satélite (A) com localizacdo das estacdes E5 e E6 no Reservatdrio
Ilha Solteira (20°23°00” S e 51°22°00” O), Bacia Hidrografica do Rio S&o José dos
Dourados e fotos das duas pisciculturas (E5-B e E6-C). Fontes: Google Earth 2020 e

arquivo pessoal.

Delineamento amostral

As amostragens foram realizadas em dois periodos distintos de dois anos
consecutivos: em margo e outubro de 2015 (M15 e O15) e marco e outubro de 2016 (M16
e 016). Foram estabelecidas seis estacbes amostrais que correspondiam a diferentes
empreendimentos de piscicultura em cada reservatorio: uma estacdo em Chavantes (E1),
trés estacdes em Nova Avanhandava (E2, E3 e E4) e duas em llha Solteira (E5 e E6). Os
pontos de coleta em cada estacdo foram estabelecidos de modo a propiciar uma avaliagdo
do efeito das pisciculturas em tanques-rede sobre a qualidade da agua e a sua influéncia
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na estrutura da comunidade fitoplanctonica. Estes pontos estdo assim estabelecidos: a
montante da area aquicola, dentro da area aquicola (piscicultura) e a sua jusante (Figura
5).
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Figura 5: Disposicdo dos pontos de coleta em cada estacdo amostral. E1: estacdo um
(Chavantes); E2, E3 e E4: estacBes dois, trés e quatro (Nova Avanhandava); E5 e E6:
estacdes cinco e seis (Ilha Solteira). M: montante; F: fazenda; J: jusante.

As amostras destinadas a determinacdo de clorofila a, nutrientes, pigmentos e
cianotoxinas foram coletadas em triplicatas em cada ponto de amostragem. Parte delas
foram acondicionadas em frascos de polietileno inerte e congeladas para posterior analise
de nutrientes, outra parte foi destinada ao isolamento de cianotoxinas e outra parte
filtrada, sendo os filtros congelados em nitrogénio liquido para extracdo de clorofila a e

outros pigmentos.
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Nos locais de coleta foram obtidas medi¢des in situ das seguintes variaveis:
transparéncia da gua, por meio do desaparecimento do disco de Secchi; temperatura, pH
e oxigénio dissolvido, utilizando sonda multiparamétrica EXO YSI.

As amostras de dgua para o estudo taxonémico do fitoplancton foram coletadas
com rede de plancton, com abertura de malha de 20 um, por meio de arrasto horizontal e
vertical na coluna d’agua e o material coletado foi fixado com formol, na concentragéo
final de 4-5%. Amostras para as analises quantitativas foram coletadas com garrafa
coletora (tipo van Dorn) na subsuperficie. As amostras foram fixadas em solugdo aquosa
de lugol acético a 1%.
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CAPITULO 1

Caracterizacao da comunidade fitoplancténica em trés reservatorios tropicais com
piscicultura em tanques-rede: abordagem cléssica e Grupos Funcionais Baseados

em Morfologia

Resumo

O fitoplancton é sensivel a mudancgas ambientais sendo um 6timo indicador da qualidade
da &gua em diferentes ambientes, dentre eles os com presenca de tanques-rede. Objetivou-
se com o presente estudo, avaliar as caracteristicas limnolégicas, e a estrutura da
comunidade fitoplanctonica, classificada em Grupos Funcionais Baseados em
Morfologia, de trés reservatorios com piscicultura em tanques-rede. As amostras de agua
e fitoplancton foram coletadas em trés reservatorios do Estado de S&o Paulo, durante os
periodos seco e chuvoso de 2015 e 2016. Os reservatorios foram classificados como
mesotroficos e apresentaram elevada concentracdo de nutrientes especialmente nas
amostragens de 2015. Cryptophyceae contribuiu com as maiores densidades para 0s
reservatorios Chavantes e llha Solteira, enquanto que Nova Avanhandava teve grande
contribuicdo de Cyanobacteria. Cyanobacteria representou 27% da comunidade do
fitoplancton para Chavantes, Nova Avanhandava e llha Solteira, e 25%, 30% e 28%,
respectivamente, em cada reservatorio. Elevados valores de biovolume de Cyanobacteria
foram observados nos trés reservatorios. As espécies descritoras de cada sistema foram
classificadas em cinco Grupos Funcionais Baseados na Morfologia (Il1, 1V, V, Vi e VII).
Os grupos foram representativos do estado tréfico assim como das mudancas fisicas e
quimicas dos sistemas demonstrando a eficiéncia na classificacdo morfofuncional para a
avaliacdo ecoldgica de reservatorios tropicais sob influéncia de piscicultura em tanques-
rede.

Palavras-chave: Cyanobacteria, morfofuncional, piscicultura

Abstract

Phytoplankton are sensitive to environmental changes and are an excellent indicator of
water quality in different environments, including those with net cages. The objective of
this study was to evaluate the limnological characteristics, the structure of the
phytoplankton community and the classification of Functional Groups Based on

Morphology of three reservoirs with tilapiculture in net cages. The water and
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phytoplankton samples were collected in three reservoirs in the State of S&o Paulo, during
the dry and rainy periods of 2015 and 2016. The reservoirs were classified as mesotrophic
and had high concentrations of nutrients, especially in the 2015 samples. Cryptophyceae
contributed with the highest densities to the Chavantes and Ilha Solteira reservoirs, while
Nova Avanhandava had a great contribution from Cyanobacteria. High values of
Cyanobacteria biovolume were observed in the three reservoirs. The descriptor species of
each system were classified into five Functional Groups Based on Morphology (I, 1V,
V, VI and VII1). The groups were representative of the trophic state as well as the physical
and chemical changes of the systems, demonstrating the efficiency in the
morphofunctional classification for the ecological evaluation of tropical reservoirs under
the influence of fish farming in net cages.

Key words: Cyanobacteria, morfofuncional, pisciculture

Introducéo

O fitoplancton é uma das principais ferramentas utilizadas no monitoramento da
qualidade da agua em reservatorios, apresentando rapida variagcdo temporal em resposta
as interferéncias antropogénicas que promovem varia¢des na disponibilidade de recursos
(Reynolds 2006, Casé et. al. 2008).

A distribuicdo do fitoplancton na coluna de agua estd regulada por fatores
ambientais tais como disponibilidade de luz, temperatura, disponibilidade de nutrientes,
herbivoria e hidrodindmica (Reynolds 1980, Rhee 1982, Margalef 1983, Reynolds 2006).
Para obter sucesso na colonizacdo do ambiente aquatico, estes organismos apresentam
uma serie de atributos ecoldgicos que explicam a distribuicdo funcional relacionada a
diferentes condi¢6es ambientais (Margalef 1978, Salmaso & Padisak 2007, Padisak et al.
2009, Brasil & Huszar 2011).

Kruk et al. (2010) reuniram atributos morfolégicos em cinco Grupos Funcionais
Baseados na Morfolégica (MBFG) nos quais as espécies sao associadas por meio de
caracteristicas morfoldgicas, como volume, dimensao linear maxima, area superficial e
presenca de mucilagem, flagelos, aer6topos, heterocistos ou estruturas siliciosas. Esses
atributos morfolégicos influenciam a taxa de crescimento, a eficiéncia do uso de recursos
disponiveis e a suscetibilidade a herbivoria sob as diferentes condi¢cbes ambientais, e
dessa forma refletem de forma eficiente os efeitos da variabilidade climéatica ao longo do
tempo (Padisék et al. 2003, Salmaso 2003).
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A classificacdo dos GFBM é frequentemente utilizada em estudos ecoldgicos do
fitoplancton de diferentes ambientes aquaticos continentais, assim como em estudos que
refletem a relacdo da comunidade com a trofia de reservatorios tropicais (Silva & Costa
2015, Bortolini et al. 2016, Aquino et al. 2018) e temperados (Gallego et al. 2012).

A facilidade na sua utilizacdo e efetividade nas respostas, permitem a utilizagédo
desta ferramenta para uma compreensédo efetiva da relacdo espécies-ambiente (Salmaso
& Padisak 2007). Com base nisto, buscamos avaliar a resposta da comunidade
fitoplanctonica as alteragOes nas caracteristicas limnologicas, utilizando a classificacao
de grupos taxondmicos e Grupos Funcionais Baseados em Morfologia em trés

reservatorios com tilapicultura em tanques rede.

Materiais e métodos

Area de estudo

As amostragens foram realizadas em marco e outubro de 2015 e mar¢o e outubro
de 2016 em trés reservatorios com producao de tilapias (O. niloticus) no Estado de S&o
Paulo (Figura 1):

e Reservatorio Chavantes (23°07°42” S e 49°43°59” 0O), localizado entre 0s
municipios de Chavantes (SP) e Ribeirdo Claro (PR), na Bacia Hidrogréafica do
Alto Paranapanema, situado em uma regido de clima tropical de altitude, de
temperatura média variando entre 18°C e 22°C e pluviosidade média anual em
torno de 1.200 mm/ano, no qual foi selecionada uma estacdo de amostragem
(Piscicultura 1, E1);

e Reservatorio Nova Avanhandava (21°07°01” S ¢ 50°12°06” O), localizado no
municipio de Buritama, Bacia Hidrografica do Baixo Tieté, situado em uma
regido de clima tropical dmido de inverno seco com temperatura média de 23°C
e pluviosidade média anual variando entre 1.100 a 1.300 mm/ano, com trés
estacdes de amostragens (Piscicultura 2, 3,e 4 - E2, E3 e E4) ¢;

e Reservatorio de Ilha Solteira (20°23°00” S e 51°22°00” O), localizado entre 0s
municipios de Ilha Solteira (SP) e Selviria (MS), Bacia Hidrogréafica do Rio Séo
José dos Dourados, situado em uma regido de clima tropical Umido com
temperatura média anual de 24,7°C e pluviosidade média anual de 1.259 mm/ano,
no qual duas estagdes de amostragens (Pisciculturas 5 e 6 - E5 e E6) foram

selecionadas.
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Figura 1. Localizacdo dos reservatérios estudados no Estado de Sdo Paulo: Chavantes
(CH), Nova Avanhandava (NA) e llha Solteira (IS) e suas respectivas estacOes de

amostragens, correspondentes as seis fazendas de piscicultura (E1 a E6).

Amostragens

Em cada estacdo, foram realizadas coletas em trés diferentes pontos: a montante
da piscicultura, dentro da piscicultura e a jusante da piscicultura. A piscicultura 3 (E3)
estd localizada a montante da piscicultura 4 (E4) em Nova Avanhandava e,
consequentemente, apenas um montante e uma jusante foram amostradas para as duas
pisciculturas.

As amostras de agua para o estudo taxondmico do fitoplancton foram coletadas
com rede de plancton com abertura de malha de 20 pm por meio de arrasto horizontal e
vertical na coluna d’agua. As amostras foram fixadas com formol na concentragéo final
de 4-5%. Para as analises quantitativas do fitoplancton e limnoldgicas da agua, as
amostras foram coletadas com garrafa tipo van Dorn. As amostras quantitativas do
fitoplancton foram fixadas em solucdo aquosa de lugol acético a 1%. As amostras
destinadas para as analises das variaveis ambientais, foram realizadas em triplicatas (n=
204).
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As variaveis limnoldgicas estudadas foram: fosforo total (ug L) e nitrogénio total
(ug LY (Valderrama 1981), ortofosfato (ug L) (Strickland & Parsons 1960), ion aménio
(ug LY (APHA et al. 2005), nitrito (ug L™?) e nitrato (ug L) (Giné et al. 1980). A
biomassa fitoplanctonica foi estimada através da concentracéo de clorofila a (ug L), pela
técnica de extracdo dos pigmentos descrita em Nush (1980).

Com auxilio da sonda multiparamétrica EXO YSI foram obtidas in situ oxigénio
dissolvido (mg L™), pH, temperatura da agua (°C), condutividade elétrica (uS cm™) e
sélidos totais dissolvidos (mg L™). A profundidade da transparéncia da agua (m) foi
estimada pelo desaparecimento do disco de Secchi. Para cada reservatorio, foi estimado
o Indice de Estado Trofico, de acordo com Lamparelli (2004).

IdentificacGes taxondmicas, analise quantitativa do fitoplancton e GFBM

A identificacdo dos organismos foi feita a partir das analises das caracteristicas
morfologicas e métricas das populacdes. As analises foram realizadas no laboratorio de
microscopia do Nucleo de Pesquisa em Ficologia do Instituto de Botanica. O exame
taxonémico foi realizado ao microscépio fotbnico, Zeiss Axioplan 2, com reticulo
micrometrado e sistema de captura de imagem acoplados. Os dados métricos foram
obtidos com o auxilio da ocular de medicéo e do programa Carl Zeiss AxioVision Rel.4.8.

Para a identificacdo dos géneros e espécies registradas neste trabalho, utilizamos
as seguintes bibliografias: Komarek & Fott (1983), Sant’Anna (1984), Tell & Conforti
(1986), Sant’Anna et al. (1989), Komarek & Azevedo (2000), Comas (1996), Komarek
& Anagnostidis (1999 e 2005), Sant’Anna et al. (2004), Ferragut et al. (2005), Bicudo &
Menezes (2006), Tucci et al. (2006), Rodrigues et al. (2010), Rosini et al. (2013), Alves
et al. (2014), Tucci et al. (2019).

Dentre os trabalhos utilizados para atualizagdes taxonémicas destacam-se: An et
al. (1999), Hegewald (1997, 2000), Kostikov et al. (2002), Buchheim et al. (2005),
Wacklin et al. (2009), Komarek et al. (2011), Koméarek & Johansen (2015) e Rigonato et
al. (2017).

Para a analise quantitativa do fitoplancton foi utilizado o método de Utermdhl
(1958). As amostras foram sedimentadas em cubetas de 10 mL considerando-se quatro
horas para cada centimetro de altura da camara utilizada (Lund et al. 1958) e

posteriormente analisadas ao microscépio invertido Axiovert 2.



54

O limite de contagem foi estabelecido com base em dois critérios: (1) quando
atingidos 100 individuos de uma mesma espécie e (2) quando houver curva de rarefacéo,
Ou seja, sete campos consecutivos sem ser encontrado um novo téxon.

Cada célula, cendbio, colbnia e filamento foi considerado como individuo.

Os resultados foram expressos em densidade (org.mL™?) e calculado segundo a
formula de Weber (1973):

Organismos . mL™* = (n/sc).(1/h).(F)
em que:
n = namero de individuos efetivamente contados;
s = area do campo em mm2 no aumento de 40X.
€ = ndmero de campos contados;
h = altura da cAmara de sedimenta¢do em mm
F = fator de correcdo para mililitro (10° mm?3/1 mL)

A riqueza de taxons foi considerada como o nimero total de tdxons encontrados
por amostra.

Com base na densidade, foram calculados os indices Biolégicos.

Indice de Diversidade (H’) (bits.ind ™) estimado pelo indice de Shannon &
Wever (1963) a partir da formula:

H’ = - pi log2 pi, onde:
i—1
pi = ni/n;
ni = numero total de individuos de cada taxons na amostra;
n = numero total de individuos na amostra.

Foi estimado o biovolume multiplicando a densidade pelo volume médio de cada
espécie (n=20). O volume celular para cada espécie foi calculado com base em modelos
geométricos cujas formas se aproximassem mais, isolados ou combinados, da forma dos
individuos de acordo com Wetzel & Likens (1991), Hillebrand et al. (1999), Sun & Liu
(2003), INAG IP (2011), Osti (2013), Fonseca et al. (2014) e Rosini (2015). O valor
obtido em pm?®.mL* foi transformado para mm?3.L ! dividindo-se esse valor por 10°.

Foram selecionadas espécies descritoras para cada sistema, como sendo aquelas
que contribuiram com 1% (ou mais) do biovolume total relativo e, que juntas, somaram
no minimo 80% do biovolume total.

As espécies descritoras estimadas a partir do biovolume, foram classificadas em

Grupos Funcionais Baseados na Morfologia (GFBM) sendo esses grupos divididos com
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base em nove tragos morfoldgicos (volume, area superficial, madxima dimenséo linear,
razdo superficie: volume (s.v?), presenca de mucilagem, flagelos, aer6topos, heterdcitos
e demanda por silica) identificados para cada organismo em microscopio 6ptico,

conforme a proposta de Kruk et al. (2010) (Figura 2).

Group | Grouplll Group lll
e . N
© &, P }‘%
&  0° %
@ B
Small siiceous
Small high S/V flagellates Large high S/V filaments
Group IV Group V Group VI Group VI
e | g 5
% = 6 5 S
Medium size, no Flagellates of medium to Non-flagellated, with Large mucilaginous, low
specializations large size siliceous exoskeletons SN colonies

Figura 2. Representacdo esquematica dos sete Grupos Funcionais Baseados em
Morfologia (GFBM) proposto por Kruk et al. (2010) incluindo uma breve descricdo de

sua morfologia. S area superficial, V volume. Fonte: Kruk & Segura (2012).

Analise dos dados

Os resultados foram analisados por estatistica descritiva: media e desvio padrao
de variaveis limnoldgicas e por meio de analises estatisticas multivariadas pelo Programa
PC-ORD versdo 6.0 para Windows (McCune e Mefford 2011). As correlagdes dos dados
bidticos e abioticos para determinar a variabilidade ambiental em relacdo aos periodos
amostrados (temporal) e as diferentes estacGes amostrais (espacial) foram estabelecidas
por meio da Analise de Componentes Principais (ACP) a partir de matriz de covariancia.

As variaveis abidticas, com excegdo do pH, foram transformadas por “log x +1 .

Para explicar as possiveis relacfes entre as espécies descritoras em seus
respectivos grupos funcionais e as variaveis ambientais foi realizada Andlise de
Correspondéncia Canénica (ACC). Esta analise foi escolhida porque a ordenacdo das
espécies pela Analise de Correspondéncia Destendenciada (ACD) mostrou que o
comprimento do gradiente foi > 2.0, indicando a ndo linearidade na relagdo entre as

variaveis ambientais e 0s GFBM fitoplancténicos.
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A andlise foi realizada a partir de matrizes de covariancia, com transformagao dos
dados pelo [log (x+1)]. Para testar o nivel de significAncia dos dois primeiros eixos
candnicos utilizamos o teste de Monte Carlo (999 permutagdes; p < 0,05), que determina

se ha probabilidade dos autovalores terem distribuigdo ao acaso.

Resultados

Variaveis abioticas

A estatistica basica (valores médios e desvio padrdo) para todos os parametros de
qualidade da &gua (fisicos, quimicos e nutrientes) medidos neste estudo, foram
sumarizados nas figuras 3 e 4 e figuras 8 e 9.

Os niveis de agua dos reservatorios estudados foram influenciados por um longo
periodo de estiagem ocorrido em 2014 (figuras 5).

A temperatura da superficie da dgua dos reservatorios estudados, variou entre
21°C (Chavantes) e 30°C (Ilha Solteira), com temperaturas mais elevadas em margo nos
dois anos estudados, que corresponde ao periodo chuvoso (M15 e M16) (Figura 3A).

Em Chavantes e Ilha Solteira foram medidos os menores valores de pH, variando
entre 7 e 8. Em Nova Avanhandava foram registrados os maiores valores (9,4) (Figura
3B).

Em Chavantes foram medidos OD acima de 8 mg L™ em todas as amostragens
(Figura 3C). Nova Avanhandava apresentou os maiores gradientes de OD (13 mg L),
como llha Solteira, apresentou pontos amostrais com saturacdes abaixo de 5 mg L.
Temporalmente observou-se que os maiores valores de OD foram registrados nas
amostragens do periodo seco (outubro), sobretudo no ano 2015 (O15).

