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RESUMO 

A manutenção da biodiversidade, fator chave na ecologia, tem sido um dos maiores desafios na 

atualidade. Entender os processos que influenciam a diversidade e estrutura fitoplanctônica 

pode auxiliar no estabelecimento de medidas de conservação cada vez mais precisas. Devido a 

isto, a pesquisa foi desenvolvida na Plataforma Continental Maranhense (PCM), setor leste da 

Costa Norte Amazônica, considerada hotspot mundial para conservação por apresentar elevada 

produtividade e diversidade biológica. Este estudo teve como objetivo investigar os padrões 

temporais e espaciais da diversidade, estrutura e biomassa fitoplanctônica na PCM, 

evidenciando sua relação com a variabilidade climática, ciclo de maré e hidrologia ao longo de 

um continuum estuário-oceano. Para isso, foram realizadas análises temporais e espaciais das 

variáveis físicas, químicas e biológicas entre os anos de 2019 e 2020, totalizando 13 pontos 

amostrais considerando duas abordagens. A primeira (menor escala espacial) investigou 

padrões eco-hidrólogicos ao longo de cinco pontos em uma baía de macromaré (Baía de Cumã). 

A segunda (maior escala espacial) abrangeu desde os pontos mais internos da baía até a isóbata 

de 60 m próximo a quebra da plataforma, caracterizando um continuum estuário-oceano. Como 

resultados, 192 táxons foram identificados na baía de Cumã e 189 ao longo do continuum 

estuário-oceano, com o predomínio do filo Bacillariophyta (diatomáceas) em ambas as escalas, 

seguido por Miozoa e Cyanobacteria. A dinâmica hidrológica na PCM foi caracterizada 

espacialmente pela elevada contribuição continental que resultou em uma maior influência da 

pluma estuarina (salinidade < 30) alcançando cerca de 60 km da linha de costa. Esta dinâmica, 

associada ao regime de macromaré, resultou em uma heterogeneidade ambiental marcada por 

zonas funcionalmente distintas. Sazonalmente, a maior influência da pluma estuarina e 

disponibilidade de luz na Baía de Cumã, durante os primeiros meses do ano, favoreceram o 

aumento da densidade e biomassa fitoplanctônica, com ocorrência de blooms da diatomácea 

Skeletonema costatum (> 106 cell L-1) e redução de diversidade taxonômica. Durante a 

estiagem, a maior penetração da água marinha no sistema associada a maior intensidade dos 

ventos e dinâmica de macromarés resultaram em águas mais turvas, limitando a disponibilidade 

de luz e atividade fotossintética do fitoplâncton. A análise de cluster identificou a formação de 

oito grupos fitoplanctônicos associados à variabilidade espaço-temporal do continnum estuário-

oceano. A partir desses grupos, 39 espécies foram selecionadas como indicadoras da PCM. A 

diversidade beta apresentou um gradiente crescente ao longo da escala temporal e espacial. Por 

fim, o presente estudo evidenciou que processos determinísticos governaram a estrutura 

comunidade e diversidade fitoplanctônica da PCM, e reforça a importância da manutenção de 



 

 

séries temporais para melhor compreensão da dinâmica do fitoplâncton em ambientes de alta 

complexidade como os encontrados na Costa Norte Amazônica. 

Palavras-chave: Diatomáceas; Fitoplâncton indicador; Diversidade beta; Reentrâncias 

Maranhenses; Plataforma Continental. 

 

 

  



 

 

ABSTRACT 

Biodiversity maintenance, a key factor in ecology, is one of the biggest challenges nowadays. 

Understanding the processes that influence phytoplankton diversity and structure can help to 

establish accurate conservation measures. Therefore, this research was developed in the 

Maranhense Continental Shelf (MCS), the eastern sector of the North Amazon Coast, which is 

considered a world hotspot for conservation due to its high productivity and biological diversity. 