Foram registrados maiores valores de condutividade elétrica da d&gua em Nova
Avanhandava atingindo valor maximo de 236,2 puS cm™® em M15 (Figura 4A). Em
Chavantes e Ilha Solteira (com excec¢do do P5 em M15 e O16) os valores de condutividade
estiveram abaixo de 100 uS cm. Quanto aos valores de sélidos totais em suspenséo
(Figura 4B), os maiores valores foram registrados nas fazendas de criacdo dos
reservatorios.

Com excecdo de Nova Avanhandava (O15), todos os valores de clorofila o foram

inferiores a 10 pg L (Figura 4C).
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Figura 3: Graficos dos valores médios e desvios padréo de variaveis fisicas e quimicas analisadas em cada ponto amostral (M: montante, F: fazenda, F1: fazenda 1,
F2: fazenda 2 e J: jusante) dos trés reservatorios com piscicultura em tanques-rede (CH: Chavantes, NA: Nova Avanhandava e IS: Ilha Solteira) durante o periodo de
estudo (M15: marco 2015, O15: outubro 2015, M16: marco 2016 e O16: outrubro 2016). [Temp: temperatura (A), pH: potencial hidrogenidnico (B) e OD: oxigénio
dissolvido (C)]
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Figura 4: Graficos dos valores médios e desvios padrdo de variaveis fisicas e quimicas analisadas em cada ponto amostral (M: montante, F: fazenda, F1: fazenda 1,

F2: fazenda 2 e J: jusante) dos trés reservatérios com piscicultura em tanques-rede (CH: Chavantes, NA: Nova Avanhandava e IS: Ilha Solteira) durante o periodo de
estudo (M15: marcgo 2015, O15: outubro 2015, M16: marco 2016 e O16: outrubro 2016). [Cond: condutividade elétrica (A), TSS: total de solidos suspensos (B) e

CHL.: chlorofila a (C)].
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Figura 5: Graficos de precipitacdo de 2014 em comparacdo a média histérica 1993-2013 nas UGRHI
14 Chavantes (A), 19 Baixo Tieté (B) e 18 Sdo José dos Dourados (C), respectivamente. Fonte:
CETESB 2015.

Os perfis de temperatura e oxigénio dissolvido no periodo de marco de 2015 a margo 2016

dos trés reservatdrios estdo representados nas Figura 6 e 7, respectivamente.
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Figura 6: Perfis de temperatura da agua (°C) nos trés reservatdrios estudados (A: Chavantes, B: Nova
Avanhandava e C: Ilha Solteira) durante o periodo de marco de 2015 (1° coluna), outubro de 2015
(2° coluna) e marco de 2016 (3° coluna).

Chavantes apresentou caracteristicas de sistema meromitico, isto é, sem circulacdo vertical
completa da coluna d’agua, apresentando estratificagdo durante todas as amostragens e com presenca
de terméclinas mualtiplas (Figura 6A). Nova Avanhandava (Figura 6B) e Ilha Solteira (Figura 6C)

estiveram desestratificados na primeira amostragem (M15) e estratificados nas demais (015 e M16).
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Houve estratificacdo quimica (oxigénio dissolvido) em todas as amostragens (Figura 7A a C).
As concentragdes de oxigénio dissolvido estiveram acima de 4 mg/L nos epilimnios dos trés

reservatdrios em todas as amostragens.
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Figura 7: Perfis de oxigénio dissolvido (OD) nos trés reservatorios estudados (A: Chavantes, B: Nova
Avanhandava e C: Ilha Solteira) durante o periodo de marco de 2015 (1° coluna), outubro de 2015

(2° coluna) e margo de 2016 (3° coluna).
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Foi registrada anoxia do hipolinio em Chavantes (M15) e em Nova Avanhandava (O15).

Em relacdo aos nutrientes (Figura 8 e 9) foram observadas elevadas concentragdes de
nitrogénio total e dissolvido, nos trés reservatorios, ocorreram principalmente nas amostragens de
015. Ja em relacdo as concentracBes de fosforo total e ortofosfato, os maiores valores foram
registrados tanto nas amostragens de O15 quanto nas de M16.

Em Chavantes foi registrado o maior valor de NH4.N (483 p.L?) na E1f1 em O15, enquanto
que em Nova Avanhandava, foram registrados os maiores valores dos demais nutrientes: NO2.N (8,8
u.L™Y) na fazenda da E2 em 015, NO3N (174 p.L?) na fazenda 1 da E3 em 015, NT (2493 L) e
PO4.P (16 u.L™?) na fazenda 2 da E4 em 015 e PT (45,5 p.L™") na fazenda 2 da E4 em M16.
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Figura 8: Graficos dos valores médios e desvios padréo dos nutrientes, analisados durante o periodo de estudo (M15: margo 2015, O15: outubro 2015, M16: margo
2016 e O16: outubro 2016) nos trés reservatorios com piscicultura em tanques-rede (CH: Chavantes, N.A: Nova Avanhandava e I.S: llha Solteira). [NH-N: aménia

(A), NO2- N: nitrito (B), NOs- N: nitrato (C)].
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Figura 9: Graficos dos valores médios e desvios padrdo dos nutrientes, analisados durante o periodo de estudo (M15: margo 2015, O15: outubro 2015, M16: margo

2016 e O16: outubro 2016) nos trés reservatorios com piscicultura em tanques-rede (CH: Chavantes, N.A: Nova Avanhandava e 1.S: llha Solteira). [NT: nitrogénio

total (A), PT: fosforo total (B) e PO*P: ortofosfato (C)].
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A andlise conjunta das variaveis limnologicas pela variacdo temporal (periodos amostrais) e
espacial (estagdes amostrais) foi descrita na Analise de Componentes Principais (APC) que resumiu
a variabilidade dos dados com 47% de aplicabilidade no eixo 1 e 31% no eixo 2 (Figura 10), sendo o

teste de randomizagdo significativo para ambos os eixos (p<0,001).
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Figura 10: Ordenacdo pela ACP dos pontos amostrais em funcdo das variaveis limnologicas. As
variaveis limnologicas sdo descritas pelos vetores e 0s pontos amostrais sdo dados em codigo
alfanumérico (M: montante, F: fazenda, F1: fazenda 1, F2: fazenda 2, J: jusante) seguidos de simbolos
representando os periodos amostrais (mar¢o e outubro de 2015= quadrado, marco e outubro de 2016=
circulo) e cores representando as estaches amostrais (Chavantes= verde, Nova Avanhandava=
vermelho e llha Solteira= azul). Variaveis ambientais: oxigénio dissolvido (OD), condutividade
(Cond), temperatura (Temp), Secchi, nitrogénio total (NT), fosforo total (PT), ambnia (NH4.N) e
fosfato (PO4.P) (tabela 1).

O eixo 1 representa uma variacdo temporal, cujas unidades amostrais referentes a outubro de
2015 e algumas unidades amostrais referentes a marco de 2015 estiveram ordenadas do lado negativo
do eixo 1 e associadas aos valores de nitrogénio total, aménia, fosfato e condutividade. Enquanto que
no lado positivo associados a transparéncia estiveram ordenadas as unidades amostrais referentes a

margo e outubro de 2016 e marco de 2015 em Chavantes.
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O eixo 2 representa espacialidade separando no lado positivo as estagdes amostrais de Nova
Avanhandava e do lado negativo a maior parte das estacdes amostrais de llha Solteira e Chavantes.
Condutividade foi a varidvel com maior contribuicdo para a ordenacdo deste segundo eixo (r>0,6).

Na Tabela 1 estdo expressos os valores da Correlacdo de Pearson para as varidveis
limnoldgicas.

Tabela 1: Valores da Correlagdo de Pearson entre os vetores das varidveis limnologicas e nutrientes
com os eixos 1 e 2 da Analise de Componentes Principais (APC) realizada para os trés reservatorios.

Axis Abreviacdes Comrionentc‘es Prin;;ipais
Oxigénio dissolvido OD -0,170 -0,407
Condutividade Cond -0,618 0,780
Temperatura Temp -0,375 0,053
Secchi 0,260 -0,296
Nitrogénio total NT -0,880 -438
Fosforo total PT -0,256 -0,151
Amoénia NHs-N -0,859 -0,446
Fosfato PO4-P -0,678 -0,301

% Total | 474 | 306

Variaveis biologicas
Foram identificados 240 taxons distribuidos em 14 grupos taxondmicas (Tabela 2). Dentre os

240 taxons identificados, 164 foram em nivel especifico e 76 em nivel genérico.

Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes

taxonémicas nos reservatdrios Chavantes (CH), Nova Avanhandava (NA) e llha Solteira (1S).

Continua...

Composicéo Floristica CH NA IS
Cyanobacteria
Anathece sp. X X X
Aphanocapsa sp. X
Aphanocapsa annulata G.B.McGregor X
Aphanocapsa conferta (West & G.S.West) Komarkova-Legnerova & Cronberg X
Aphanocapsa delicatissima West & G.S.West X X X
Aphanocapsa elachista West & G.S.West X
Aphanocapsa holsatica (Lemmermann) G.Cronberg & Komarek X X
Aphanocapsa incerta (Lemmermann) G.Cronberg & Komarek X X
Aphanothece chlatrata West & G.S.West X

X X

Aphanothece sp.
Aphanothece nidulans P.Richter
Cyanodictyon sp. X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatorios Chavantes (CH), Nova Avanhandava (NA) e Ilha Solteira (IS).

Continuacao...

Composicdo Floristica
Cyanobacteria
Cyanodictyon planctonicum B.A.Mayer
Chroococcus planctonicus Bethge
Chroococcus minimus (Keissler) Lemmermann
Chroococcus dispersus (Keissler) Lemmermann
Cyanogranis ferruginea (F.Wawrik) Hindak ex Hindak
Coelomoron pusillum (Van Goor) Komarek
Coelomoron sp.
Coelomoron tropicalis P.A.C.Senna, A.C.Peres & Komarek
Coelosphaerium evidentermarginatum M.T.de P.Azevedo & C.L.Sant'/Anna
Coelosphaerium naegelianum Unger
Gomphosphaeria aponina Kiitzing
Gomphosphaeria sp.
Lemmermaniella flexa Hindak

Lemmermaniella sp.
Limnococcus limneticus (Lemmermann) Komarkova, Jezberova, O.Komarek &
Zapomelova

Merismopedia punctata Meyen

Merismopedia warmingiana (Lagerheim) Forti

Merismopedia tenuissima Lemmermann

Merismopedia trolleri Bachmann

Microcystis aeruginosa (Kitzing) Kitzing

Microcystis brasiliensis (De Azevedo & C.L.Sant' Anna) Rigonato

Microcystis panniformis Komarek, Komarkova-Legnerova, Sant'/Anna, M.T.P.Azevedo, &
P.A.C.Senna

Microcystis protocystis (Crow) Elenkin

Rabdoderma lineares Schmidle & Lauterborn
Rabdogloea sp.

Radiocystis fernandoi Komarek & Komarkova-Legnerova

Snowella sp.
Sphaerospermopsis aphanizomenoides (Forti) Zapomelova, Jezberova, Hrouzek, Hisem,
Rehakova & Komarkova

Synechococcus nidulans (Pringsheim) Komarek

Synechococcus rhodobaktron Komarek & Anagnostidis

Synechococcus sp.

Synechocystis aquatilis Sauvageau

Geitlerinema amphibium (C.Agardh ex Gomont) Anagnostidis
Geitlerinema unigranulatum (R.N.Singh) J.Komarek & M.T.P.Azevedo
Pseudanabaena mucicola (Naumann & Huber-Pestalozzi) Schwabe
Pseudanabaena galeata Bocher

Pseudanabaena sp.

Pseudanabaena catenata

CH NA IS
X
X X
X X
X X
X X
X
X
X
X
X
X
X
X
X X
X X X
X
X
X X
X
X X X
X X
X
X X
X
X
X
X
X
X X X
X
X X X
X X
X
X X X
X X X
X X X
X X X
X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatdrios Chavantes (CH), Nova Avanhandava (NA) e llha Solteira (1S).

Continuacao...

Composicdo Floristica
Cyanobacteria
Pseudanabaena sp.2
Pseudolyngbya sp.
Phormidium sp.
Planktothrix isothrix (Skuja) Koméarek & Komarkova
Eucapsis densa M.T.P.Azevedo, Sant'Anna, Senna, Komarek & Komarkova
Woronichinia sp.
Woronichinia delicatula (Skuja) Komarek & Hindak

Cylindrospermopsis raciborskii (Woloszynska) Seenayya & Subba Raju
Dolichospermum circinale (Rabenhorst ex Bornet & Flahault) P.Wacklin, L.Hoffmann &
J.Komarek

Dolichospermum planctonicum (Brunnthaler) Wacklin, L.Hoffmann & Komarek

Raphidiopsis mediterranea Skuja
Cuspidothrix issatschenkoi (Usachev) P.Rajaniemi, Komarek, R.Willame, P. Hrouzek,
K.Kastovska, L.Hoffmann & K.Sivonen

Lyngbya limnetica Lemmermann
Leptolyngbya sp.

Chlorophyceae

Ankistrodesmus arcuatus Korshikov
Ankistrodesmus densus Korshikov
Ankistrodesmus falcatus (Corda) Ralfs
Ankistrodesmus sp

Ankyra sp.

Ankyra ancora (G.M.Smith) Fott

Ankyra judayi (G.M.Smith) Fott

Ankyra ocellata (Korshikov) Fott

Carteria sanpaulensis Skvortzov ex C.E.M.Bicudo
Chlamydomonas planctogloea Skuja
Chlamydomonas sp.1

Chlamydomonas sp.2

Chlamidomonas sp.3

Chlorella minutissima Fott & Novakova
Chlorella vulgaris Beyerinck [Beijerinck]
Chlorella sp. 2

Choricystis sp.

Choricystis minor (Skuja) Fott
Carteriasp. 1

Carteria sp.2

Carteria multifilis (Fresenius) O.Dill
Characium sp.

Coelastrum microporum Né&geli in A.Braun
Coelastrum pseudomicroporum Korshikov

CH NA IS
X
X
X
X

X
X X
X
X
X X
X
X
X
X
X
X
X

X
X
X X

X

X

X
X

X

X X X

X X
X X

X X X

X X X
X
X
X

X

X

X

X
X X
X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatorios Chavantes (CH), Nova Avanhandava (NA) e Ilha Solteira (IS).

Continuacao...

Composicdo Floristica
Chlorophyceae
Coelastrum polychordum (Korshikov) Hindak
Coelastrum reticulatum (P.A.Dangeard) Senn
Coelastrum sp.
Coenochloris planoconvexa Hindak
Coenocystis sp.
Desmodesmus communis (E.Hegewald) E.Hegewald
Desmodesmus sp.1
Desmodesmus sp.2
Eutetramorus tetrasporus Komarek
Eutetramorus globosus Walton
Eutetramorus planctonicus (Korshikov) Bourrelly
Golenkiniopsis longespina (Korshikov) Korshikov
Golenkinia sp.
Golenkinia sp.2
Hariotina reticulata P.A.Dangeard
Kirchneriella microscopica Nygaard
Kirchneriella contorta
Kirchneriella irregularis (G.M.Smith) Korshikov
Kirchneriella roselata Hindak
Kirchneriella sp.1
Kirchneriella sp.2
Monoraphidium arcuatum (Korshikov) Hindak
Monoraphidium circinale (Nygaard) Nygaard
Monoraphidium contortum (Thuret) Komarkova-Legnerova in Fott
Monoraphidium griffithii (Berkeley) Komarkova-Legnerova
Monoraphidium irregulare (G.M.Smith) Komarkova-Legnerova
Monoraphidium minutum (Négeli) Komarkova-Legnerova
Monoraphidium tortile (West & G.S.West) Komarkova-Legnerova
Monoraphidium sp. Komarkova-Legnerova
Monactinus simplex (Meyen) Corda
Oedogonium sp.
Palmococcus sp.1
Palmococcus sp.2
Pediastrum duplex Meyen
Pediastrum tetras (Ehrenberg) Ralfs

Pandorina sp.
Palmococcus subcylindricus (Korshikov) I.Kostikov, T.Darienko, A.Lukesova, &
L.Hoffmann

Radiococcus fottii (F.Hindak) I.Kostikov, T.Darienko, A.Lukesova, & L.Hoffmann
Radiococcus skujae I.Kostikov, T.Darienko, A.Lukesova, & L.Hoffmann
Radiococcus sp.

CH NA IS

X X X X

X X X X X X X X X

X X X X X X X X

X X X X X X X X

X X X X X

X X X X X X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatdrios Chavantes (CH), Nova Avanhandava (NA) e llha Solteira (IS).

Continuacao...

Composicdo Floristica

Chlorophyceae

Radiococcus hindakii (J.Komarek) 1.Kostikov, T.Darienko, A.Lukesova, & L.Hoffmann
Raphidocelis contorta (Schmidle) Marvan, Komarek & Comas

Radiococcus planctonicus J.W.G.Lund
Scenedesmus brevispina (G.M.Smith) Chodat
Schroederia sp.

Schroederia indica Philipose

Schroederia spiralis (Printz) Korshikov
Selenastrum sp.

Scenedesmus acuminatus (Lagerheim) Chodat
Scenedesmus communis Hegewald, E.
Scenedesmus denticulatus Lagerheim
Scenedesmus linearis Komarek

Scenedesmus quadricauda Chodat
Scenedesmus sp.

Tetraédron minimum (A.Braun) Hansgirg
Quadrigula sp.

Trebouxiophyceae

Actinastrum aciculare Playfair

Actinastrum hantzschii var. subtile Woloszynska
Actinastrum cf. hantzschii Lagerheim
Actinastrum sp.1

Actinastrum sp.2

Botryococcus braunii Kiitzing

Botryococcus protuberans West & G.S.West
Crucigenia quadrata Morren

Crucigeniella sp.

Dictyosphaerium pulchellum H.C.Wood
Dictyosphaerium sphagnale Hindak
Dictyosphaerium elegans Bachmann
Dictyosphaerium sp.

Franceia mindscula Hindak

Micractinium sp.

Oocystis lacustris Chodat

Oocystis parva West & G.S.West

Oocystis sp.1

Oocystis sp.2

Tetrachlorella alternans (G.M.Smith) Korshikov
Cryptophyceae

Chroomonas acuta Utermohl

Cryptochrysis pochmanni Huber- Pestalozzi

CH NA IS

X
X
X X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X X
X
X
X
X
X
X
X
X
X
X
X
X
X X
X
X
X
X
X
X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatorios Chavantes (CH), Nova Avanhandava (NA) e Ilha Solteira (IS).

Continuacao...

Composicdo Floristica

Cryptophyceae
Cryptomonas acuta Butcher

Cryptomonas brasiliensis A.Castro, C.Bicudo & D.Bicudo

Cryptomonas curvata Ehrenberg
Cryptomonas erosa Ehrenberg

Cryptomonas marssonii Skuja

Cryptomonas oblonga Playfair

Cryptomonas obovata Czosnowski
Cryptomonas pyrenoidiphera Geitler
Cryptomonas tetrapyrenoidosa Skuja
Cryptomonas tenuis Pascher

Hemiselmis simplex Butcher

Rhodomonas lacustris Pascher & Ruttner in Pascher
Euglenophyceae

Phacus sp.

Trachelomonas hispida (Perty) F.Stein
Trachelomonas intermedia Dangeard
Trachelomonas kellogii Skvortsov
Trachelomonas oblonga Lemmermann
Trachelomonas verrucosa Stokes
Trachelomonas volvocina (Ehrenberg) Ehrenberg
Trachelomonas volvocinopsis Svirenko
Trachelomonas sp.1

Trachelomonas sp.2

Trachelomonas sp.3

Dinophyceae

Ceratium furca (Ehrenberg) Claparéde & Lachmann
Ceratium furcoides (Levander) Langhans
Ceratium sp.

Gimnodinium sp.

Peridinium gatunense Nygaard

Peridinium sp.

Bacillariophyceae

Achnantidium sp.

Aulacoseira ambigua (Grunow) Simonsen
Aulacoseira granulata (Ehrenberg) Simonsen
Cyclotella meneghiniana Kiitzing

Cymbella sp.

Cocconeis placentula Ehrenberg

Discostella stelligera (Cleve & Grunow) Houk & Klee

Fragilaria nanana Lange-Bertalot

CH NA IS
X X X
X X X
X X X
X
X X X
X
X X
X X X
X X X
X X
X X
X X X
X
X
X
X
X
X
X
X
X X
X
X
X
X
X
X
X
X X X
X
X X
X
X X X
X
X X
X X X
X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatorios Chavantes (CH), Nova Avanhandava (NA) e Ilha Solteira (1S).

Continuacao...

Composicao Floristica
Bacillariophyceae

Fragilaria ulna (Nitzsch) Lange-Bertalot
Fragilaria sp.1

Fragilaria sp.2

Fragilaria sp.3

Gomphonema sp.

Navicula sp.

Nitzschia palea (Kitzing) W.Smith
Nitzschia sp.

Pinullaria sp.

Rhizosolenia longiseta O.Zacharias
Surirella sp.

Stauroneis sp.

Synedra rumpens Kiitzing

Ulnaria ulna (Nitzsch) Compére
Urosolenia sp.

Zygnemophyceae

Closteriopsis acicularis (Chodat) J.H.Belcher & Swale
Closterium sp.

Micrasterias truncata Brébisson ex Ralfs
Staurastrum leptocladum Nordstedt
Staurastrum paradoxum Meyen ex Ralfs
Staurastrum tetracerum Ralfs ex Ralfs
Staurastrum sp.

Chrysophyceae

Dinobryon bavaricum Imhof

Dinobryon sertularia Ehrenberg
Dinobryon sp.

Synurophyceae

Mallomonas caudata Iwanoff [Ivanov]
Mallomonas punctifera Korshikov
Mallomonas sp.1

Mallomonas sp.2

Isochrysidaceae

Chrysidalis peritaphrena J. Schiller
Klebsormidiophyceae

Elakatothrix linearis Pascher
Elakatothrix gelatinosa Wille
Choanoflagellatea

Monosiga varians Skuja

Salpingoeca brevicollis D.de C.E.M.Bicudo & C.E.M.Bicudo

CH NA IS
X
X X X
X X
X
X
X
X
X
X
X X
X
X
X
X
X X
X X
X X X
X
X X
X
X
X
X X
X
X
X X
X
X X
X X
X X
X
X
X
X
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Tabela 2: Lista dos taxons registrados durante o periodo de estudo e suas respectivas classes
taxondmicas nos reservatorios Chavantes (CH), Nova Avanhandava (NA) e Ilha Solteira (IS).
Continuacao...

Composicao Floristica CH NA IS
Choanoflagellatea

Salpingoeca gracilis H.J.Clark X
Salpingoeca sp. X
Xanthophyceae

Centritractus sp. X

Os grupos mais representativos em relacéo a riqueza foram Chlorophyceae (33% do total de
taxons identificados), seguido por Cyanobacteria e Bacillariophyta que contribuiram,
respectivamente, com 27% e 10% (Tabela 3).

Considerando a densidade total fitoplanctdnica, o maior valor registrado foi 8.507 org mL™*
no reservatério de Nova Avanhandava (P4/F2) (Figura 11B) durante a amostragem de outubro de
2016.

Tanto em Chavantes como em llha Solteira (Figura 11A e 11C), Cryptophyceae apresentou
maior contribuicdo em densidade representada principalmente por Rhodomonas lacustres enquanto
que, em Nova Avanhandava (Figura 11B), Cyanobacteria foi 0 grupo que mais contribuiu para a
densidade total representado principalmente pelas espécies Limnococcus limneticus, Pseudanabaena

mucicola, Synechococcus nidulans e Cylindrospermopsis raciborskii.

Tabela 3: Grupos do fitoplancton registradas nos reservatorios Chavantes, Nova Avanhandava e Ilha
Solteira ao longo dos dois anos consecutivos de estudo (2015 e 2016), com seus respectivos nimeros
de taxons, porcentagem de contribuicao.

Grupos N° %
Chlorophyceae 80 33
Cyanobacteria 64 27
Bacillariophyta 23 10
Trebouxiophyceae 20 8
Cryptophyceae 14 6
Euglenophyceae 11 5
Zygnemaphyceae 7 3
Dinophyceae 6 2
Choanoflagellatea 4 2
Synurophyceae 4 2
Chrysophyceae 3 1
Klebsormidiophyceae 2 1
Isochrysidaceae 1 0
Xanthophyceae 1 0

Total 240 100
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Figura 11: Contribuicéo das classes fitoplanctonicas para a densidade (org mL™) dos reservatdrios estudados Chavantes (A), Nova Avanhandava e llha Solteira) nos
meses de margo e outubro de 2015 e marco e outubro de 2016.
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Com relagéo ao biovolume fitoplanctonico, Cyanobacteria foi 0 grupo que apresentou a maior
contribuicdo para os trés reservatérios (Figura 12).

Em Chavantes, Microcystis aeruginosa, Radiococcus planktonicus, Botryococcus
protuberans, Cryptomonas brasiliensis, Cryptomonas curvata e Rhodomonas lacustres foram 0s
taxons que contribuiram com o maior valor de biovolume (7,86 mm? L™) registrado na E1/F2 em
outubro de 2015. Em Nova Avanhandava, o maior valor registrado foi 7,85 mm?® L™ na E3/M em
outubro de 2016 com a contribuicdo de M. aeruginosa, M. brasiliensis, Sphaerospermopsis
aphanizomenoides, Dolichospermum planctonicum, Chlamydomonas sp.1, B. protuberans,
Trachelomonas intermedia, C. brasiliensis, Hemiselmis simplex, R. lacustres, Cyclotella
meneghiniana, Discostella stelligera, Fragillaria sp.2, Navicula sp. e Urusolenia sp. Ja em llha
Solteira os taxons que contribuiram com o maior biovolume (5,79 mm3 L™) registrado S5/F em
outubro de 2016 foram D. circinalis, Chroomonas acuta, C. brasiliensis, C. curvata, H. simplex, R.
lacustres, Urusolenia sp. e Staurastrum leptocladum.

Os indices biologicos de Diversidade (H’), e Riqueza estdo apresentados na Figura 13. A
riqueza especifica foi maior nos reservatorios Nova Avanhandava e Ilha Solteira. Em Chavantes foi
registrada baixa diversidade (1 — 2 bits.ind?). A diversidade em Nova Avanhandava variou entre 0,3
e 3,6 bits.ind, e em Ilha Solteira foi estimada a maior diversidade dentre os trés reservatdrios, com

valor méaximo de 3,8 bits.ind ™.
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Figura 12: Contribuicio em biovolume (mm?® L™*) dos grupos fitoplanctonicos nos reservatérios estudados (A: Chavantes, B: Nova Avanhandava e C: llha Solteira)
nos meses de margo e outubro de 2015 e marco e outubro de 2016.
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Figura 13: Valores de Riqueza (n) ¢ Diversidade (H”) entre as estages de amostragens (M: montante, F: fazenda e J: jusante) nos trés reservatorios estudados
(Chavantes, Nova Avanhandava e Ilha Solteira) durante os meses de marco e outubro de 2015 e marc¢o e outubro de 2016.
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Em Chavantes, 19 tdxons foram abundantes e Microcystis aeruginosa foi dominante. Em
Nova Avanhandava 41 taxons foram abundantes e em Ilha Solteira foram 19. Nenhuma espécie foi
dominante nestes reservatorios.

As espécies Cryptomonas brasiliensis e Rhodomonas lacustres foram abundantes em mais de
90% das amostras de cada reservatorio.

As espécies descritoras (tabela 4) da comunidade fitoplancténica selecionadas com base no
biovolume somaram: 97 % (5 taxons) em Chavantes, 87 % (22 tdxons) em Nova Avanhandava e 89
% (11 taxons) em llha Solteira.

Tabela 4: Espécies descritoras da comunidade fitoplanctonica, a partir do biovolume (mm3.mL™),
para cada reservatério estudado (Chavantes, Nova Avanhandava e Ilha Solteira) com suas respectivas
porcentagens de contribuigéo (%). Continua...

Chavantes

Espécies Descritoras %
Microcystis aeruginosa 73
Botryococcus protuberans 1
Cryptomonas brasiliensis 6
Cryptomonas curvata 7
Rhodomonas lacustris 10

Total | 97

Nova Avanhandava

Espécies Descritoras %
Limnococcus limneticus 3
Coelosphaerium evidenter marginatum | 4
Microcystis aeruginosa 5
Microcystis brasiliensis 10
Cylindrospermopsis raciborskii 10
Sphaerospermopsis afanizomenoides 17
Dolichospermum planctonicum 2
Raphidiopsis mediterranea 3
Geitlerinema amphibium 2
Hariotina reticulata 2
Botryococcus braunii 1
Botryococcus protuberans 2
Cryptomonas brasiliensis 4
Cryptomonas curvata 3
Cryptomonas tetrapyrenoidosa 1
Rhodomonas lacustris 7
Ceratium furcoides 1
Aulacoseira granulata 1
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Tabela 4: Espécies descritoras da comunidade fitoplanctonica, a partir do biovolume (mm3.mL?),
para cada reservatorio estudado (Chavantes, Nova Avanhandava e Ilha Solteira) com suas respectivas
porcentagens de contribuigéo (%). Continuacao.

Nova Avanhandava

Espécies Descritoras %
Cyclotella meneghiniana 1
Fragillaria nanana 6
Ulnaria ulna 1
Staurastrum leptocladum 1

Total | 87

Ilha Solteira

Espécies Descritoras %
Aphanocapsa delicatissima 2
Limnococcus limneticus 7
Microcystis aeruginosa 4
Microcystis protocystis 1
Microcystis brasiliensis 5
Dolichospermum circinale 35
Chlamydomonas sp. 1 2
Hariotina reticulata 18
Cryptomonas brasiliensis 6
Rhodomonas lacustris 9
Cyclotella meneghiniana 1

Total | 89

Estas espécies descritoras foram classificadas com base nos Grupos Funcionais Baseados em

Morfologia - GFBM (Morphological-based Funcional Groups - MBFG) de acordo com Kruk et al.

2010 (Tabela 5).

De modo geral, as espécies descritoras foram distribuidas em cinco (111, IV, V, VI e VII) dos

sete grupos funcionais baseados em morfologia, ndo havendo desta forma representante para o grupo

lell.
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Tabela 5: Distribuicdo das somas dos biovolumes (mm?® mL™) das espécies correspondentes aos Grupo Funcionais Baseados na Morfologia (GFBM) (lll, 1V, V, VI
e VII) para cada reservatorio (CH: Chavantes, NA: Nova Avanhandava e IS: Ilha Solteira) no periodo de estudo (M15: marco de 2015, O15: outubro de 2015, M16:

marco de 2016 e O16: outubro de 2016).

Descritora G.F.B.M. CH NA IS

M15 O15 Mi16 O16 M15 015 Mi16 O16 M15 015 Mi6 O16
Cylindrospermopsis raciborskii 043 254 094 1,78
Sphaerospermopsis afanizomenoides 0,86 2,16 7,15
Dolichospermum circinale I 5,37 4,07
Dolichospermum planctonicum 0,03 0,11 1,10
Raphidiopsis mediterranea 0,11 0,69 0,99
Geitlerinema amphibium 0,056 1,01
Hariotina reticulata \Y] 0,14 0,90 0,07 4,82
Staurastrum leptocladum 0,62
Cryptomonas brasiliensis 0,25 039 034 047 036 036 036 145 021 0,09 040 0,94
Cryptomonas curvata 0,15 055 0,19 0,74 0,92 0,54
Cryptomonas tetrapyrenoidosa A% 0,48 0,06 0,14
Rhodomonas lacustris 051 0,71 031 080 055 068 0,75 238 039 034 033 148
Chlamydomonas sp. 1 0,01 0,03 0,01 0,36
Ceratium furcoides 0,83
Aulacoseira granulata 0,38 0,18 0,09
Cyclotella meneghiniana Vi 0,02 0,04 0,34 0,20 0,02 0,05 0,23 0,02
Fragillaria nanana 3,60
Ulnaria ulna 0,81
Aphanocapsa delicatissima 0,38 0,01 0,02
Limnococcus limneticus 1,69 0,10 0,20 0,02 120 0,30 0,01 0,29
Coelosphaerium evidentermarginatum VI 0,10 1,79 0,26
Microcystis aeruginosa 0,06 139 311 1,11 0,06 1,49 0,46 0,49
Microcystis protocystis 0,15 0,03 0,20
Microcystis brasiliensis 1,28 224 152 1,17 0,88 0,10 0,39
Botryococcus braunii 0,08 0,11 0,48
Botryococcus protuberans 0,22 1,22
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As cinco espécies descritoras de Chavantes foram classificadas apenas em dois grupos: V e
VII. Enquanto que Nova Avanhandava e Ilha Solteira tiveram espécies descritoras classificadas em
cinco grupos: 1, IV, V, Vi e VII.

A CCA (figura 14) foi realizada com sete variaveis abioticas e cinco grupos funcionais
baseados na morfologia. Os autovalores (tabela 6) para o eixo 1 (0.15) e eixo 2 (0.13) explicaram
21,5 % de variabilidade total dos dados. A correlacdo espécie-ambiente para o eixo 1 (0.67) e para o
eixo 2 (0.71), indicaram relacdo significativa entre as variaveis ambientais e 0s cinco grupos GFBM.

O teste de randomizacéo de Monte Carlo mostrou que os dois primeiros eixos foram significativos (p
=0.003).
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Figura 14: Anélise de Correspondéncia Canénica (ACC) da relacdo entre os Grupos Funcionais Baseados na
Morfologia (GFBM) e a variaveis ambientais nos pontos amostrais dos reservatérios avaliados. As variaveis
limnoldgicas sdo descritas pelos vetores, os GFBM pelos circulos pretos e 0s pontos amostrais sdo dados em
cédigo alfanumérico (M: montante, F: fazenda, F1: fazenda 1, F2: fazenda 2, J: jusante) seguidos de simbolos
representando os periodos amostrais (marco e outubro de 2015= losango, margo e outubro de 2016: circulo) e
cores representando as estagcdes amostrais (Chavantes: verde, Nova Avanhandava: vermelho e llha Solteira:

azul). Varidveis ambientais: condutividade (Cond), nitrogénio total (NT), aménia (NH4.N) e fosfato (PO4.P).
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Tabela 6: Sintese dos resultados para os trés primeiros eixos da Anélise de Correspondéncia Candnica
(ACC) realizada a partir de quatro variaveis ambientais e cinco Grupos Funcionais Baseados na
Morfologia (GFBM) considerando os reservatorios Chavantes, Nova Avanhandava e llha Solteira.

AbreviacOes: SP: espécie, A: ambiente.

Eixos ACC 1 2 3
Autovalores 0,145 0,125 0,043
Correlagéo de Pearson SP-A 0,674 0,709 0,326
% variabilidade 11,5 9,9 3,4

Discusséo

Os reservatérios apresentaram a mesma classificacao tréfica, porém diferiram fortemente,
tanto na composi¢do taxondmica, na qual Nova Avanhandava registrou maior riqueza de taxons,
quanto nos Grupos Funcionais Baseados na Morforlogia (GFBM). Observacdo semelhante foi feita
por Naselli-Flores (2000) que registrou diferenga significativa na comunidade fitoplanctonica de
lagos mesotroficos da Italia.

Fisicamente, 0s reservatdrios estudados sdo bem divergentes, estdo localizados em diferentes
bacias hidrogréaficas e com distintos tempos de residéncia e profundidade. Estas diferencas aliadas a
atividade de cultivo podem gerar impactos de diferentes intensidades (Guo & Li 2003, Beveridge
2004, Devi et al. 2017) para cada reservatorio. Além disso, houve em 2014 um importante evento
climatico caracterizado por um longo periodo de estiagem no Estados de Sdo Paulo (CETESB 2015)
que resultou na diminuicdo consideravel dos niveis de dgua dos trés reservatorios em 2015 (CETESB
2016) e que possivelmente pode ter influenciado na concentracdo de nutrientes e consequentemente
na composicdo e estrutura da comunidade fitoplanctonica dos trés reservatorios durante as
amostragens de 2015.

Apesar disso, a analise de componentes principais evidenciou distinges dentre os pontos
amostrados (montante, fazenda e jusante) com as areas de fazenda e jusante ligadas as maiores
concentracdes de nutrientes sugerindo a influéncia dos tanques-rede no aporte de nutrientes para o
ambiente. Estudos semelhantes que corroboram os resultados obtido quanto as mudancas nas
concentracdes de variaveis fisicas e quimicas proximo aos tanques-rede, vem sendo realizados em
diferentes paises (Guo & Li 2003, Bristow et al. 2008, Guo et al. 2009, Degefu et al. 2011, Syandri
et al. 2020) assim como no Brasil, tanto nos reservatérios alvo deste estudo (Alves & Baccarin 2005,
Ayrozaet al. 2013, Mallasen et al. 2012, Rosini et al. 2019) como em outros reservatorios com cultivo

de peixes em tanques-rede (Bueno et al. 2008, Borges et al. 2010, Crispim et al. 2013).
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No presente estudo as diferentes condigdes fisicas e quimicas dos reservatorios refletiram na
distribuicéo espacial e temporal dos organismos fitoplanctonicos e seus biovolumes, representados
pelos cinco GFBM (l11, 1V, V, VI e VII) identificados durante o periodo.

As espécies do grupo IlI, tais como Cylindrospermopsis raciborskii, Sphaerospermopsis
afanizomenoides e Dolichospermum planctonicum, possuem baixa taxa de herbivoria e afundamento
que aliado a sua alta S/V e formacdo de células especializada de resisténcia e fixacdo de nitrogénio,
as tornam excelentes competidoras apresentando rapida resposta ao estresse em ambientes com baixa
disponibilidade de luz e nutrientes. Alguns trabalhos recentes tém reportado o sucesso adaptativo e a
dominancia deste grupo em ambientes com diferentes graus de trofia (Camara et al. 2015, Bortolini
et al. 2016, Amorim et al. 2019, Zabala Agudelo et al. 2019). Os maiores biovolumes de espécies
deste grupo em Nova Avanhandava e Ilha Solteira, podem ser explicadas pela menor concentragao
de nitrogénio amoniacal neste periodo e corroboradas por Blomqvist et al. (1994) que destacam a
importancia das baixas concentragdes deste nutriente para a dominancia de cianobactérias
filamentosas em detrimento a outras espécies ndo fixadoras de nitrogénio.