This study aimed to investigate the temporal and spatial patterns of phytoplankton diversity, 

structure, and biomass in the MCS, evidencing their relationship with climate variability, tidal 

cycle, and hydrology along an estuary-ocean continuum. For this, temporal and spatial analyses 

of the physical, chemical, and biological variables were carried out between 2019 and 2020, 

totaling 13 stations considering two approaches. The first (smaller spatial scale) investigated 

ecohydrological patterns along five stations in a macrotidal bay (Baía de Cumã). The second 

(larger spatial scale) included stations from the innermost portion of the bay to stations at the 

60 m isobath near the shelf break, characterizing an estuary-ocean continuum. As a result, 192 

taxa were identified in Cumã Bay and 189 along the estuary-ocean continuum, with a 

predominance of Bacillariophyta (diatoms) at both scales, followed by Miozoa and 

Cyanobacteria. The hydrological dynamics in the PCM were characterized spatially by the high 

continental contribution that resulted in a greater influence of the estuarine plume (salinity < 

30) reaching approximately 60 km from the coastline. This dynamic, associated with the 

macrotidal regime, resulted in an environmental heterogeneity marked by functionally distinct 

zones. Seasonally, the influence of the estuarine plume and light availability in the Cumã Bay, 

during the first months of the year, favored the increase in phytoplankton abundance and 

biomass, with the occurrence of blooms of the diatom Skeletonema costatum (> 106 cell L-1) 

and reduction of the taxonomic diversity. During the dry season, the greater penetration of 

marine water into the system associated with high wind intensity and macrotidal dynamics 

resulted in turbid waters, which limited the light availability and photosynthetic activity of 

phytoplankton. Cluster analysis depicted eight phytoplankton groups associated with the 

spatiotemporal variability of the estuary-ocean continuum. From these groups, 39 species were 

selected as indicators of the MCS. Beta diversity showed an increasing temporal and spatial 

trend across the shelf. Finally, the present study pointed out that deterministic processes 

governed the community structure and phytoplankton diversity of the coastal shelf and 

highlighted the importance of maintaining time series for a better understanding of 



 

 

phytoplankton dynamics in highly complex environments such as those found in the North 

Coast of the Amazon. 

Keywords: Diatoms; Phytoplankton indicator; Beta diversity; Reentrâncias Maranhenses; 

Continental shelf. 
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1 INTRODUÇÃO 

Este trabalho de Tese de Doutorado está organizado em formato de artigos científicos, 

abordando discussões sobre a diversidade, estrutura e biomassa fitoplanctônica em escala 

temporal e espacial e os efeitos dos processos climáticos e hidrológicos na Plataforma 

Continental Maranhense, setor leste da Costa Norte Amazônica, considerada hotspot mundial 

para conservação por apresentar elevada produtividade e diversidade biológica. Além disso, o 

presente trabalho é o primeiro estudo a fornecer importantes informações científicas sobre os 

padrões da diversidade da comunidade fitoplanctônica (diversidade alfa e beta) nas 

Reentrâncias Maranhenses – Sítio Ramsar, maior faixa contínua de manguezais do mundo.  

 

1.1 Região costeira 

 

As regiões costeiras do mundo formam uma estreita zona de interface entre as áreas 

marinhas e terrestres, nas quais estão localizadas grandes e crescentes proporções da população 

humana e da atividade econômica global. Este ambiente sustenta ecossistemas sensíveis que 

fornecem habitat crítico para muitas espécies ameaçadas e serviços ecossistêmicos altamente 

importantes na forma de proteção costeira, pesca e outros recursos vivos, terras agrícolas ricas, 

áreas de alto valor estético, e é comumente considerado como patrimônio público (RAMESH 

et al., 2015). 

Apesar de nos últimos anos as zonas costeiras serem foco de muitas economias 

nacionais, não existe uma definição clara desta zona que seja aceita pelas diferentes áreas e 

segmentos envolvidos nos problemas costeiros. No entanto, no ramo das Ciências Naturais, a 

definição apresentada pelo programa de Interações Continente-Oceano na Zona Costeira (Land-

Ocean Interactions in the Coastal Zone – LOICZ) é amplamente aceita (Figura 1). 
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Figura 2 - Representação esquemática da definição de zona costeira 

Fonte: Adaptado de Holligan e Boois (1993). 