O aumento das precipitacdes e consequentemente do nivel de dgua em 2016 (CETESB 2015
e 2016) estabeleceu novas condicGes ambientais nos reservatorios e nesse periodo os grupos IV e
especialmente V, que foi abundante, foram favorecidos. Isto ocorreu por conta do aumento da
transparéncia, assim como da diluicdo promovida nas concentracfes de nutrientes por conta do
aumento do nivel da agua, uma vez que estas condi¢es favorecem o desenvolvimento de espécies
destes grupos (Reynolds et al. 2002, Kruk et al. 2010, Kruk & Segura 2012, lzaguirre et al. 2012).
As espécies ligadas ao grupo 1V nao apresentam especializagdes tais como as do grupo V que dispdem
de flagelos, porém ambos (GFBM 1V e V) sdo beneficiados por suas baixas taxas de afundamento
como evidenciado por Mufioz-Lopez et al. (2017) que apresentaram constante presenca do GFBM
IV durante seus estudos no Lago Tota na Colémbia. Neste estudo, o GFBM V foi abundante com
destaque para as Cryptophyceae Cryptomonas brasiliensis, C. curvata e Rhodomonas lacustres,
espécies oportunistas que se favorecem do aumento da transparéncia e diminuicdo no teor de
nutrientes. Além delas, 0o GFBM V foi representado pelo dinoflagelado Ceratium furcoides, espécie
considerada invasora e que teve primeiro registro no reservatorio Nova Avanhandava.

O grupo VI composto exclusivamente por diatomaceas foram pouco representativos e
registrados apenas em Nova Avanhandava e Ilha Solteira. Por conta da sua alta taxa de afundamento
em razdo das suas estruturas silicosas e auséncia de estruturas de locomocéo (Kruk et al. 2010) estes
organismos necessitam de circulagdo da agua para manterem-se na coluna d’agua. Este fato explica
a sua auséncia do grupo em Chavantes, reservatério profundo e sem circulagdo completa da coluna
d’agua impedindo assim a ressuspensdo de espécies presentes no sedimento. Geralmente sdo

registrados em lagos turvos e rasos (Izaguirre et al. 2012, Bortolini et al. 2016, Zabala Agudelo et al.
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2019) e associados a altas concentragdes de nitrato (Mihaljevi¢ et al., 2015) caracteristicas
semelhantes a registrada nos reservatérios no periodo amostrado.

A abundancia de espécies do grupo VII nos reservatorios tropicais esta geralmente ligada ao
enriquecimento do ambiente (Reynolds et al. 2002, Kruk et al. 2010, Paerl & Otten 2013). Este grupo
é formado por espécies de grandes dimensGes, baixa S/V, presenca de mucilagem, lipidios e
aerdtopos, caracteristicas que auxiliam na flutuagdo e reduzem as perdas por pastejo. No presente
estudo, o grupo foi representado por Aphanocapsa delicatissima, Limnococcus limneticus,
Coelosphaerium evidentermarginatum, Microcystis aeruginosa, M. protocystis, M. brasiliensis,
Botryoccoccus braunii e B. protuberans. Este grupo apresenta bom desenvolvimento em ambientes
enriquecidos (Paerl & Otten 2013, Bortolini et al. 2016, Mufioz-Lopes et al. 2016, Oliveira 2019),
mas devido as suas caracteristicas, previamente descritas, apresentam eficiéncia pela busca de
recursos em outras condigdes ambientais (Kruk & Segura 2012, Zabala Agudelo et al. 2019).

Pela ACC foi evidenciada a forte relagdo entre o grupo VII e as concentracfes de amdnia,
nitrogénio total e fosfato registrados especialmente em areas de fazenda de Chavantes e Ilha Solteira
em 2015. Oliveira (2019) registrou resultado semelhante, apesar da diferente abordagem funcional,
no reservatorio Barra Bonita onde a espécie M. aeruginosa foi dominante assim como no reservatorio
Chavantes durante o presente estudo. O grupo VII também esteve presente, em baixos biovolumes,
em pontos amostrais com baixas concentracdes de nutrientes corroborando a sua ocorréncia em
diferentes ambientes.

Os GFBM estdo intimamente ligados as variacdes do ambiente como disponibilidade de luz,
nutrientes e estratificacdo, que refletem suas tolerancias e vulnerabilidades garantindo que apenas
alguns grupos se estabelecam em determinadas condigdes ambientais (Kruk & Segura 2012). Com
isso, concluimos que a utilizacdo dos GFBM mostrou-se uma ferramenta Util para monitorar as
variacOes nas condi¢des fisicas e de nutrientes de Chavantes, Nova Avanhandava e llha Solteira que
foram direta e indiretamente influenciados pelas variagdes no volume de agua e refletidos nas

associacgdes estabelecidas por cada GFBM.
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Abstract - The cultivation of species, such as Nile tilapia (Oreochromis niloticus Linnaeus, 1758),
in net cages, has given international prominence to Brazilian aquaculture. The development of this
type of productive activity requires adequate management practices to avoid deterioration of water
quality by artificial eutrophication and the release of toxins from toxic cyanobacterial communities.
We studied the richness and density of algae and cyanobacteria and quantified the concentration of
microcystins (LR, YR and RR) and the results related to some parameters that reflect water quality
in the lacustrine compartments in three reservoirs in the State of Sdo Paulo, Brazil: Chavantes, Ilha
Solteira and Nova Avanhandava, where there are six farms set up. Samples were collected during
four periods in the fish farms of the three reservoirs. Cyanobacteria were the most abundant group.
Eight microcystins producing species were present in the sampled fish farms. For limnological

analyzes, only the concentrations of total phosphorus and total nitrogen were above the reference
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values recommended by Resolution CONAMA 357/2005. The results showed that the highest values
of Cyanobacteria density for most of the studied aquaculture areas, mainly in the Nova Avanhandava
reservoir, are related to the greater availability of nutrients. As for microcystin, LR was the most
common and YR was the least found. In the fish farms of the Chavantes and Ilha Solteira reservoirs,
microcystins concentrations were low in all collections. While in the Nova Avanhandava reservoir
the microcystins contents were higher, reaching critical values (above 1.60 ug L™?) that could lead to
the intoxication of the cultured fish and compromise fish quality. The occurrence of significant
densities of cyanobacteria in the phytoplankton community, especially the potentially toxic ones, may
be an indication that there is a need for specific care for each environment regarding the production

process to minimize the nutrient supply in the aquaculture areas.

Keywords: Phophorus / eutrophication / Cyanophyceae / cyanotoxins / net cages

1. INTRODUCTION

The first large Brazilian reservoirs were built with the main purpose of generating energy, but
today they aim to meet the multiplicity of uses of surface waters. Among these uses, aquaculture is
highlighted as an economic practice of higher growth in recent years through the cultivation of fish
in net cages started in the mid-1980s and consolidated in the state of Sdo Paulo at the end of the 1990s
with the production of Nile tilapia (Oreochromis niloticus Linnaeus, 1758) (Ayrosa et al. 2008). The
cultivation of Nile tilapia in net cages has given international prominence to the aquaculture of Brazil,
that occupies the 13th position (FAO 2018).

Fish farming can alter the concentrations of phosphorus and nitrogen in the environment and
the marked increase of the concentrations of these nutrients can trigger an artificial eutrophication
process, contributing to the occurrence of potentially toxic cyanobacteria blooms that can make water

from the reservoir unviable for aquaculture production and human consumption (Jieng et al. 2013).
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Phytoplankton is one of the main instruments used in the monitoring of water quality in
reservoirs, presenting a rapid response in its variation against anthropogenic interferences (Crossetti
and Bicudo 2005). Cyanobacteria have been the subject of studies and interest not only in the
cosmopolitan distribution of various species (Komarek 2003) and high number of toxic species (Dow
and Swoboda 2000, Sant’Anna et al. 2008, Jakubowska and Szelag-Wasielewska 2015), but mainly
by the massive growth of populations in eutrophic environments, which represents one of the main
problems of water quality in the world (Falconer 2005; Rigosi et al. 2014).

The aquaculture enterprise may be unviable due to the poor quality of water for cultivation
and the occurrence of compounds related to eutrophication that can generate off-flavor to fish meat
(Boyd 1998; Carmichael and Boyer 2016). There are insufficient studies that evaluate the relationship
between water quality and fish culture in Brazilian net cages. Moreover, when it comes to the
occurrence of cyanobacteria blooms and toxin production. (Defegu et al. 2011; Sartori and Amancio
2012).

In Brazil, the species Microcystis aeruginosa is the main toxic blooms formant in reservoirs
(Sant’Anna et al. 2008). This species produces microcystin a hepatotoxin very frequent in bloom and
of high toxicity known in the country due to fatal poisoning occurred in Caruaru (Jochimsen et al.
1998; Azevedo et al. 2002). The occurrence of toxic blooms in freshwater bodies threatens the quality
and potability of water (Codd 2005; Falconer and Humpage 2005) and promotes increased treatment
costs and economic losses in aquaculture environments mainly due to hypoxia (Rodgers 2008).

Therefore, the supervision of physical and chemical variables of water, together with an
evaluation of the biological components of the aquatic ecosystem, especially as algae and
cyanobacteria, and cyanotoxins are an important tool to preserve the water quality. The development
of this type of productive activity requires adequate management practices that aim to minimize the
effects caused by the activity and thus avoid alteration of quality by artificial eutrophication and

release of toxins by cyanobacteria.
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Thus, we had the objective of evaluating the water quality of fish farms in net cages with
respect to the presence and abundance of cyanobacteria, as well as the presence and concentration of
microcystins in tilapia breeding sites located in the reservoirs of Chavantes, Ilha Solteira, and Nova

Avanhandava.

2 MATERIALS AND METHODS
2.1 Study area and samplings

Samplings were carried out in March and October of 2015 and in March and October of 2016
in three tilapia farms (O. niloticus) in the State of Sdo Paulo (Figure 1): Chavantes Reservoir (23°
07'42"S and 49° 43'59" W), located between the counties of Chavantes (SP) and Ribeirdo Claro (PR),
Paranapanema River, Alto Paranapanema Hydrographic Basin, with a sampling (fish farm 1, P1);
Nova Avanhandava Reservoir (21° 07'01 S and 50° 12'06™ W), located in the counties of Buritama,
Parana River, Baixo Tieté Basin, with three sampling stations (fish farm 2, 3 and 4 - P2, P3 and P4,
respectively); and llha Solteira Reservoir (20° 23'00 "S and 51° 22'00" W), located between the
counties of Ilha Solteira (SP) and Selviria (MS), Sdo José dos Dourados River Basin, with two

sampling stations (P5 and P6).
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Fig. 1. Location of the studied reservoirs in the state of Sdo Paulo: Chavantes (CH), Nova
Avanhandava (NA) and Ilha Solteira (1S) and their respective sampling stations, corresponding to the

six fish farms (P1 to P6).

In each fish farm, the samples were obtained in three points: upstream from the fish farm,
inside the fish farm and downstream from the fish farm. The fish farm 3 (P3) is located upstream of
fish farm 4 (P4) in Nova Avanhandava and, consequently, only an upstream and downstream were
sampled for the two fish farms.

The water samples for environmental analysis, microcystins and quantitative assessment of
the phytoplankton, specifically cyanobacteria, were collected at 1 meter deep with VVan Dorn type
sampler. For the environmental variables and detection of microcystins, triplicates (n = 204) were
performed and the values were presented as means among the fish farms in order to characterize the

water in the sampling stations.
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2.2 Physical, chemical analyses of water
The variables studied were: total phosphorus (TP) (ug L) and total nitrogen (TN) (ug L?)
(Valderrama 1981), orthophosphate (ug L™) (Strickland and Parsons 1960), ammonia (ug L) (APHA
et al. 2005), nitrite (ug L) and nitrate (ng L) (Giné et al. 1980). Phytoplankton biomass was
estimated by the concentration of chlorophyll a (ug L™), by the pigment extraction technique
described in Nush (1980).
With multiparametric probe (EXO YSI) were obtained in situ dissolved oxygen (mg L™?), pH,
water temperature (°C), electrical conductivity (uS cm™) and total dissolved solids (mg L™). The
water transparency (m) was estimated by the disappearance of the Secchi disk. For each reservoir,

the Trophic State Index was estimated, according to Lamparelli (2004).

2.3 Phytoplankton analyses

The samples for the taxonomic analysis were collected through horizontal and vertical
trawling with plankton net (20 um) and fixed with formalin (final concentration 4%). The
identification of microalgae and cyanobacteria were performed using an optical microscope (Zeiss
Axioplan 2) using specific bibliographies for cyanobacteria: Komarek and Anagnostidis 1999, 2005;
Komarek et al. 2002; Komarek 2013).

For quantitative analysis, the samples were fixed in acetic Lugol solution (1%). The
quantitative analysis was performed according to Utermohl (1958), in inverted microscope Zeiss
Axiovert 25, under x 400 magnification. Sedimentation time of the samples was three hours for each
centimeter of the height of the chamber, according to the criterion proposed by Lund et al. (1958).
The sedimentation chamber used was a 10 mL one. Counting was carried out by means of horizontal
and vertical transects and the minimum number of counted fields per sedimentation chamber followed
the stabilization curve of the number of species, which was obtained based on new species added to
each counted field. The results were expressed as density (org.mL™). Species richness was considered

the total number of taxa found per sample.
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2.4 Analysis of microcystin concentration and composition in biomass by HPLC-DAD

For each sample, one liter of water was filtered on individual Whatman GF/C filters
(Whatman™, Maidstone, England). Each filter was frozen and thawed three times and extracted in
2.0 mL 75 % Methanol (MeOH). The extracts were incubated in an ultrasonic bath for 15 min,
sonicated for 2 min and centrifuged at 10,000 x g for 10 min. Subsequently, the supernatant (1 mL)
was evaporated at 50 °C, dissolved in 0.3 mL 75 % MeOH. Before the HPLC analysis, the samples
were re-filtered through 0.2 pum Teflon syringe filters into HPLC vials with inserts (Meriluoto and
Codd; 2005).

The HPLC consisted of a Shimadzu (Japan) Nexera-XR system equipped with a diode-array
detector (DAD), and a column (Shimadzu, 5 um, C18, 250*4.6 mm) with a pre-column. The mobile
phases were 0.05 % aqueous TFA (solvent A) and 0.05 % TFA in acetonitrile (solvent B). The
gradient program was: 0 min: 30 % B, 10 min: 35 % B, 40 min: 70 % B, 42 min: 100% B, 46 min:
30 % B, 60 min: stop, with a flow rate of 0.75 mL min™*, and an injection volume of 10 pL per sample.
The HPLC was calibrated with microcystin standards (DHI Lab Products, Hgrsholm, Denmark), and
toxins were quantified at 238 nm peak. Microcystins were detected by their retention times and
absorption spectra by diode array detection operated between 200-300 nm. The detection limit of the

analysis was approximately 1 ng of microcystin per injection.

2.5 Data analysis

Descriptive statistics were performed: mean and standard deviation of limnological variables.
The results were analyzed through multivariate statistical analyzes by PC-ORD version 6.0 for
Windows. The correlations of the biotic and abiotic data to determine the environmental variability
in relation to the sampled periods (temporal) and to the different sampling stations (spatial) were
established through Principal Component Analysis (PCA) from a covariance matrix. Abiotic

variables, with the exception of pH, were transformed by "log x +1".
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The values of the limnological variables obtained were compared with the reference values
established in CONAMA Resolution No. 357/2005, which establishes the classification of water

bodies and environmental guidelines for their classification.

3. RESULTS

3.1 Water chemical and physical responses

The reservoirs Nova Avanhandava and Ilha Solteira e Chavantes were classified, as trophic
degree, as mesotrophic.

The results obtained from DO, pH, and TDS (Table 1) are within the limits established by
CONAMA Resolution 357/2005 and current legislation in Brazil for Special Sweet Waters that are
destined to aquaculture supply and practice. The water temperature (Table 1) was higher in March

than in October. The conductivity values were higher in Nova Avanhandava (Table 1).
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Table 1. Morphometric characteristics and surface area values, maximum depth and residence time
for each reservoir and averages and standard deviation of the physical and chemical variables studied
for the three reservoirs during the study period (March and October 2015 and March and October
2016). *Adapted from CETESB (2017) and Neto et al. (2015).

Nova

Characteristics Chavantes Ilha Solteira
Avanhandava
Surface area (Km?)” 428 210 1195
Maximum depth (m)” 89 30 24
Residence time (days)” 352 46 47
M 15 8,8+0,24 5,3+0,98 6,4+1,39
Dissolved oxygen (mg L) 015 10,1+0,37 10,9+1,22 7,9+1,16
M 16 8,5+0,32 7,141,01 6,9+1,02
O 16 8,8+0,41 6,5+0,53 5,3+2,63
M 15 27,0+£0,06 28,6+0,27 29,3+0,14
o 015 23,8+0,12 26,1+0,26 27,2+0,13
Water temperature (°C) —\\96 264010 2874039  29,8+022
O 16 20,6+0,12 23,5+0,67 20,2+9,93
M 15 7,5+0,13 7,8+0,42 7,3+0,32
oH 015 7,6+0,12 9,1+0,22 7,310,26
M 16 6,8+0,11 7,7+0,26 6,98+0,23
O 16 7,0+0,25 7,8+0,58 6,2+3,05
M 15 64,5+0,09 236,2+13,97 93,1+17,90
Conductivity (uS cm) 015 57,1+0,11 231,2+7,43 74,619,11
M 16 56,5+0,17 198,8+12,48 70,9+2,73
O 16 53,241,72 147,0+5,72 87,8+77,52
M 15 42,010 153,7+9,08 60,5+11,91
Total dissolved solids 015 37,010 150,1+4,84 48,345,78
(mg L) M 16 37,020 128,3+8,01  46,0+2,09
O 16 34,5+1 95,4+3,55 57,0+50,37

In terms of nutrient concentration, a trend of higher values were observed in the year 2015
(Figure 2).

Total nitrogen and total phosphorus showed higher concentrations during the samplings of
October (2015) and March (2016), respectively. The maximum value (TN= 2.493 ug L*; TP= 45 ug

L), for nutrients, were recorded in Nova Avanhandava (Figure 2 and 3).
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Fig. 2. Mean values and standard deviation of the total and dissolved nutrients at the sampling stations (U: upstream, F: farm and D: downstream) of the three sampled
reservoirs (CH: Chavantes, NA: Ilha Solteira) in March and October 2015 (M15 and O15 respectively) and March and October 2016 (M16 and O16 respectively). (A)
TN: total nitrogen, (B) TP: total phosphorus, (C) NO2-N: nitrite and (D) NO3-N: nitrate.
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Fig. 3. Mean values and standard deviation of the total and dissolved nutrients at the sampling stations (U: upstream, F: farm and D: downstream) of the three sampled
reservoirs (CH: Chavantes, NA: Ilha Solteira) in March and October 2015 (M15 and O15 respectively) and March and October 2016 (M16 and O16 respectively). (A)
NH4-N: ammonia, (B) PO4-P: orthophosphate and (C) CHL.: chlorophyll a.
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Nitrite, nitrate, ammonia, and orthophosphate were higher in October 2015 in Nova
Avanhandava (6.43, 150, 449 and 13 pg L%, respectively) (Figure 2 and 3). In this reservoir,
chlorophyll a concentrations (Figure 3) were higher than those of the other reservoirs in the two
surveys in 2015, exceeding the limit of 10 ug L established by CONAMA Resolution N° 357/05 in
P2 (upstream) and P3-P4 (farm 2) in March and reaching the maximum value of 71,03 pg L? in
October (P3-P4).
The combined analysis of the results, described by Principal Component Analysis (PCA)
(Figure 4), summarized the variability of limnological data with 85% explicability on axis 1, and the
randomization test was only significant for axis 1 (p = 0,0001). Table 2 shows the Pearson correlation

values for the limnological variables.
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Fig. 4. Biplot ordering by the PCA between the sampling stations in the periods of March and October of 2015
and March and October of 2016 and the limnological variables. The letters and numbers that accompany the
symbols of the sampling stations refer respectively to the initials of the month and year of collection (Example:

M15 corresponds to March 2015). The abbreviations of the limnological variables are presented in Table 2.
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Table 2. Pearson correlation values between the limnological and nutrient variables vectors with axes

1 and 2 of the Principal Component Analysis (PCA) performed for the three reservoirs.

Main components

Axis Abbreviations 1 >

pH 0,992 0,005
Dissolved Oxigen DO 0,190 -0,767
Condutivity Cond 0,786 0,574
Nitrate NO3-N 0,539 -0,718
Ammonia NH4-N 0,580 -0,610
Orthophosphate PO4-P 0,538 -0,354
Chlorophyll a CHL 0,946 -0,142
Transparency Transp -0,006 -0,331
% Total 85,11 7,11

Nova Avanhandava stood out as the experimental unit with the highest concentration of

nutrients in relation to the others, and all the samplings related to it were located on the positive side

of axis 1. The pH, chlorophyll a and conductivity variables were the ones that best characterized the

difference between the seasons sampled.

3.2 Phytoplankton community and Cyanobacteria

A total of 156 phytoplankton taxa were identified. Chlorophyceae presented higher richness

(54 taxa), followed by Cyanobacteria (45 taxa). Quantitative analyses showed Cyanobacteria as one

of the most abundant classes.

The densities of cyanobacteria in relation to the other phytoplanktonic classes (figure 5) were

higher in March (2015 and 2016) and lower in October (2015 and 2016) samplings. The highest

density values for both cyanobacteria and other phytoplanktonic classes were recorded at Nova

Avanhandava stations (P2 and P3-P4).
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Fig. 5. Temporal variation of the density (org mL™) of cyanobacteria compared to the density of the
other phytoplanktonic classes recorded at the sampling stations (U: upstream, F: farm and D:
downstream) of the fish farm sampled (F1: Chavantes; F2, F3 e F4: Nova Avanhandava; F5 e F6:
Ilha Solteira) in March and October 2015 (M15 and O15 respectively) and March and October 2016

(M16 and O16 respectively).

A total of 14 species of cyanobacteria (Table 3) with potential to synthesize different toxin
were registered in the fish farms, among which seven produce microcystins: Dolichospermum
circinalis, D. planctonicum, Microcystis aeruginosa, M. protocystis, Planktothrix isothrix,

Radiocystis fernandoi and Synechocystis aquatilis (Figure 6).
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Table 3. Toxic species of Cyanobacteria occurred at the three reservoirs (Chavantes, Nova

Avanhandava e llha Solteira) during the study period.

Species Toxins
Aphanocapsa delicatissima West & G.S.West Nodularin
Microcystis aeruginosa (Kitzing) Kutzing Microcystin
M. protocystis W.B.Crow Microcystin
Radiocystis fernandoi Koméarek & Komarkova-Legnerovée Microcystin
Synechocystis aquatilis Sauvageau Microcystin
Synechococcus nidulans (Pringsheim) Komarek Unknow
Cyanodictyon planctonicum B.A.Mayer Nodularin
Merismopedia tenuissima Lemmermann Nodularin
Geitlerinema amphibium (C.Agardh ex Gomont) Anagnostidis Unknow
Geitlerinema unigranulatum (R.N.Singh) J.Koméarek & Unknow
M.T.P.Azevedo

Planktothrix isothrix (Skuja) Komarek & Komarkova Microcystin

Dolichospermum circinalis (Rabenhorst ex Bornet & Flahault)
P.Wacklin, L.Hoffmann & J.Komarek

Dolichospermum  planctonicum  (Brunnthaler)

L.Hoffmann & Komarek

Cylindrospermopsis raciborskii (Woloszynska) Seenayya &

Subba Raju

Microcystin, Anatoxin-a
(S), Gonyautoxin

Microcystin

Saxitoxin



http://www.algaebase.org/search/species/detail/?species_id=sf7657da2fff97013
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Fig. 6. Cyanobacterias producing microcystins found in sample stations. A. Dolichospermum
circinalis, B. D. planctonicum, C. Radiocystis fernandoi, D. Microcystis aeruginosa, E. M.

protocystis, F. Synechocystis aquatilis, and G. Planktothrix isothrix.

Among the microcystins producers, M. aeruginosa was recorded in the three reservoirs,
except for the March / 2016 sampling, when its occurrence was only in Chavantes (P1) with densities
lower than 100 org mL™ (Figure 7). Microcystis protocystis was recorded in all samples of Nova
Avanhandava. Radiocystis fernandoi occurred only in two samples (M15 and O16) both in Nova
Avanhandava and presented the highest density (1.641 org mL™) among the microcystins producing
species. Synechocystis aquatilis as well as P. isothrix were not registered in Chavantes. The two

species of the genus Dolichospermum were recorded in Chavantes and llha Solteira.
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Fig. 7. Density of the seven species of cyanobacteria producing microcystins registered at the
sampling stations (U: upstream, F: farm and D: downstream) of the fish farm sampled (F1: Chavantes;

F2, F3 e F4: Nova Avanhandava; F5 e F6: llha Solteira) in March and October 2015 and March and

October 2016.

3.3 Composition and concentration of microcystin
The variation of the microcystin concentration and its composition (LR, RR, and YR) was

evaluated in the six fish farms in the samplings of October 2015 and March and October of 2016

(Figure 8).
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Fig. 8. Concentration of microcystins (LR, RR and YR) at the sampling stations (U: upstream, F:
farm and D: downstream) of the fish farm sampled (F1: Chavantes; F2, F3 e F4: Nova Avanhandava;

F5 e F6: Ilha Solteira) in October 2015 and March and October 2016.
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Microcystins were detected in phytoplankton of all fish farms and in all samples. The mean
concentrations of individual microcystin (MC) variants ranged from 0.03 pg L to 0.93 ug L. MC-
LR and MC-RR were the most common type of microcystin except for fish stain 2 in October 2015,
where MC-YR was the dominant MC. The highest total concentrations of MC were measured in
October 2015 and October 2016 upstream 3 (total of 1.59 and 1.29 ug L™, respectively) and in fish
culture 3 (total of 1.38 and 1.10 ug L™, respectively). In October of 2015, the fish farms 2, 3 and 4

presented higher concentrations of MC when compared to the other samplings.

4. DISCUSSION

The availability of nutrients in the water column, especially N and P, regulates the
composition and phytoplankton biomass and the increase of this availability has been suggested as
an influencer of the dominance of cyanobacteria (Diaz et al. 2001; Mowe et al. 2015).

In spite of the spatial variability, the nutrients tended to present higher concentrations in the
cultive areas and downstream than in the upstream of fish farms. In TN and TP, some of these values
were higher than the limit allowed by Conama and the N / P ratio was higher than 10 in all seasons,
indicating phosphorus as a limiting factor as described in the literature (Smith 1986; Thomann and
Mueller 1987).

Similar results that report the trend of increase in phosphorus concentration in areas with fish
farms were observed by Alves and Baccarim (2005) in Nova Avanhandava, by Mallasen et al. (2012)
in llha Solteira and by Neto et al. (2015) in the Chavantes reservoir. This influence of the net cages
in the physical and chemical conditions of water has been observed in several reservoirs in Brazil, as
well as in other regions of the world (Diaz et al. 2001; Degefu et al. 2011; Zhang et al. 2015; Miranda
et al. 2016; Rosini et al. 2016).

Phosphorus in continental aquatic environments is in low quantities and in the form of
phosphate from natural and/or artificial allochthonous sources (An and Kim 2003; Guo and Li 2003;

Araripe et al. 2006). The results found to suggest the influence of the net cages on the availability of
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this nutrient since the highest concentrations were observed in farms of cultive and downstream of
them. Likewise, the high values of total nitrogen in these same areas may be related to the intensity
of the culture and storage density since, in waters for fish farming, the N is available mainly by the
metabolism of the fish (Araripe et al. 2006; Américo et al. 2013).

It was also observed that in the samplings of October of 2015 the upstream areas showed high
TN values, being able to express the effect of nutrient input from farming and urbanization around
the reservoir and the drainage basin.

The water conductivity averages may reflect the trophic state of the reservoirs and the possible
influence of the anthropogenic impacts. The high values of conductivity in Nova Avanhandava
(above 100 mS cm) suggest an impacted environment or with signs of impacts originating from the
basin (CETESB 2016 and 2017).

Cyanobacteria were one of the most abundant classes and the increase in density was inversely
proportional to that of the other classes, especially in Nova Avanhandava. Smith (1986) observed that
cyanobacteria are disadvantaged at high TN/TP ratio, however it was observed in this study that
although the TN/TP ratio was high (> 16.07), there was an increase in cyanobacteria density, some
of which are considered descriptors of systems. The dominance or codominance of the Cyanobacteria
class at certain points suggests the influence of other factors such as the increase in retention time,
luminous intensity, high temperature (Soares et al. 2013; Mowe et al. 2015).

The occurrence of toxic cyanobacterial species in Brasilian reservoirs has increased in
frequency, intensity and geographic distribution, causing considerable losses in the economic and
social spheres (Magalhaes et. al. 2001; Sant’Anna et. al. 2008). The vast majority of genera cited as
potentially toxic are found in supply reservoirs and multiple uses. In the case of fish farming, the
presence of these species in the reservoir can compromise the quality of the water causing fish
intoxication and mortality.

Although M. aeruginosa and M. protocystis densities were low throughout the studied period

when compared to other cyanobacteria species, the genus Microcystis, due to its great ecological
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importance (development of blooms) and public health (production of hepatotoxins known as
microcystins) is one of the most studied cyanobacteria (Falconer 2005; Kankaanp&aa 2005). In
addition, Microcystis comprises exclusively planktonic species, widely distributed, occurring in
different fresh or brackish water systems (Komarek et al. 2002). Aguiar and Azevedo (1998),
Bittencourt-Oliveira (2000) and Sant'/Anna and Azevedo (2000) have already highlighted the
importance of the genus Microcystis in relation to the occurrence of toxin blooms and production in
Brazilian aquatic environments, including fish farms (Azevedo et al. 2002; Lombardo et al. 2006).

In Brazil, the species M. aeruginosa, M. panniformis, and M. protocystis are quite common
and bloom-forming (Sant'Anna e Azevedo 2000; Komarek et al. 2002). Species of this genus have
been responsible for more than 65% of cases of intoxication of humans and animals. In addition,
several species may cause unpleasant taste and odor (Cybis et al. 2006).

Microcystins have been detected in fish farming water all over the world: in Vietnam (Duong
et al. 2014), Serbia (Drobac et al. 2016), China (Greer et al. 2017) and Brazil (Schluter et al. 2018).
The reference value for MC-LR concentrations in drinking water in Brazil is 1 pg L*, as
recommended by WHO worldwide (WHO, 1998).

In October 2015, in the upstream of fish farm 3, the MC-LR concentration almost reached this
value, but the total MC concentrations were above 1 pg L™ both upstream 3 and in fish farm 3, while
fish farm 4 had a concentration just below 1 pg L. In October 2016, the same occurred, the total MC
concentrations were above 1 pug L™ both upstream 3 and in fish farm 3. Although oftentimes found
in low concentrations the microcystins can transfer through food webs, potentially increasing the risk
of exposure to people who eat fish from affected waters. Have been found a positive relationship
between intracellular microcystin in water samples and microcystin in fish tissues (Flores et al. 2018).
Increasing reports of the bioaccumulation of cyanotoxins in seafood have taken to concern that human

exposure through this route may be underestimated (Greer et al. 2017).

5. FINAL CONSIDERATIONS
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Of the 45 species of cyanobacteria identified, about 32% of them are mentioned in the
literature as toxic and 12% are potentially microcystin producers. Three types of microcystins (LR,
RR, and YR) were extracted from the biomass concentrated in fish farms 2, 3 and 4, present in Nova
Avanhandava (Low Tieté Basin), where the highest concentrations of nitrogen and phosphorus were
recorded among the three reservoirs studied. Nova Avanhandava was classified as mesotrophic.

The results suggest the influence of the tilapiculture activity on the availability of the nutrients
since the highest concentrations were observed in the fish farms and downstream of them, favoring
the development of the cyanobacteria.

The dominance or codominance of cyanobacteria in upstream areas was only observed in Ilha
Solteira (March 2015) and Nova Avanhandava (October 2015 and 2016) fish farms, suggesting the
influence of factors other than the nutrients from breeding such as light intensity, temperature, thermal
stratification.

The expansion of net cages ventures in these reservoirs should only happen after previous
studies of support capacity for the system, maintaining monthly monitoring of water quality,

cyanobacteria, and microcystins.
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Ceratium furcoides (Levander) Langhans: first record in Nova Avanhandava reservoir,
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ABSTRACT - (Ceratium furcoides (Levander) Langhans: first record in Nova Avanhandava
reservoir, Southeast Brazil.). This is the first record of Ceratium furcoides in the Nova Avanhandava
reservoir, Sdo Paulo, whose samples were collected in three stations (S1, S2, S3) in March and
October of the years 2015 and 2016. Physico-chemical analyzes of the water were performed. The
reservoir was classified, according to the TSI, as mesotrophic. The first record of the species occurred
in October 2015 at S3 and, the following year, the dispersion for the other stations was verified. The
highest density of the species (28 org mL™) was recorded in October 2016. Similar values were
documented in Furnas (MG) and llha Solteira (SP). The low density values of C. furcoides and the
presence of phytoplankton groups with higher densities (Cyanobacteria and Cryptophyceae) suggest
that the colonization of the species is at an early stage. Thus, studies about dispersion, dynamics, and
interaction of C. furcoides with phytoplankton and the potential impacts on aquatic communities are
essential to understand the responses of this species to environmental conditions.
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RESUMO - (Ceratium furcoides (Levander) Langhans: primeiro registro no reservatorio Nova
Avanhandava, Sudeste do Brasil). Trata-se do primeiro registro de Ceratium furcoides no reservatorio
Nova Avanhandava, S&o Paulo, cuja as amostras foram coletadas em trés estagoes (E1, E2, E3) em
marco e outubro dos anos de 2015 e 2016. Analises fisico-quimicas da agua foram realizadas. O
reservatorio foi classificado, de acordo com o célculo do IET como mesotréfico. O primeiro registro
da espécie ocorreu em outubro de 2015 na E3 e, no ano seguinte, verificou-se a dispersdo para as
outras estacdes. A maior densidade da espécie (28 org mL™?) foi registrada em outubro de 2016.
Valores semelhantes foram documentados em Furnas (MG) e Ilha Solteira (SP). Os baixos valores de
densidade de C. furcoides e a presenca de grupos fitoplancténicos com densidades superiores
(Cyanobacteria e Cryptophyceae), sugerem que a colonizacdo da espécie esta no inicio. Assim,
estudos sobre a disperséo, dindmica e interagdo de C. furcoides com o fitoplancton e os potenciais
impactos sobre as comunidades aquéticas sdo essenciais para entender as respostas desta especie as
condicBes ambientais.

Palavras-chave: bioinvaséo, estratégias adaptativas, mesotrofico, tanques-rede

Introduction

Reservoirs are habitats prone to bioinvasion, especially for ease of dispersion through the flow
of water. The invasion of microscopic alien species in these environments is still poorly understood,
and it is not possible to accurately estimate what impacts such species would promote to communities,
including phytoplankton (Kastovsky et al. 2010, Silva et al. 2012). However, based on studies of
invasion of alien species in other environments, it is possible to predict that the establishment of an
invasive species may result in changes in species composition, diversity, and dominance, and in
primary production (Elbrachter 1999, Ricciardi & Kipp 2008, Souza et al. 2009, Vitule & Prodocimo
2012).

Species of the genus Ceratium are considered invasive in continental aquatic environments of

South America (Silva et al. 2012, Pereira et al. 2013, Cavalcante et al. 2016, Crossetti et al. 2019).
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The species Ceratium furcoides (Levander) Langhans demonstrates easy adaptation to different
temperatures, trophies and physical and chemical conditions of the water thus presenting rapid
dispersal and establishment in tropical reservoirs, including Brazilian ones, whose records of the
species have been frequent (Santos-Wisniewski et al. 2007, Matsumura-Tundisi et al. 2010, Oliveira
et al. 2011, Cavalcante et al. 2013, Jati et al. 2014, Nishimura et al. 2015, Oliveira et al. 2016, Rosini
et al. 2016, Campanelli et al. 2017, Silva et al. 2018, Roriz et al. 2019).

The increase in the density of C. furcoides and the formation of blooms in tropical reservoirs
is mainly associated with the availability of nutrients (Matsumura-Tundisi et al. 2010, Silva et al.
2012). In this way, reservoirs that receive external loads of nutrients or where intensive activities are
carried out, such as the creation of fish in net cages, become environments conducive to the mass
development of the species in question. In this context, the aim of this work was to document the first
occurrence of Ceratium furcoides in the Nova Avanhandava reservoir, one of the three main centers

of the fish farm in State of Sao Paulo.

Materials and Methods

Ceratium furcoides (Levander) Langhans was identified from phytoplankton sampling carried
out during the development of a doctorate degree project in which three reservoirs from the State of
Séo Paulo with fish farms were sampled: Chavantes, Nova Avanhandava, and Ilha Solteira. In this
study, we documented the first record of the species in Nova Avanhandava Reservoir.
Study area - The reservoir of the Nova Avanhandava Hydroelectric Plant (21°07°01” S and 50°12°06”
W) is located in Buritama city and is in Baixo Tieté Basin (figure 1). It presents an area of 210 km?,
a maximum depth of 30 m and residence time of 46 days. Nova Avanhandava is the penultimate
reservoir of a system of consecutive lakes, with the reservoirs of Promissdo upstream of it and Trés

Irmaos downstream.
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Figure 1. Location of Sdo Paulo State and Nova Avanhandava reservoir (N.A). In detail, the map of

Nova Avanhandava reservoir showing the location of the three samplings stations (S1, S2, and S3).

Samplings were carried out in the subsurface of the water column in March and October of
2015 and of 2016 in three sampling stations (S1, S2 and S3) corresponding to the three different fish
farms (f) of creation and their respective upstream areas (u) and downstream (d) (n = 28). S2 is located
upstream of S3 and, consequently, only upstream and downstream were sampled for the two stations.
In situ measurements of dissolved oxygen (mg L™), pH, water temperature (°C) and electrical
conductivity (uUS cm?) were carried out by the EXO YSI multi-parameter probe. The water
transparency (m) was estimated by the disappearance of the Secchi disk. (Esteves 2011). The
concentrations of total phosphorus (ug L?) and total nitrogen (ug L) (Valderrama 1981),
orthophosphate (ug L™) (Strickland & Parsons 1960), ammonium ion (ug L) (Apha et al. 2005),
nitrite (ug L) e nitrate (ug L) (Giné et al. 1980) were determined. The Trophic State Index (TSI)

was calculated according to Lamparelli (2004).
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For the phytoplankton taxonomic study, the samples were obtained with 20 um mesh plankton

net and fixed in situ with formaldehyde in the final concentration of 4 to 5%. The phytoplankton

community was identified using an optical microscope with a capture camera, specialized

bibliography and measurements were obtained with the aid of the Axio Vision 4.8 program. The

identification of the Ceratium furcoides species (n= 25) was performed according to Santos-
Wieniewski et al. (2007) and Cavalcante et al. (2013).