Uma abordagem fundamental apresentada pelo LOICZ é o reconhecimento de que “... 

a zona costeira não é apenas um limite geográfico de interação entre a terra e o mar, mas sim 

um compartimento global de significado especial para os ciclos e processos biogeoquímicos e 

cada vez mais para a habitação humana e economias” (HOLLIGAN e BOOIS, 1993). 

As regiões costeiras contribuem substancialmente para a produtividade primária 

marinha global, respondendo por aproximadamente 25% dessa produção anual (RYTHER, 

1969). Tais ecossistemas costeiros abrigam as mais diversas comunidades biológicas, as quais 

se encontram interligadas em complexas cadeias tróficas (FALKOWSKI, 2002). 

Estes ecossistemas estão entre as regiões mais produtivas e dinâmicas do oceano, sendo 

sujeitos a descargas fluviais de grandes rios que podem ter um impacto considerável no oceano 

aberto, retendo, trocando ou transformando nutrientes e carbono orgânico (SHARPLES et al., 

2017). No entanto, esses ambientes têm sido pouco investigados nos trópicos em comparação 

com as regiões temperadas, embora muitos dos maiores estuários do mundo estejam localizados 

nas regiões costeiras tropicais e contribuem com mais de 50% de toda a água de origem fluvial 

nos oceanos (BRUNSKILL, 2010; ARAUJO et al., 2017; AQUINO et al., 2022). 
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1.2 Plataformas continentais e Sítios Ramsar 

Plataformas continentais funcionam como um receptor final de água e materiais de 

origem continental, os quais são transportados principalmente através da descarga dos rios e 

estuários. Do ponto de vista dinâmico, essa descarga resulta em uma massa de água flutuante 

com menor densidade que a encontrada nas águas costeiras, denominada pluma de rio ou pluma 

fluvial (KOURAFALOU et al., 1996). 

As condições físicas e químicas resultantes da interação entre essas massas de água 

fluvial e oceânica podem servir como fonte de nutrientes biologicamente importantes e 

influenciar diretamente no crescimento fitoplanctônico, criando uma zona de transição 

altamente produtiva e propícia para alta transferência trófica do fitoplâncton para os demais 

níveis tróficos (SMITH JR e DEMASTER, 1996; DAGG et al., 2004). 

Além disso, plumas fluviais associadas a limitações de nicho ecológico podem atuar 

como barreiras aquáticas permeáveis, limitando a distribuição de organismos marinhos (LUIZ 

et al., 2011). Essas barreiras reduzem o potencial de colonização ao longo de todo o oceano por 

organismos costeiros, servindo como filtros de dispersão que afetam espécies selecionadas com 

características fisiológicas, morfológicas e/ou ecológicas limitadas (BRADBURY et al., 2008; 

TOSETTO et al., 2022). Isto é particularmente observado na Costa Norte do Brasil, onde são 

encontrados rios extensos e com grande volume de água, como por exemplo, o rio Amazonas 

que possui a maior descarga global com média de 150.000 m3 s-1, sendo responsável por 

aproximadamente metade de toda a descarga fluvial no Oceano Atlântico Tropical (LENTZ, 

1995; GOES et al., 2014; ARAUJO et al., 2017). 

A Costa Norte do Brasil está inserida na ecorregião Amazônica a qual faz parte da 

Plataforma Norte do Brasil (Atlântico Tropical) (Figura 2). 
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Figura 3 - Distribuição das Ecorregiões Marinhas e suas respectivas províncias com destaque para o Oceano 

Atlântico Tropical e Plataforma Norte do Brasil 

Fonte: Adaptado de Spalding et al. (2007) e Tosetto et al. (2022). 

De acordo com estudos de classificação biogeográfica para as áreas costeiras e de 

plataforma realizado por Spalding et al. (2007), ecorregiões são as unidades de menor escala 

no Sistema de Ecorregiões Marinhas do mundo, sendo definidas como “áreas de composição 

de espécies relativamente homogênea, claramente distinta dos sistemas adjacentes”. As 

forçantes biogeográficas dominantes que as definem variam localmente, mas podem incluir 

isolamento, ressurgência, disponibilidade de nutrientes, influxo de água fluvial, regimes de 

temperatura, exposição, sedimentos, correntes e complexidade batimétrica ou costeira. 