Samples referring to the first records of C. furcoides in the Nova Avanhandava reservoir are

deposited in the collection of Herbario Maria Eneyda P. Kauffmann Fidalgo of the Institute de

Botéanica of Sao Paulo State.

Samples for quantitative analysis were collected with a Van Dorn bottle and fixed in situ with
1% Lugol solution. The count of the phytoplanktonic community and consequently of the populations
of Ceratium furcoides was carried out by the method of Utermdlh (1958). The results of the densities
were expressed in org mL™ and the biomass was estimated by calculating the biovolume based on the

work of Hillebrand et al. (1999) and Fonseca et al. (2014).

Descriptive statistics were performed: mean and standard deviation of limnological variables

and nutrients.

Results
Nova Avanhandava presented at the sampling stations, high conductivity, neutral pH and
temperature ranging between 23°C and 29 °C. As for the trophic level, the seasons were classified as
mesotrophic in all samples (mean TSI: 59). The mean values of the physical, chemical and nutrient

variables recorded at the sampling stations are presented in Table 1 and 2.
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Tabela 1: Mean, minimum and maximum values of the physical (WT: Water Temperature, Turb.:
Turbidity) and chemical variables (DO: Dissolved Oxygen, Cond.: Conductivity, pH, Chl o

Chlorophyll-a) measured at the three samplings stations.

WT DO H Cond. Transp. Turb. Chl-a
cc)  (mgL?hH P o @usem?) (m) (UNT) (ugLP

Mean

L (o) 27 8 8 207 2 4 12
Min 24 5 8 139 1 3 2
Max 29 12 9 253 4 7 47
Mean 7 8 193 2 2 14

S (n=8)
Min 23 4 7 150 1 1 3
Max 29 11 9 225 2 4 71
oy 7 8 8 207 3 2 12
S8 "Min 23 5 7 150 1 1 1
Max 29 13 o 237 5 3 49

Tabela 2: Mean values and standard deviation of nutrients concentrations for the samplings stations

in Nova Avanhandava reservoir, recorded in March and October 2015, and March and October 2016.

Total N Nitrite Nitrate Ammonium  Total P  Ortofosfate
(Mg L) (MgLh)  (ug L™ (Mg L) (Mg L) (ng LY
S1 1074+550,6 4,2+2.3 99+28,7 292+98,3 27,7+6,9 10,4422

S2 1117,4+638,8 2,9+1,2 101,8+358 209,9+98,4  25,9+6,7 10,3+3,0
S3 1325,8+656,1 4,119  108,9+31,3 360,3+80,0 31,8+9,0 12,9+2,2

During the study period, we identified 156 taxa distributed in 12 taxonomic goups:
Cyanobacteria (33 taxa), Chlorophyceae (33 taxa), Cryptophyceae (nine taxa), Bacillariophyceae (six
taxa), Euglenophyceae (6 taxa), Trebouxiophyceae (6 taxa), Coscinodiscophyceae (4 taxa),
Chrysophyceae (four taxa), Zygnemophyceae (four taxa), Dinophyceae (two taxa), Choanoflagellata

(one taxa), Klebsormidiophyceae (one taxa).
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Ceratium furcoides (Levander) Langhans (1925). Published in: Langhans, V.H. (1925). Gemischte
Populationen von Ceratium hirundella (O.F.M) schrank und ihre Deutung. Archiv fiir Protistenkunde
52: 585-602. Figure 2.
Basionym - C. hirundinella var. furcoides Levander

Cells slightly fusiform, flattened dorsiventrally, 46-58 um wide, 185-274 pum in length,
reticulated plates. The epitheca is conical with a long horn formed above the cingulum, with four
apical plates (1°,2°,3” and 4°). The hypovalve is large and small, with two or three posterior horns of
varied sizes formed by antapical plates (1’ and 2°”). Chloroplasts are oval-shaped and numerous.
Planktonic habit.
Comments - Some specimens presented morphological variation characterized by the third horn,
which makes them similar to C. hirundinella, however, Bourrelly (1970) points out that variations in
the number and size of horns are linked to environmental changes such as temperature. Thus, the
confirmation of the C. furcoides populations was carried out observing that the fourth apical plate
(4’) does not reach the apex of the epitheca.
Material examined - BRAZIL. S&o Paulo: Zacarias, Nova Avanhandava reservoir, 11-111-2016,
A.Dias s.n. (SP470024); idem, 03-X-2015, A.Dias s.n. (SP470025); idem, 03-X-2015, A.Dias s.n.
(SP470026); idem, 05-X-2016, A.Dias & A.Tucci s.n. (SP470027); idem, 05-X-2016, A.Dias &
A.Tucci s.n. (SP470028).
Distribution - They occur from oligotrophic lakes and reservoirs to eutrophic ones. There are records
of the species on all continents. (Guiry 2019). In Brazil, there are records in almost all regions, except

for the Northern Region (Flora do Brasil 2020 - under construction, Silva et al. 2018).
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Figure 2. Specimens of Ceratium furcoides found in Nova Avanhandava reservoir (S2) (SP470024

and SP470025): a. ventral view; b. dorsal view; c e d. lateral views.

The first occurrence of populations of C. furcoides in the Nova Avanhandava reservoir
occurred in October 2015 (S2u) and remained in the other samples: March 2016 (S1u) e October 2016
(S1u, S2f1, S3f2). The density and biovolume of C. furcoides were low in comparison to the other
organisms of the phytoplankton community recorded together, being the highest values (density: 28
org mL%; biovolume: 0,442 mma L) for the species registered upstream of S1 (u), in October 2016

(figure 3 aand b).
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Figure 3. Total density (org mL™) (a.) and biovolume (mm® L) (b.) of the Ceratium furcoides
(Levander) Langhans in compared to phytoplanktonic classes at the six samplings stations (upstream:
U, fish farm: F and downstream: D) during the period of 2015 and 2016. On the left, scale of the

phytoplankton community (bars graph). On the right, scale of the species Ceratium furcoides (area

graph).

Discussion
Since its first occurrence of Ceratium furcoides in 2007 on Furnas reservoir in Minas Gerais,
13 new studies have been published, whose results document the dispersion of the species to all
regions of Brazil, except the Northern Region (Santos-Wisniewski 2007, Matsumura-Tundisi et al.

2010, Oliveira et al. 2011, Pires et al. 2012, Cavalcante et al. 2013, Cassol et al. 2014, Jati et al.
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2014, Moreira et al. 2015, Nishimura et al. 2015, Cavalcante et al. 2016, Silva et al. 2018, Crossetti
et al., 2019, Roriz et al. 2019). In the State of S&o Paulo, the specie has been registered on the
reservoirs: Billings (Matsumura-Tundisi et al. 2010), Barra Bonita, Itupararanga and Mirinheirinho
(Pires et al. 2012), Billings and Guarapiranga (Nishimura et al., 2015), Jaguari e Jacarei (Hackbart et
al., 2015), llha Solteira (Rosini et al., 2016), Lago das Gargas (Crossetti et al., 2019). This work is
the first record of the occurrence of the species for the Nova Avanhandava reservoir in the State of

Sdo Paulo, Southeastern Region.

The records of C. furcoides in such distinct aquatic environments demonstrate the great
ecophysiological plasticity of the species. In addition, Ceratium presents important adaptive
strategies for the development and establishment in tropical reservoirs such as encystment (resistance
to sedimentation, dispersion capacity, population survival), mobility and low predation by

zooplankton (Hickel 1988, Pollingher 1988, Xie et al. 1998, Cavalcante et al. 2016).

We do not have results that indicate concretely how the species was introduced into the
reservoir in question, but we considered a passive dispersion of cysts or specimens from Barra Bonita
reservoir, whose species had previously been recorded by Pires et al. (2012), carried by the water
flow of the central body of the reservoir where the endorheic river Tieté flows. However, other forms
of dispersal should also be considered: transport of specimens or their form of resistance attached to
birds and aquatic insects moving between reservoirs or by anthropic intervention, as mentioned by
Kristiansen (1996) and Meichtry et al. (2014) or consider Ceratium propagules already existing in
the sediment, but which only now did they become available for invasion (Reynolds 1996, Rengefors

et al. 2004, Padisak 2010).

The literature indicates that some limnological variables are essential in the establishment of
populations of C. furcoides. Thus, it has been observed the dominance of dinoflagellates, including
the Ceratium genus in mesotrophic conditions (Periotto et al. 2007, Santos-Wisniewskis et al. 2007,

Silvaet al. 2018) and development of C. furcoides between 10° e 25°C (Cassol et al. 2014, Cavalcante
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et al. 2016) and recurrence of the species in environments with high transparency associated with

lower stability of the water column and also at high concentrations of ammonia and nitrite.

New Avanhandava is one of the three largest fish farming centers of S&o Paulo and as well as
all economic activity fish farming is likely to cause pollution in the environment. In this case, the
continuous and pronounced nutrient discharge from fish feeds and metabolism effectively alter the
phytoplankton community, favoring the development of certain groups over the decrease of others,

as well as favoring the establishment of invasive species (Mack et al. 2000, Degefu et al. 2011).

In this study, the maximum value of density and biovolume of C. furcoides was, respectively,
28 org mL* and 0,442 mm® L recorded in S1(Oct/16). Density values are extremely low compared
to densities in other Sdo Paulo reservoirs recorded by Matsumura-Tundisi et al. (2010) (535 ind.mL"
1) on the Taquacetuba arm at the Billings dam or by Hackbart et al. (2015) on Jaguari dam (131.954,0
ind.mL™) and low biomass compared to the records of Nishimura et al. (2015) on Billings dam (5,7
mm? L) and on Guarapiranga (2,6 mm?® L1), of Rosini et al. (2016) on Ilha Solteira (15,698 mm? L-

1) and of Crossetti et al. (2019) on Lago das Gargas (12,3 pg L™).

Based on the limnological and phytoplankton community results obtained and based on
reports in the literature of limnological conditions of the others Brazilian environments in which C.
furcoides has been registered, it can be said that Nova Avanhandava has environmental conditions
favorable to the adaptive success of the species since both the maximum density and the peaks above
15 org mL* of C. furcoides recorded in Oct/15 (u and f1 of S1) and Oct/16 (u S1 and f2 S3) were
associated with high values of electrical conductivity and at temperatures of 24° C and high dissolved
inorganic nitrogen values, principally in the fish farm areas. However, the low density and biovolume
values, as well as the absence of C. furcoides in other sampled compartments, suggest that the

colonization of the species is at an early stage.

At first, were not observed changes of phytoplankton due to the presence of C. furcoides on

this aquatic environment, it was found that other phytoplankton groups (Cyanobacteria and
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Cryptophyceae) showed high densities / biovolumes compared to C. furcoides, which corroborates
the hypothesis that the species is in the process of colonization of the reservoir, establishing
competition with the other species for nutrients due to its migration capacity vertical in the water

column (Stephaniak et al. 2007, Cassol et al. 2014, Moreira et al. 2015, Almanza et al. 2016).

Punctual records in different environments and some possible equivocal identifications of
Ceratium species may be underestismating the invasion of the species in the Brazilian territory since
the species demonstrate a great capacity of dispersion and adaptation to different conditions. Thus, a
greater number of studies in aquatic environments with similar limnological conditions and
consequently their sediments (to verify the presence of cysts) could indicate if C. furcoides is already
dispersed but not yet registered. From our results, we can suggest more specific studies in the Nova
Avanhandava reservoir that establish the dispersion forms of Ceratium furcoides as well as studies
that identify the closest aquatic environments that are favorable to the bioinvasion of the species and
later studies to understand the relationships with the other groups of phytoplanktonic algae in addition

to evaluating the consequences of establishing the species for the ecosystem.
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CONSIDERACOES FINAIS

A avaliacdo das caracteristicas limnoldgicas nos compartimentos lacustres
(montante, fazenda e jusante) destacou que ha influéncia direta dos tanques-rede
na qualidade da &agua dos reservatorios ao serem verificadas maiores
concentracdes de nutrientes e solutos nas areas de fazenda de criagdo e a jusante
delas;

Os reservatorios, embora apresentando a mesma classificagdo trofica, foram
completamente distintos quanto a comunidade fitoplanctonica (composicao
taxonémica, riqueza e diversidade), Chavantes apresentou baixa riqueza e
diversidade e a comunidade foi representada principalmente pelo grupo das
Cryptophyceae. Nova Avanhandava teve a maior riqueza, diversidade moderada
e com maior contribuicdo de Cianobactérias. Enquanto que Ilha solteira,
apresentou elevada riqueza, a maior diversidade e maior contribuicdo para a
comunidade do grupo das Cryptophyceae;

A variacao temporal na estrutura da comunidade planctdnica mostrou-se ligada as
varidveis limnologicas que por sua vez foram influenciadas pela precipitacéo
(estiagem) no periodo de estudo. Esta influéncia ficou clara ao verificar-se a
presenca (em Chavantes) ou densidades mais elevadas (em Nova Avanhandava e
Ilha Solteira) de cianobactérias no ano de 2015;

A utilizacdo dos GFBM demonstrou com eficiéncia a sensibilidade da
comunidade fitoplancténica as condicdes abioticas de cada sistema;

As espécies Dolichospermum circinalis, D. planctonicum, Microcystis
aeruginosa, M. protocystis, Planktothrix isothrix, Radiocystis fernandoi e
Synechocystis aquatilis citadas na literatura como produtoras de microcistinas
foram registradas nos reservatorios;

A elevada densidade de cianobactérias, em especial a sua abundancia no
reservatorio Nova Avanhandava, refletiu em altas concentracdes de microcistinas

neste reservatorio.
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RECOMENDACOES

Estudos prévios de capacidade de suporte dos reservatdrios, devem ser realizados
antes da introducdo de novos empreendimentos de tanques-rede, afim de manter
0 balanco ecoldgico dos reservatdrios e garantir seus usos mualtiplos.

Também recomendamos que seja realizado o monitoramento mensal da qualidade
da &gua, cianobactérias e microcistinas nos reservatorios com tanques-rede.

Para o reservatério Nova Avanhandava nos recomendamos 0 acompanhamento
sanitario da qualidade do pescado, em virtude dos elevados valores de

microcistinas detectados na agua.
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ABSTRACT: The intensified use of water bodies and reservoirs for aquaculture production has
increased the need for monitoring and early warning of toxins from cyanobacteria. To minimize
effects from toxins, simple and fast analytical monitoring methods are crucial. Here, the content of
pigments and microcystins in 14 different strains of cyanobacteria cultured under different growth
conditions was investigated to determine the influence of light and nutrient starvation on
pigment/chlorophyll a (chl a) ratios. The obtained pigment/chl a ratios were applied in the soft-
ware CHEMTAX to calculate the biomass of toxic cyanobacteria, as well as other phytoplankton
groups. CHEMTAX ratios from the laboratory cultures were applied to water samples collected
during 4 sampling periods at 6 fish farms in different reservoirs in Sao Paulo State, Brazil. Cyano-
bacteria generally dominated in all reservoirs in all sampling periods and constituted on average
44 to 66 % of the average phytoplankton biomass. The concentrations of microcystins were signif-
icantly correlated with the chl a concentrations of cyanobacteria and showed that the pigment
method can be used to detect microcystin-producing cyanobacteria in these Brazilian reservoirs.
When the concentration of cyanobacteria in the reservoirs was above 4 pg chl a 17!, microcystins
were always detected. Our results show that pigment analysis can be used to provide fast and reli-
able results for the early warning, the presence and potential risk of toxic cyanobacteria in fresh-
water reservoirs used for aquaculture.

KEY WORDS: Microcystins -
HPLC - Fish farm

Pigment analysis - Cyanobacteria - Phytoplankton composition -

INTRODUCTION

Cyanobacteria are widely distributed and can form
dense blooms in lakes and reservoirs in both temper-
ate, subtropical, and tropical regions (Willén et al.
2011). Many species of cyanobacteria produce toxic
compounds, which have been shown to cause serious

*Corresponding author: Isc@dhigroup.com

health hazards for humans, livestock, and wildlife
(Briand et al. 2003, Malbrouck & Kestemont 2006).
Current knowledge on harmful blooms of cyano-
bacteria and climate change suggests that future
eutrophication is likely to enhance the magnitude
and frequency of these events (O'Neil et al. 2012).
Aquaculture is a fast growing food sector, and
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blooms of cyanobacteria may be the consequence of
aquaculture production, since fish excreta and un-
assimilated feed can introduce eutrophic or hypereu-
trophic conditions into intensively operated fish
farms (Smith et al. 2008). Many species of cyanobac-
teria are known to produce toxins. Among identified
toxins are hepatotoxins (e.g. microcystins and nodu-
larins), cytotoxins (e.g. cylindrospermopsin), neuro-
toxins (e.g. anatoxins and paralytic shellfish poison-
ing [PSP] toxins), dermatoxins, tumor promotors,
irritant toxins, etc. (Smith et al. 2008). The hepato-
toxins in particular remain in the flesh of aquatic ani-
mals for weeks after intake (Eriksson et al. 1989,
Soares et al. 2004, Smith & Haney 2006). Micro-
cystins are toxic to fish by inhibiting protein phos-
phatases, leading to oxidative stress, reduced growth
rates, and tumor promotion (Malbrouck & Kestemont
2006, Smith et al. 2008). Although fish accumulate
microcystin mainly in the liver, they also accumulate
it in muscle tissue and viscera, which is a risk to
humans who eat the fish (Magalhaes et al. 2001,
Soares et al. 2004). In some cases, the dietary intake
values of microcystins in fish have been found to be
above the limits determined by international legisla-
tions (Hauser-Davis et al. 2015, Gurbuz et al. 2016).
In humans, microcystin may also promote cancer due
to chronic exposure to low microcystin concentra-
tions in drinking water and probably also from eating
fish (Ueno et al. 1996, Zhou et al. 2002). In aqua-
culture production, microcystins are reported to
cause fish mortality after the ingestion of cyano-
bacteria (Smith et al. 2008). Due to the intensified use
of lakes and rivers for aquaculture production, there
is a growing need for simple, yet accurate and pre-
cise analytical methods for monitoring the extent and
species composition of algal blooms and for predict-
ing the risk of toxic cyanobacteria.

The co-occurrence of different cyanobacterial spe-
cies producing different toxins in lakes and reser-
voirs makes the prediction of toxin occurrence diffi-
cult. However, microcystins appear to contribute to
more than 90 % of the cyanotoxins detected in north-
ern and middle European waters (Spoof et al. 2010),
and microcystins also appear to be dominant toxins
in many other parts of the world (Willén et al. 2011,
Sant'Anna et al. 2008). Microcystins consist of 3 dom-
inant toxin variants: the arginine-containing micro-
cystins (MC)-RR, MC-YR, and MC-LR, with different
degrees of methylation (Spoof et al. 2010). Many
methods have been developed to detect micro-
cystins, including the protein phosphatase inhibition
assay, enzyme linked immunosorbent assay (ELISA),
polymerase chain reaction (PCR), and various high

performance liquid chromatography (HPLC) meth-
ods (Meriluoto et al. 2017). Among these methods,
HPLC is the most commonly used analytical method,
since it is fast and can detect several different micro-
cystins at a detection limit well below the 1 pg 17
limit for microcystins in drinking water published by
the World Health Organization (WHO 1998).