Um dos usos do sistema de classificação da ecorregiões marinhas é o mapeamento de 

áreas para conservação, onde são selecionadas as coberturas de Sítios Ramsar ao longo das 

regiões costeiras e marinhas (SPALDING et al., 2007). Sítios Ramsar são áreas úmidas de 

relevante importância internacional, os quais fazem parte de uma lista de habitats aquáticos 

importantes para conservação estabelecida pela Convenção Ramsar em fevereiro de 1971. Esta 

é um tratado intergovernamental que incorpora os compromissos de seus países membros para 

manter o caráter ecológico de suas zonas úmidas e planejar o seu uso racional e sustentável (van 

der MOST e MARCHAND, 2011). 

Sítios Ramsar abrangem ecossistemas altamente produtivos e ricos em biodiversidade.  

No território brasileiro foram estabelecidos 27 Sítios Ramsar, sendo cinco destes pertencentes 

a Costa Norte Amazônica: Parque Nacional do Cabo Orange (AP), Sítio Ramsar Regional 
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Estuário do Amazonas e seus manguezais (AM, PA, MA), Área de Proteção Ambiental das 

Reentrâncias Maranhenses (MA) e Parque Estadual Marinho do Parcel de Manuel Luiz (MA) 

(Figura 3). 

 

Figura 4 - Localização dos 27 Sítios Ramsar localizados no Brasil 

Fonte: https://www.gov.br/mma/pt-br. 

Considerando a importância ecológica dos ecossistemas costeiros, há uma necessidade 

urgente de compreender os principais processos responsáveis pela dinâmica local, além de 

entender a melhor forma de gerir estes ecossistemas de forma sustentável, para que possam 

continuar a prestar os serviços dos quais a sociedade depende. 

1.3 Diversidade do fitoplâncton marinho 

Entre os produtores primários que sustentam as demais cadeias tróficas nos ecossistemas 

costeiros, encontra-se o fitoplâncton, contribuindo com cerca de 250 gC m-2 ano-1 na produção 

primária anual (CLOERN et al., 2014). O fitoplâncton marinho é essencial não só para os 

ecossistemas marinhos, mas também para toda a biosfera (LIU et al., 2022). Eles fornecem 

oxigênio que permeia a atmosfera (FALKOWSKI, 2012), além de desempenhar papel 

importante na ciclagen do carbono, abastecendo a bomba de carbono biológico do oceano 

global, e nutrientes, incluindo nitrogênio, fósforo, sílica, ferro e entre outros elementos 

(JARDILLIER et al., 2010; REYNOLDS, 2006). 



25 

 

 

 

Naselli-Flores e Padisák (2022), em estudos recentes, identificaram cerca de 20 serviços 

ecossistêmicos diferentes fornecidos pelo fitoplâncton em uma escala global (Figura 4). Dentre 

estes, os serviços de suporte têm sustentado significativamente o funcionamento de grande parte 

da biosfera há milhões de anos. A eficiência do uso dos recursos do fitoplâncton, ou seja, a 

fixação de carbono está diretamente ligada à sua diversidade, a qual contribui fortemente para 

a estabilidade global dos ecossistemas aquáticos e reforça o papel do fitoplâncton como 

provedor de serviços reguladores para a biosfera (PTACNIK et al., 2008). 

 

Figura 5 - Diagrama de blocos esquemáticos indicando as categorias e os serviços ecossistêmicos fornecidos 

pelo fitoplâncton 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fonte: Adaptado de Naselli-Flores e Padisák (2022). 

Tais serviços foram alcançados em virtude da diversidade biológica que esse grupo de 

organismos apresenta em seu sentido mais amplo, ou seja, em termos de espécies, genes e 

diversidade funcional (REYNOLDS et al., 2002; PADISÁK et al., 2009; KRUK et al., 2021; 

ABONYI et al., 2021). 

O fitoplâncton marinho representa um grupo de microrganimos eucariontes e 

procariontes altamente diversos, abundantes e cosmopolitas. Estes compreendem os grupos 

autotróficos mais frequentes, incluindo Bacillariophyta, Chlorophyta, Cyanobacteria, 

Haptophyta e Cryptophyta, bem como Miozoa com representantes autotróficos, heterotróficos 

e mixotróficos (SIMON et al., 2009). Estes organismos planctônicos possuem grande 
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significado ecológico por responderem rapidamente às mudanças ecológicas, sendo 

considerado um bom indicador biológico para avaliar as alterações dos ecossistemas aquáticos 

e qualidade da água (PAERL et al., 2003; SATHICQ et al., 2017; KANG et al., 2021). 

A estrutura da comunidade fitoplanctônica, em termos de composição, abundância e 

biomassa, pode ser influenciada por fatores climáticos, físicos, químicos e biológicos, bem 

como pelas interações entre eles (PAERL et al., 2010; THOMPSON et al., 2015). Dentre estes, 

a disponibilidade de luz, nutrientes e variações de salinidade atuam como fatores-chave na 

regulação da comunidade fitoplanctônica em escalas espaciais e temporais (AZHIKODAN et 

al., 2016; ZHONG et al., 2021; NWE et al., 2022). 

Entender as mudanças na composição e nos padrões de distribuição das espécies, ao 

longo do tempo ou no espaço, é um fator-chave na ecologia permitindo auxiliar em medidas de 

conservação frente às mudanças globais (SOCOLAR et al., 2016). Estudos sobre padrões 

espaço-temporais na organização de comunidades biológicas também são importantes para 

descrever padrões de diversidade de espécies em função de gradientes ambientais e geográficos 

(LANSAC-TÔHA et al., 2019). Estes incluem a heterogeneidade ambiental, que tende a 

promover a diversidade de espécies (TONKIN et al., 2015). 

Na costa maranhense, onde se encontra o sítio Ramsar Reetrâncias Maranhenses, a 

comunidade fitoplanctônica apresenta uma alta diversidade de diatomáceas em resposta a 

elevada hidrodinâmica local e condições ambientais, como disponibilidade de luz e nutrientes. 

Informações sobre o fitoplâncton e condições hidrológicas em ecossistemas estuarinos têm sido 

investigadas por estudos pioneiros para o estado do Maranhão, com destaque para Azevedo et 

al. (2008), Rodrigues e Cutrim (2010), Duarte-dos-Santos et al. (2017), Cavalcanti et al. (2018), 

Cavalcanti et al. (2020), Costa e Cutrim (2021), Queiroz et al. (2022) e Sá et al. (2022). 

Atualmente, estudos de diversidade abrangem diferentes escalas, desde a escala local 

(diversidade alfa) que revela a riqueza de espécies medida apropriadamente como o número de 

espécies em uma amostra de tamanho padrão (WHITTAKER, 1972), as mudanças na 

composição da comunidade entre escalas espaciais e temporais (diversidade beta) e a 

diversidade regional (diversidade gama) (BASELGA, 2010). 

Efeitos de dispersão e heterogeneidade podem ser identificados por meio da diversidade 

beta (ANDERSON, 2006). Estudos têm mostrado que a partição da diversidade beta em seus 

respectivos componentes de rotatividade (substituição de espécies entre locais) e aninhamento 

(perda ou ganho de espécies) facilitam a detecção de padrões ecológicos no espaço e no tempo 

(BASELGA, 2010). Essas informações sobre a variação espacial e temporal na diversidade beta 
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também são essenciais para a compreensão da biogeografia, ecologia e questões de 

conservação, além de orientar decisões práticas de manejo (BASELGA, 2010; LEGENDRE, 

2014). 

Recentemente, estudos sobre diversidade beta têm sido amplamente aplicados para 

entender os processos ecológicos determinantes dos padrões espaciais e temporais da 

biodiversidade fitoplanctônica em ecossistemas tropicais e sub-tropicais (JYRKÄNKALLIO-