Phytoplankton pigment analyses is a complemen-
tary method to traditional microscopy and is widely
used in determining the composition and biomass of
phytoplankton groups in both marine and in fresh-
water (Roy et al. 2011). Diagnostic pigments for spe-
cific algal groups, e.g. in natural waters, can be de-
tected and quantified by HPLC at a low detection
limit. The composition and chlorophyll a (chl a) bio-
masses of the algal classes can be calculated using,
for example, the CHEMTAX program (Mackey et al.
1996, Wright et al. 1996). With this approach, cyano-
bacteria can be identified and quantified by their
specific pigments in freshwater (Schliiter et al. 2006,
2016, Descy 2017).

The concentration of carotenoids and chl a in
phytoplankton are influenced by irradiance and
nutrient limitation, and photosynthetically active pig-
ments co-vary with chl a under conditions of chang-
ing irradiance, while light protecting pigments gen-
erally increase in relation to chl a during periods of
increasing light and/or nutrient starvation (Schliter
et al. 2006). In the present study, the content of pig-
ments and microcystins in several different strains of
cyanobacteria cultured under different growth con-
ditions was investigated using HPLC, to determine
the influence of different light intensities and nutri-
ent starvation on pigment/chl a ratios and on the
toxin content. Pigment/chl a ratios were tested using
the CHEMTAX program to calculate the biomass
(as chl a) of cyanobacteria and other phytoplankton
groups to evaluate the method for determining pres-
ence of toxic cyanobacteria at 6 fish farms in different
Brazilian freshwater reservoirs. We hypothesized
that, for the early warning of toxic cyanobacteria in
freshwater reservoirs used for aquaculture, pigment
analyses can provide fast and reliable results on the
presence of cyanobacteria, and the method can be
used to identify the risk of toxic cyanobacteria.

MATERIALS AND METHODS
Development of pigment/chl a ratios

A total of 14 strains of cyanobacteria were selected
for the culture experiment: Microcystis aeruginosa
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(National Institute for Environmental Studies, Japan)
NIES-107, M. aeruginosa (Scandinavian Culture Col-
lection [SCCAP], Denmark) K-0540, Microcystis sp.
(Pasteur Culture Collection [PCC], France) PCC-
7820, M. botrys (SCCAP) K-0967, Microcystis sp.
(isolated from the Brazilian reservoirs), Dolichosper-
mum circinale (SCCAP) K-1333, D. lemmermannii
(SCCAP) K-0544, Planktothrix cf. agardhii (synony-
mous Oscillatoria agardhii) (SCCAP) K-0546, P. ru-
bescens (synonymous O. rubescens) (SCCAP) K-
0569, Planktothrix sp. 327/2 (Helsinki University
Culture Collection, Finland), Pseudanabaena sp.
(SCCAP) K-1230, Cylindrospermopsis raciborskii (iso-
lated in Denmark), Pseudanabaena sp. (isolated from
the Brazilian reservoirs), and Radiocystis sp. (isolated
from the Brazilian reservoirs).

Cultures were grown at 3 different light intensities
using Pope fluorescent tubes: low (LL), medium (ML)
and high light (HL) as described in Schliiter et al.
(2006). Briefly, the light intensity at LL, ML, and HL
was 4, 125, and 275 pmol E m~2 s, respectively. Cul-
tures were maintained as semi-continuous batch cul-
tures by daily replacing up to 50 % of the algae cul-
ture with fresh medium to reach the initial cell
density. Cultures were grown for 4 d to ensure accli-
mation to the given light intensity, and were har-
vested by filtering replicate 50 to 150 ml subsamples
on Whatman GF/C filters that were frozen instantly
in liquid nitrogen. In order to test the effect of nutri-
ent limitation, the ML cultures were not diluted until
cell division ended (stationary growth, SG), at which
point samples were also filtered. Samples for pig-
ment analyses and microcystin analyses were ex-
tracted and analysed as described in the ‘Pigment
analysis' section.

Sampling in reservoirs with fish farms

Four sampling campaigns were carried out at fish
farms with Nile tilapia Oreochromis niloticus in 3
reservoirs, built for water storage for hydroelectric
power plants, in southeastern Brazil: Chavantes
(1 farm, F1 with 2 farm areas, la and 1b; 23°08’
33.9" S, 49°34' 24.7" W), Ilha Solteira (2 farms: F5 and
F6; 20°18'46.2" S, 51°10'24.0"W), and Nova Avan-
handava (3 farms: F2, F3, and F4; 21°08'24.0"S,
50°08'20.5" W) (Fig. 1). Two seasons were sampled
twice: the beginning of spring and early autumn on
the following dates: 30 October to 6 November 2014;
9 to 14 March 2015; 28 September to 3 October 2015;
and 7 to 12 March 2016. Samples were taken at 3
points: upstream of the fish farms, inside the fish
farms, and downstream of the fish farms, at a depth
of 1 m using a Van Dorn water sampler. Farm F3 is
located upstream to fish farm F4 in Nova Avanhan-
dava, and consequently only one upstream and one
downstream sample were taken for the 2 fish farms
(i.e. F3+F4). For microscopic counting, the samples
were preserved in acetic Lugol aqueous solution
(1%). For pigment and microcystin analyses, sub-
samples were filtered on Whatman GF/F filters,
immediately frozen in liquid nitrogen, and kept
frozen until analysis by HPLC as described in the
‘Pigment analysis' section.

Microscopy
Quantitative analysis of phytoplankton followed

the Utermohl (1958) method using an inverted micro-
scope and sedimentation chambers of 10 or 25 ml, de-
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Fig. 1. Location of the reservoirs with the fish farms (red dots, F1-F6) in the main rivers of the upper Parana basin, Brazil
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pending on the phytoplankton density in each sam-
ple. Sedimentation time was 4 h cm™ (Lund et al.
1958). A counting limit was established through the
species-rarefying curve and until reaching 100 indi-
viduals of the most common species. Phytoplankton
was identified according to Bicudo & Menezes (2017),
Sant'Anna et al. (1989), Tucci et al. (2006) and refer-
ences therein. Each cell, filament or colony was re-
garded as one individual and estimated as organisms
(org.) ml™! following UNESCO (2010) guidelines.

Pigment analysis

Filters for pigment analysis were extracted in 3 ml
95% acetone with vitamin E acetate as an internal
standard. The filters were sonicated in an ice-cool soni-
cation bath for 10 min, extracted further at 4°C for 20 h
and mixed using a vortex mixer for 10 s. The filters and
cell debris were filtered from the extracts into HPLC
vials using disposable syringes and 0.2 pm Teflon sy-
ringe filters. Pigment analyses were carried out accord-
ing to Schliter et al. (2016) using the Van Heukelem &
Thomas (2001) method, but with an adjusted pump
gradient to optimise the pigment resolution. More than
30 different phytoplankton carotenoids and chloro-
phylls can be detected. The HPLC was a Shimadzu LC-
10ADVP HPLC system composed of one pump (LC-
10ADVP), a photodiode array detector (SPD-M10AVP),
a SCL-10ADVP system controller with Lab Solution
software, a temperature controlled auto sampler (SIL-
10ADVP) (set at 4°C), a column oven (CTO-10ASVP),
and a degasser (ERC 3415a). The HPLC system was
calibrated using pigment standards from DHI Lab
Products. Peak identities were routinely confirmed by
online photo diode array analysis.

Toxin analysis

Filters for toxin analyses were thawed and frozen
3 times, excess water was drained briefly between
absorbing paper, and extracted in 1.0 ml 75 % metha-
nol (MeOH) with vitamin E acetate as an internal
standard to adjust for residual water in the filter and
solvent evaporation. The filters were sonicated on ice
with a Sonics VCX 750W sonicator in pulse mode at a
40 % duty cycle for 1 min with a 4-element probe al-
lowing simultaneous sonication of 4 samples. This
step was repeated 3 times; the sonicator was cleaned
in 75% MeOH and dried in between each sonication.
After each sonication step, the extracts were cen-
trifuged at 10000 x g for 10 min, the supernatants

(0.6 ml) were withdrawn, and 0.6 ml extraction
solvent was added. The combined supernatants
(1.8 ml in total) were evaporated to dryness at 60°C in
a stream of nitrogen, dissolved in 0.4 ml 75 % MeOH,
and finally re-filtered through 0.2 pm Teflon syringe
filters into HPLC vials. The HPLC was a Shimadzu
LC-10ADVP system with 2 pumps (LC-10AS), an auto
sampler (set at 4°C), and a column oven (set at 40°C).
The column was a Synergy, 4 pm Fusion-RP Phe-
nomenex, 150 x 4.6 mm with a pre-column. The mo-
bile phases were 0.05 % aqueous trifluoro-acetic acid
(TFA) (solvent A) and 0.05% TFA in acetonitrile (sol-
vent B). The gradient program was as follows: 0 min,
25% B; 5 min, 60% B; 10.5 min, 100% B; 15 min,
100 % B; 16 min, 25 % B; 23 min, stop; with a flow rate
of 1.3 ml min~! and an injection volume of 50 nl. The
internal standard eluted after about 15 min and did
not co-elute with the microcystins. The HPLC was
calibrated using microcystin standards from DHI Lab
Products, and toxins were quantified at 238 nm. Mi-
crocystins were detected by their retention times and
absorption spectra by diode array detection operated
between 200 and 300 nm. The internal standard was
analysed 4 times for each set of extracted filters and
was used to correct the variation in extraction solvent
volumes due to the extracting procedure.

The biomass in units of chl a of the individual
phytoplankton groups detected by the pigments was
calculated by CHEMTAX v.1.95 (Mackey et al. 1996).
The dataset of the natural samples was divided into 2
groups: samples with chl a > 10 pg 1I"! (n = 25) and
samples with chl a < 10 ug 1! (n = 42).

The initial pigment/chl a ratios used in the CHEM-
TAX program were from ML-treated cyanobacteria
(see Table 1). ML pigment ratios were chosen as a
compromise, since the samples were taken in 1 m
depth, where light is reduced but usually not limiting
for phytoplankton. ML ratios for the other phyto-
plankton groups developed for mesotrophic/eutro-
phic lakes were from Schliiter et al. (2006).

RESULTS
Pigment/chl a ratios in cultures

Chl a, zeaxanthin, myxoxanthophyll 2, and B-caro-
tene were present in all cultured strains while echi-
nenone, canthaxanthin, and B-cryptoxanthin were
present in most strains (Table 1). Furthermore, oscil-
laxanthin, aphanizophyll, nostoxanthin, caloxanthin,
and myxoxanthophyll 1 were occasionally present.
The ratios of the different pigments to chl a were
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Table 1. Average (n = 2) pigment/chl a ratios in the different species of cyanobacteria (strain codes added in parentheses, where applicable)
grown in low light (LL), medium light (ML), high light (HL), or stationary growth (SG). syn.: synonymous. (*) trace amounts

Strain Oscilla-  Aphani-  Nosto- Calo- Myxo- Myxo- Zea- Cantha- B-crypto- Echi- B-caro-
Condition  xanthin  zophyll xanthin xanthin xantho- xantho- xanthin xanthin xanthin nenone tene
phyll 1 phyll 2

Dolichospermum circinale (syn. Anabaena circinalis) (K-1333)

LL 0.004 0.087 0.030 0.000 0.003 0.038 0.086
ML 0.027 0.260 0.093 0.000 0.029 0.067 0.060
HL 0.044 0.371 0.123 0.003 0.012 0.042 0.055
SG 0.020 0.233 0.057 0.000 0.030 0.066 0.051
Dolichospermum lemmermannii (syn. Anabaena lemmermannii) (K-0544)
LL 0.001 0.019 0.004 0.018 0.042 0.052
ML 0.013 0.188 0.073 0.060 0.071 0.062
HL 0.005 0.077 0.027 0.057 0.066 0.048
SG 0.005 0.076 0.016 0.101 0.088 0.061
Planktothrix sp. (327/2)
LL 0.004 0.014 0.041 0.168 * 0.026 0.213
ML 0.018 0.099 0.103 0.422 * 0.040 0.314
HL 0.032 0.186 0.202 0.825 * 0.042 0.497
SG 0.002 0.047 0.135 0.527 * 0.068 0.345
Planktothrix cf. agardhii (syn. Oscillatoria agardhii) (K-0546)
LL 0.038 0.146 0.104 * 0.052 0.181
ML 0.149 0.467 0.224 * 0.098 0.274
HL 0.160 0.414 0.134 * 0.081 0.231
SG 0.242 0.781 0.395 * 0.180 0.354
Planktothrix rubescens (syn. Oscillatoria rubescens) (K-0569)
LL 0.030 0.115 0.134 * 0.102 0.237
ML 0.128 0.414 0.332 * 0.155 0.301
HL 0.629 1.399 0.721 * 0.196 0.310
SG 0.217 0.623 0.491 * 0.180 0.272
Pseudanabaena sp. (K-1230)
LL 0.013 0.007 0.262 * 0.003 0.126
ML 0.059 0.030 0.525 * 0.009 0.147
HL 0.097 0.045 0.649 * 0.012 0.157
SG 0.075 0.035 0.671 * 0.016 0.163
Cylindrospermopsis raciborskii
LL 0.406 0.039 0.003 0.008 * 0.126 0.095
ML 0.803 0.098 0.003 0.012 * 0.178 0.115
HL 1.028 0.134 0.002 0.019 * 0.166 0.104
SG 1.054 0.088 0.003 0.012 * 0.241 0.116
Radiocystis sp., isolated in Brazilian reservoirs
LL 0.084 0.255 0.001 * 0.041 0.142
ML 0.343 0.497 0.003 * 0.041 0.169
HL 0.351 0.558 0.007 * 0.030 0.161
SG 0.391 0.444 0.015 * 0.104 0.261
Pseudanabaena sp., isolated in Brazilian reservoirs
LL 0.002 0.731 * * 0.122
ML 0.003 1.389 * * 0.128
HL 0.001 1.651 * * 0.135
SG 0.029 1.537 * * 0.138
Microcystis botrys (K-0967)
LL 0.017 0.027 0.069 0.027 0.003 0.065 0.149
ML 0.090 0.068 0.290 0.074 0.013 0.077 0.238
HL 0.065 0.068 0.381 0.124 0.019 0.076 0.281
SG 0.020 0.058 0.069 0.111 0.005 0.067 0.273
Microcystis aeruginosa (NIES-107)
LL 0.085 0.128 0.019 * 0.038 0.087
ML 0.297 0.256 0.038 * 0.063 0.098
HL 0.323 0.304 0.053 * 0.028 0.098
SG 0.472 0.428 0.033 * 0.112 0.202

Continued on next page
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Table 1 (continued)

Strain Oscilla-  Aphani-  Nosto- Calo- Myxo- Myxo- Zea- Cantha- B-crypto- Echi- B-caro-
Condition  xanthin  zophyll xanthin xanthin xantho- xantho- xanthin xanthin xanthin nenone tene
phyll 1 phyll 2
Microcystis sp. (PCC-7820)
LL 0.068 0.144 0.134 0.033 * 0.033 0.126
ML 0.162 0.458 0.346 0.077 * 0.049 0.121
HL 0.124 0.480 0.316 0.084 * 0.044 0.078
SG 0.203 0.602 0.188 0.032 * 0.075 0.082
Microcystis aeruginosa (K-0540)
LL 0.006 0.100 0.114 0.015 * 0.035 0.127
ML 0.038 0.353 0.276 0.038 * 0.067 0.139
HL 0.044 0.385 0.318 0.057 * 0.080 0.175
SG 0.075 0.041 0.669 0.000 * 0.019 0.167
Microcystis sp., isolated in Brazilian reservoirs
LL 0.075 0.177 * 0.039 0.109
ML 0.215 0.165 * 0.028 0.114
HL 0.207 0.328 * 0.046 0.112
SG 0.031 0.079 * 0.034 0.089

affected by light intensity and most ratios increased
from LL to HL, although some of the pigment ratios
were relatively constant or even decreased at
increased light, e.g. B-carotene/chl a in Dolicho-
spermum circinale and Microcystis aeruginosa PCC-
7820 (Table 1). The pigment/chl a ratios of cultures,
which had turned into SG phase, were generally
within the range of ratios in the light treatment, but
occasionally higher than those found for HL-treated
cultures (Table 1).

Toxin content in cultures

In total, 5 of the cultured strains produced micro-
cystins at concentrations above the detection limit of
approx. 0.02 ug I"!: Planktothrix cf. agardhii K-0546, P,
rubescens K-0569, Microcystis aeruginosa NIES-107,
Microcystis sp. PCC-7820, and the Microcystis sp. iso-
late from the Brazilian reservoirs. Eight different
microcystins were detected: MC-LR, MC-YR, MC-RR,
demethylated (DM) MC-LR, DM MC-RR, MC-LY,
MC-LF and MC-LW. The density of the cultures varied
slightly, and the concentration of the different micro-
cystins is depicted in relation to chl a in order to com-
pare the content of microcystins of the different strains
(Fig. 2). MC-LR was the only toxin produced by all 5
strains. The relative content of microcystins generally
increased from LL to HL and a further increase was
seen for most microcystins in strains, which had turned
into SG phase except for Microcystis sp. isolated from
the Brazilian reservoirs, and for some of the MCs pro-
duced by Microcystis sp. PCC-7820.

Phytoplankton in the reservoirs determined
by pigments

The pigment analyses of the natural samples re-
vealed the presence of cyanobacteria detected by
myxoxanthophyll 2, echinenone, and canthaxanthin
in most samples, always zeaxanthin, and occasion-
ally aphanizophyll and myxoxanthophyll 1. Chloro-
phytes (including euglenophytes) were detected by
chl b, lutein, violaxanthin, and in most samples neo-
xanthin, and cryptophytes were revealed by allo-
xanthin. Fucoxanthin, chl c¢;, and chl ¢, showed the
presence of diatoms and possibly chrysophytes,
while peridinin and 19'-hexanoyloxyfucoxanthin
were occasionally detected in low concentrations
showing some presence of dinoflagellates and hapto-
phytes, respectively. The results from microscopy
(see below) generally confirmed the presence of
these groups. The zeaxanthin concentrations were
relatively high in the reservoirs and myxoxantho-
phyll 2/zeaxanthin, echinenone/zeaxanthin, and
canthaxanthin/zeaxanthin ratios were 0.28, 0.14, and
0.02 (average of all samples). The same ratios calcu-
lated for the cultured strains were generally much
higher; on average up to 2.01, 0.30, and 0.11, respec-
tively (calculated from Table 1), which indicated that
zeaxanthin-containing cyanobacteria without myxo-
xanthophyll, echinenone, and canthaxanthin, e.g.
Synechococcus sp. (Schliter et al. 2006, Descy 2017),
were present in the reservoirs. Consequently, 7
phytoplankton groups were identified and loaded
into the CHEMTAX program: cyanobacteria with
echinenone, myxoxanthophyll 1, and zeaxanthin,
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Fig. 2. Content of the different microcystins (LR, RR, YR, DMRR, DMLR, LY,
LW, and LF; see 'Toxin content in cultures' for details) identified in the cul-
tured strains of cyanobacteria (P.: Planktothrix; M.: Microcystis) in relation to
chlorophyll a (growth conditions: LL: low light; ML: medium light; HL: high

light, SG: stationary growth)

which were mostly filamentous/colony-forming, and
another group of cyanobacteria with zeaxanthin only,
which were mostly coccoid/pico-sized.

Fish farms F1, F5, and F6 had a chl a biomass of
<10 pg chl a I"! at all samplings, on average 3.6, 3.1,
and 4.1 ng chl a 17}, respectively. Fish farms F2 and
F3+F4 had markedly higher average chl a concentra-
tions of 25.6 and 22.2 pg chl a1}, respectively, partly
due to 2 diatom blooms in the spring of 2015 (Fig. 3).
The CHEMTAX calculations showed that cyano-
bacteria generally dominated in all reservoirs during
all seasons, except during the diatom spring bloom in
F2 and F3+F4 (Fig. 3). However, in F6, chlorophytes
tended to dominate when the total biomass was low-

P. agardhii K-0546
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est in spring 2014 and autumn 2015.
Cyanobacteria constituted on aver-
age 44 % of the phytoplankton chl a
biomass in F6 in all seasons (Table 2).
In the remaining reservoirs, cyano-
bacteria constituted 62 to 65 % of the
chl a biomass (Table 2). If we disre-
gard the diatom blooms, which
seemed to be superimposed on the
phytoplankton populations in spring
2015, cyanobacteria were on average
74 and 71% of the phytoplankton
chl a biomass in F2 and F3+F4,
respectively, which had the highest
phytoplankton abundances. Regres-
sion analysis showed that cyanobac-
teria chl a biomass was significantly
correlated with total chl a (r = 0.38, p
< 0.01). Apart from cyanobacteria,
chlorophytes and cryptophytes were
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also generally always present and
constituted an important fraction of
the phytoplankton populations, par-
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ticularly in the reservoirs with lower
chl a concentrations. Dinoflagellates
and haptophytes never attained sig-

nificant biomasses in any of the reser-

voirs (Fig. 3).

Microscopy identification of
phytoplankton in the reservoirs

The microscopy cell counting sup-
ported the findings that cyanobacte-
ria in general were present at all sam-
plings and reached high numbers of
organisms, especially in F2, F3+F4,
and F5 (Fig. 4). Beside the genera iso-
lated from the reservoirs, more than 40 different spe-
cies of cyanobacteria were identified including most
of the cultured species, e.g. M. aeruginosa, Plank-
tothrix sp., and Cylindrospermopsis raciborskii.
Cryptophytes were generally also present in quite
high numbers, especially in F1 and F6 (Fig. 4), with 2
species dominating: Cryptomonas brasiliensis and
Rhodomonas lacustris. Furthermore, chlorophytes
(including Zygnematophyceae, Euglenophyceae,
and Trebouxiophyceae) were present in all reservoirs
with more than 50 species identified, but the num-
bers of the individual species were often low. As
found using the pigment method, diatoms were pres-
ent in large numbers in spring 2015 in F2 and F3+F4



pug chla I

—_
o

pg chla I
o =<+ N W~ 00O N 0O ©

42

Aquacult Environ Interact 10: 35-48, 2018

F1
60

50

—
o

a o a o a SDLo >Duwao

FFia |
FF1b
FFia
FFib
FF1a
FF1b
FF1a
FF1b

F2

il - 2eet 1R S
B SEE mie SEE I III o HBES

45
40
35
30
25
20
15
10

DuwaAQ
w

= Cyanobacteria

Chlorophytes
(colony/filament)

Diatoms/
= Cyanobacteria Chrysophytes
(coccoid/pico)

= Haptophytes

= Cryptophytes
ypophy = Dinoflagellates

Fig. 3. Biomass (in pg chl a I'})
of phytoplankton groups deter-
mined by the pigment method
at the different fish farms (F1 to
F6, two farm areas, 1a and 1b,
within F1) in the different sea-

3

I

I I I I 1
o owan 0

DLI.D w o

I =)

1

U_D

w
DLLD

Autumn
2015

Autumn
2016

Autumn
2015

Spring
2014

Spring
2015

Spring
2014

(Fig. 4) where Fragilaria sp. dominated. The chl a
biomasses determined by the pigment method of
cyanobacteria (sum of filamentous/colony forming
and coccoid/pico-sized cyanobacteria), cryptophytes,
chlorophytes, and diatoms were significantly corre-
lated with the organism numbers of the respective
groups counted in the microscope (r = 0.52, p < 0.001;
r=0.46,p<0.001;r=0.38, p<0.01;andr=0.86, p <
0.001, respectively).

Eifect of fish farms on phytoplankton communities
and toxin composition

The fish farms affected the phytoplankton bio-
masses (determined by the pigment method) differ-
ently. In some sampling periods, total phytoplankton
biomass was higher upstream, declined inside the
fish farms and then increased downstream. This was
observed for F5 in both autumn and spring 2015 and
by both pigment analysis and microscopy (Figs. 3
& 4), where particularly the colony forming/filamen-
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tous cyanobacteria decreased inside the fish farms.
In fact, cyanobacteria were found to decrease inside
the fish farms in most samplings (Table 2). However,
statistical analyses (t-test, paired samples) showed
that the fish farms did not have a significant impact
on the biomass nor the organism numbers of any of
the phytoplankton groups (data not shown).

Microcystins were detected in all the reservoirs.
MC-LR was typically the most abundant toxin and
was present in all samples where microcystins were
detected. An exception was fish farms F3+F4, where
MC-RR was dominant in autumn 2016 (Fig. 5). In
addition, MC-YR was generally also present. The
total concentrations of microcystins were signifi-
cantly correlated with the total chl a concentration of
cyanobacteria (r = 0.73, p < 0.01; Fig. 6). Further-
more, the total concentrations of microcystins were
significantly correlated with the chl a biomasses of
the filamentous/colony forming cyanobacteria (r =
0.70, p < 0.01), and with the biomasses of coccoid/
pico-sized cyanobacteria, although with a weaker
correlation (r = 0.26, p = 0.039).
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Table 2. Percentage of cyanobacteria (both filamentous/
colony forming and coccoid/pico-sized) in relation to the total
phytoplankton chl a biomass at the different fish farms (F1 to
F6; two farm areas, 1a and 1b, within F1 given as 'Fish farm’
and 'F1-1b’, respectively). —: not applicable; na: not available

Season F1 F2 F3+F4 F5 F6 Average
Spring 2014
Upstream 65 76 57 45 47 58
Fish farm 62 72 59 38 34 53
F1-1b 60 - 60 - - 60
Downstream 61 69 59 41 35 53
Autumn 2015
Upstream 64 89 77 87 26 69
Fish farm 66 91 80 79 24 68
F1-1b 69 - 71 - - 70
Downstream 56 93 88 90 28 71
Spring 2015
Upstream 70 14 42 84 50 52
Fish farm 71 9 27 75 54 47
F1-1b 67 - 22 - - 45
Downstream 75 8 36 89 51 52
Autumn 2016
Upstream 51 87 81 45 59 65
Fish farm 56 87 83 47 64 67
F1-1b 45 - 69 - - 57
Downstream na 80 73 49 61 66
Average 62 65 62 64 44 60
DISCUSSION

Cyanobacteria in Brazilian water reservoirs

The most common freshwater bloom-forming cyano-
bacteria genera in Brazil are Microcystis, Dolicho-
spermum, Aphanizomenon, Planktothrix, and Cylin-
drospermopsis (de Carvalho et al. 2008). Among
these, toxic cyanobacteria have been shown to be
represented by more than 30 species (Sant'Anna et
al. 2008). Many of these toxic species were detected
in the different reservoirs with fish farms in the pres-
ent study. Besides the 3 cyanobacteria isolated in the
reservoirs (Radiocystis sp., Pseudanabaena sp., and
Microcystis sp.; Table 1), all the cultured genera
were detected in the reservoirs.

Pigments for chemotaxonomic analysis

Ideally, pigment ratios for the CHEMTAX program
for calculating the chl a biomasses of the individual
groups should be obtained from cultures collected at
the study site (Higgins et al. 2011). Because of this,
pigment/chl a ratios were determined here for both
known cyanobacterial genera in the Brazilian reser-

voirs (which were isolated and cultured) as well as
for the new isolates from reservoirs (Table 1), since
cyanobacteria were overall the most abundant group
in the reservoirs. The pigment content and pigment/
chl a ratios of the cultured cyanobacteria were within
the range of earlier studies of other species of fresh-
water cyanobacteria (Schliiter et al. 2006, Lauridsen
et al. 2011). Pigment/chl a ratios were affected by the
growth conditions, especially light intensity. The
ratios increased from low to high light (Table 1) and
confirm that the carotenoids of cyanobacteria are
part of the light protection of the photosynthetic
apparatus in the cells (Takaichi & Mochimaru 2007,
Mehnert et al. 2012). Apart from PB-carotene and
zeaxanthin, all pigments identified in the different
strains of cyanobacteria are diagnostic pigments spe-
cific to cyanobacteria: echinenone, canthaxanthin,
myxoxanthophyll 1 and 2 (2 myxol glycosides, where
the sugar moieties have not been determined;
Takaichi & Mochimaru 2007), aphanizophyll, etc.
(Table 1). For chemotaxonomy, these specific pig-
ments are valuable since determination of the pres-
ence of cyanobacteria based on the pigment compo-
sitions becomes conclusive.

Echinenone and myxoxanthophyll 2 are the most
important pigments for detecting cyanobacteria in
freshwater, because they occur in all the cultured
cyanobacteria and are universally detected in many
other species of cyanobacteria (Goodwin 1980, Ro-
wan 1989, Roy et al. 2011). However, the coccoid/
pico-sized cyanobacteria (e.g. Synechococcus sp.)
only contain zeaxanthin (Schliiter et al. 2006, Descy
2017). When coccoid/pico-sized cyanobacteria are
abundant, the zeaxanthin concentration may domi-
nate the cyano-pigment composition and indicate a
high abundance of these cyanobacteria, as found in
the present study. Especially in F1 and F6, when chl a
biomasses were low, these cyanobacteria constituted
an important fraction of the cyanobacteria.

Pigment analysis versus microscopy for
characterization of phytoplankton communities

The abundance of cyanobacteria and other phyto-
plankton groups, determined by the pigment me-
thod, correlated significantly with organism number
per volume determined by microscopy. However,
each cyanobacteria colony/filament was counted as a
single organism, despite the fact that chains and
colonies were often present, and therefore chl a bio-
masses and organism numbers will not necessarily
correlate. The results from the 2 methods in Figs. 3 & 4
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occasionally became uncoupled due to the inconsis-
tent relationship between organism numbers and
chl a for the different groups. Cryptophytes deter-
mined by microscopy seemed to be the largest group,
especially in the 2 reservoirs with low chl a (F1 and
F6), when determined by microscopy (Fig. 4). The 2
dominating species in these reservoirs, Cryptomonas
brasiliensis and Rhodomonas lacustris, are single
cells of a relatively small size, 6 to 10 pm, which have
been found to dominate in turbulent and oligotrophic
environments of other Brazilian reservoirs (Rosini et
al. 2016). Furthermore, the most abundant diatom
(Fragilaria sp.) found in F2 and F3+F4 forms colonies
of many cells, which caused a discrepancy in or-
ganism numbers and chl a biomass of the diatoms
(Figs. 3 & 4).

Unlike microscopy, pigment analyses by HPLC
have the advantage of being fast and reproducible,
and taxonomical expertise is not required. Further-
more, all phytoplankton cells, including the pico-
sized cells that cannot be identified using standard
microscopy methods (e.g. inverted microscopy as
applied in the present study), are included by the
pigment method (Zapata 2005). Because small and
overlooked species may be ignored by microscopy,
actual species diversity may be more accurately
determined by pigment analysis. This was confirmed
by analysis of phytoplankton species in more than 40
lakes, where a higher Shannon's diversity index was
determined by pigment analyses than by microscopy
counting (Schliter et al. 2016). An additional advan-

tage of the pigment method is that rare species in low
densities can be identified but may be overlooked by
microscopy. In the present study, minor concen-
trations of diagnostic pigments from haptophytes and
dinoflagellates, 19'-hexanoyloxy-fucoxanthin and
peridinin, were occasionally detected using the pig-
ment method, showing that few cells from these
groups were present (Fig. 3), but they were not
detected in the smaller volume examined under the
microscope.

Identification of single species by pigment analysis

Typically, the HPLC method is considered applica-
ble for determining only groups or classes of phyto-
plankton, but in a few cases the method has been
used to determine presence of species. For example,
the toxic species of cyanobacteria in the Baltic Sea,
Nodularia spumigena, contains a rare and unique
pigment, 4-keto-myxoxanthophyll, which can be
used as a diagnostic pigment for the early warning of
blooms of this cyanobacterium in the Baltic Sea
(Schluter et al. 2004). Likewise, the pigment gyro-
xanthin-diester has been shown to be a useful diag-
nostic pigment for the toxic dinoflagellate Karenia
brevis forming large blooms in coastal areas (Millie
et al. 1997, Ornolfsdéttir et al. 2003). In the present
study, both the microcystin-producing and the non-
microcystin-producing strains of cyanobacteria con-
tained the pigments myxoxanthophyll 2 and echi-
nenone, as well as other cyanobacteria pigments, but
none of these diagnostic pigments were found to
indicate presence of microcystins.

Cyanobacterial dominance in phytoplankton in the
Brazilian reservoirs

In eutrophic temperate lakes, cyanobacteria usu-
ally dominate the phytoplankton community (Watson
et al. 1997, Sendergaard et al. 2005), and this seems
to be even more pronounced in subtropical and trop-
ical areas, where bloom-forming cyanobacteria can
proceed at relatively lower nutrient input rates and
concentrations (Kosten et al. 2012, Pearl & Paul
2012). In the studied Brazilian reservoirs, cyano-
bacteria constituted an increasing abundance of the
phytoplankton populations at increasing chl a bio-
mass (Table 2, Fig. 3); up to 75 % of the chl a biomass
in F2 and F3+F4 could be related to cyanobacteria, if
disregarding the diatom blooms encountered in
spring 2015. The abundance of cyanobacteria co-
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varied with the concentration of microcystin in the
water, as confirmed by the positive correlation be-
tween concentrations of chl a and microcystins
(Fig. 6) showing that with an increasing abundance
of cyanobacteria, the risk of toxin-producing cyano-
bacteria increases. Furthermore, our pigment ana-
lyses indicated that the microcystin concentrations
could be ascribed mainly to the filamentous/colony-
forming cyanobacteria in the reservoirs.

Cyanobacterial toxins versus fish health

Total phytoplankton biomasses, and especially the
biomasses of the filamentous/colony forming cyano-
bacteria in the reservoirs, were often higher up-
stream, then declined inside the fish farms, and
frequently increased again downstream (Fig. 3). A
decline inside the fish farms indicates that the fish
intendedly or unintendedly grazed on phytoplank-
ton, i.e. phytoplankton accidentally consumed with
fish feed pellets (Smith et al. 2008). Tilapia is a plank-
tivorous species that has been shown to inevitably
ingest microcystin when microcystin-producing cyano-
bacteria are present; the microcystins tend to accu-
mulate in the liver, viscera, and muscle tissue of the
fish (Magalhaes et al. 2001, Mohamed et al. 2003,
Zhao et al. 2006). Several studies have reported accu-
mulation of the hepatotoxin in edible tissues at levels
that exceed WHO guidelines for tolerable daily
intake of 0.04 ng kg™! body weight d* (WHO 1998),
assuming that 100 to 300 g of fresh weight tissue is
consumed. This suggests that human intoxication is
plausible (Smith et al. 2008).

Tilapia feeding on natural phytoplankton have
been shown to accumulate microcystin in liver and
muscle tissue even at concentrations below 1 pg 17
(Deblois et al. 2008). In the present reservoirs, con-
centrations of microcystin frequently exceeded this
concentration (up to 6.5 pg 17! was found in F2 and
F3+F4), suggesting that tilapia in the farms poten-
tially accumulated microcystin. However, statistical
tests showed that the cyanobacterial biomass was not
reduced during passage of water in the farms, sug-
gesting absence or minor intake of cyanobacteria by
tilapia (Table 2). This was supported by lack of de-
clining concentrations of microcystin downstream of
the farms (Fig. 5). The actual concentrations of micro-
cystin and other cyanotoxins in the fish were not
determined in this study. It is possible that because
the fish were fed in the cages, the intake of cyano-
toxins in the farms may have been low, but that
would require further analyses.

Microcystin production by cultures

Five of the cyanobacteria cultured produced differ-
ent microcystins (Fig. 2), and MC-LR, which is the
most common microcystin (Dawson 1998), was al-
ways present. Besides MC-LR, the most common
microcystins detected were MC-RR and MC-YR at 14
different locations in Finland (Spoof et al. 2003),
which agrees with the findings in the present study.
Several of the cultured species did not produce
microcystins, although they have previously been
reported to produce microcystin, e.g. Dolichosper-
mum circinale, Microcystis botrys and M. aeruginosa
(Sant'Anna et al. 2008). For Microcystis, this observa-
tion may reflect that natural populations can include
phenotypically identical toxic and non-toxic geno-
types (Kurmayer et al. 2002, Ouellette et al. 2006).
Light intensity may also control the toxin production.
For example, Kaebernick et al. (2000) found in-
creased levels of microcystin transcripts under illumi-
nation with >31 pmol photons m™2 s~ This light de-
pendence of microcystin production was confirmed
in the present study, where the relative amount of
microcystins (MC/chl a) generally increased from LL
(approx. 4 pmol photons m~2 s™') to HL (Fig. 2). When
the growth turned into the SG phase due to nutrient
limitation, MCs/chl a were often higher than when
nutrients were not limiting, indicating that the micro-
cystin production is also controlled by nutritional
conditions. This is supported by previous observa-
tions, although contradictory results on the influence
of nutrients on microcystin production have been
reported (Neilan et al. 2013, Boopathi & Ki 2014), and
shows that the toxin production is difficult to predict
and is influenced by many factors.

Early warning of toxic cyanobacteria

There is an increasing need to detect presence of
toxin-producing cyanobacteria at an early stage
(Codd et al. 2005). Here, the significant relationship
between microcystins and the chl a biomass of
cyanobacteria showed that the pigment method
could detect toxic cyanobacteria in the Brazilian
reservoirs. At low chl a levels and when the phyto-
plankton populations were diverse and pigments
showed that chlorophytes and cryptophytes com-
prised a relatively large part of the phytoplankton,
the concentrations of microcystin were generally low.
When the chl a biomass of cyanobacteria exceeded
4 ug I"!, microcystins were always present, and at
approx. 6 ng cyanobacterial chl a 17! the concentra-
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tion of microcystins exceeded 1 pg 17! (WHO limit for
the content of MC-LR in drinking water; WHO 1998).
This microcystin concentration corresponds to a total
chl a concentration of approx. 12 nug 17! (calculated
from the regression of total chl a as function of chl a
of cyanobacteria). This is close to the level of 10 ng
chl a 1!, which the WHO has proposed as the level
for the low probability of adverse health effects from
contact with, or ingestion or inhalation of cyano-
bacteria. Moderate, high, and very high risk levels
are 10 to 50, 50 to 5000, and >5000 ng chl a 17,
respectively (Chorus & Bartram 1999).

In the reservoirs, cyanobacteria did not always dom-
inate at high chl a concentrations, and diatoms were
responsible for the instances where chl a reached
around 50 pg chl a 1"1. Hence, pigment analyses pro-
vided additional and valuable information on the po-
tential risk of toxic cyanobacteria. For early warning of
toxic cyanobacteria in freshwater reservoirs, for exam-
ple used for aquaculture production, pigment analyses
can provide fast and reliable results on the presence of
cyanobacteria and help predict emerging incidents of
toxic cyanobacteria in the water.
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