MIKKOLA et al., 2018; ZHANG et al., 2018; KAHSAY et al., 2022; XU et al., 2022; FRAU 

et al., 2023) e temperados (MOUSING et al., 2016; ROMBOUTS et al., 2019; STEFANIDOU 

et al., 2020; BAO et al., 2022; OLLI et al., 2022; RUSANOV et al., 2022). No Brasil, estudos 

que utilizam essa abordagem ainda são incipientes e a maioria é aplicada aos ecossistemas 

limnéticos tais como rios, lagos e reservatórios (Tabela 1). A partir disso, foi proposta a 

realização deste trabalho aplicando uma abordagem de análise da diversidade (alfa e beta), 

estrutura da comunidade e traços funcionais do fitoplâncton como ineditismo para a região 

costeira amazônica devido a sua relevante importância ecológica, econômica e social. 
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Tabela 1 - Resumo das publicações atuais sobre o fitoplâncton com foco na diversidade beta nas regiões do 

Brasil 

 
Área de estudo 

Coeficientes de 

dissimilaridade 

Componente 

dominante 
Referência 

N
o
rt

e 
e 

N
o

r
d

es
te

 

Lagos de Parauapebas, 

Canãa dos Carajás e 

Curionópolis - PA 

Bray–Curtis e Jaccard Não aplicado 
Lopes et al. 

(2011) 

Rio Negro - AM Sørensen 
Substituição de 

espécies 

Wetzel et al. 

(2012) 

Bacias do Apodi-Mossoró 

e Piranhas-Açu - RN 

Bray–Curtis 

e Jaccard 
Não aplicado 

Brasil et al. 

(2019) 

Rio Tocantins - PA Sørensen 
Substituição de 

espécies 

Castro et al. 

(2021) 

C
en

tr
o

-O
es

te
 

Rio Araguaia - GO, MT Índice β -1 Não aplicado 
Nabout et al. 

(2006) 

Reservatórios 

hidroelétricos - MG, GO, 

TO 

Bray-Curtis Não aplicado 
Santos et al. 

(2015) 

Lagoa de 

estabilização/Trindade - 

GO 

Índice de Whittaker Não aplicado 
D’Alessandro et 

al. (2020) 

Bacia de Santa Teresa - 

GO 

Contribuição Local para a 

diversidade-beta (LCBD) 

e Jaccard 

Substituição de 

espécies 

Oliveira et al. 

(2020) 

S
u

l 
e 

S
u

d
es

te
 

Rios Tigre e Retiro - SC Índice β -1 Não aplicado 
Schuster et al. 

(2015) 

Reservatórios subtropicais 

- PR 
Sørensen 

Substituição de 

espécies 

Wojciechowski et 

al. (2017) 

Rio Paraná - PR, SP Jaccard 
Substituição de 

espécies 

Lansac-Tôha et 

al. (2019) 

Bacia do Rio Tramandaí - 

RS 

Sorensen, Bray-Curtis e 

Gower 
Não aplicado 

Costa et al. 

(2020) 

Reservatórios - SP Sørensen 
Substituição de 

espécies 

Zorzal-Almeida 

et al. (2021) 

Rio Paraíba do Sul – SP, 

RJ, MG 
Sørensen, Gower 

Substituição de 

espécies 

Graco-Roza et al. 

(2021) 

Bacia do Rio Iguaçu - PR 
Contribuição Local para a 

diversidade-beta (LCBD) 

Substituição de 

espécies 

Moura et al. 

(2022) 

Rio Guaraguaçu - PR Bray-Curtis Não aplicado 
Sampaio et al. 

(2023) 
Fonte: Autoria própria (2023). 
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2 DESCRIÇÃO DA ÁREA 

Informações sobre a descrição da área abordando uma visão geral sobre a Costa Norte 

Amazônica, Plataforma Continental Maranhense e Baía de Cumã são apresentadas nesta seção, 

região onde foi desenvolvida a etapa de campo e análise dos dados amostrais.    

 

2.1 Costa Norte Amazônica 

 

O Brasil possui uma linha de costa de aproximadamente 8.500 km de extensão, dos 

quais cerca de 35% são ocupados pelo litoral amazônico brasileiro, onde estão inseridos 

diversos ecossistemas como estuários, praias, ilhas, deltas, florestas tropicais e manguezais 

(PEREIRA et al., 2009). A Zona Costeira Amazônica Brasileira estende-se desde o Cabo 

Orange (Amapá) até o Delta do Parnaíba (Piauí), entre as latitudes 4°N e 3°S (EKAU e 

KNOPPERS, 1999). 

Situada na Costa Norte do Brasil, a Plataforma Continental Amazônica (PCA) é 

considerada a principal feição oceanográfica da região, devido à elevada descarga de rios 

caudalosos, como por exemplo, o rio Amazonas, que influencia diretamente os processos 

biogeoquímicos da região costeira e oceano adjacente (LOURENÇO, 2017; OTSUKA et al., 

2022). A PCA situa-se entre as latitudes 5°N e 2°S, abrangendo os estados do Amapá, Pará e 

Maranhão (Figura 5), e destaca-se como a porção mais larga da margem continental brasileira 

com largura variada ao longo da sua extensão alcançando máxima de 320 km na foz do rio 

Amazonas e decrescendo para aproximadamente 100 km tanto a noroeste quanto a sudoeste no 

Amapá e Maranhão, respectivamente (BRANDINI et al., 1997; CASTRO e MIRANDA, 1998; 

PRESTES et al., 2020). 
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Figura 6 - Plataforma Continental Amazônica incluindo os estados do Maranhão, Pará e Amapá 

 

 

 

 

 

 

 

 

 

 

 

Fonte: Silva (2019). 

Caracterizada como uma plataforma pouco profunda, a profundidade da quebra de 

plataforma varia ao longo da costa entre as isóbatas de 75 e 115m, sendo a maior parte desta 

com isóbata de 20 m ao longo de mais de 200 km da costa na região da foz do Rio Amazonas 

(NETO e SILVA, 2004; LOURENÇO, 2017). Além disso, a PCA apresenta um extenso 

ambiente de deposição sedimentar, representado por um delta submarino decorrente do grande 

aporte fluvial e de correntes oceânicas presentes na região (NETO et al., 2009). 

Este é um ambiente altamente dinâmico sujeito a regimes de hipermarés e macromarés, 

fortes correntes oceânicas e ventos alísios associados à migração sazonal da Zona de 

Convergência Intertropical (ZCIT) (NITTROUER e DEMASTER, 1996; AQUINO et al., 

2022). A principal corrente oceânica atuante na PCA é a Corrente Norte do Brasil (CNB) e sua 

componente Subcorrente Norte do Brasil, formadas a partir da bifurcação da Corrente Sul 

Equatorial (CSE) (SILVEIRA et al., 2000). Entre os meses de fevereiro e junho, a CNB 

apresenta um fluxo contínuo no sentido noroeste ao longo da quebra da PCA e entre julho a 

janeiro, a migração para norte dos ventos alísios resulta na retroflexão da CNB, alimentando a 

Contra-Corrente Norte Equatorial (CCNE) com águas enriquecidas da pluma do Rio Amazonas 

as quais são transportadas para o leste entre as latitudes 5°N e 10°N (FLAGG et al., 1986; 

COLES et al., 2013; ARAUJO et al., 2017) (Figura 6). 
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Figura 7 - Distribuição horizontal das principais correntes na Plataforma Continental Amazônica. CNB - 

Corrente Norte do Brasil, CCNE - Contra-Corrente Norte Equatorial 
 

 

 

 

 

 

 

 

 

 

 

Fonte: Adaptado de Chérubin e Richardson (2007). 

A PCA recebe a maior descarga fluvial do mundo, representando cerca de 15 a 20% da 

descarga fluvial global no Oceano Atlântico Equatorial (COLES et al., 2013; OTSUKA et al., 

2022). As principias fontes de nutrientes para a zona eufótica são a regeneração bêntica e a 

drenagem continental dos rios de grande porte como o Rio Amazonas, Rio Parnaíba e os 

principias rios que desembocam no Golfão Maranhense (BRANDINI et al., 1997). Esta 

plataforma recebe uma descarga fluvial na ordem de 105 a 106 m3 s-1 dos rios Amazonas e Pará, 

cujas plumas se estendem até 250 km e 165 km, respectivamente, no Oceano Atlântico 

(LENTZ, 1995; MASCARENHAS et al., 2016). Assim, a elevada descarga do rio Amazonas e 

de dezenas de outros sistemas estuarinos encontrados ao longo da PCA torna-se um fator crucial 

que influencia na dinâmica dos processos oceanográficos da costa amazônica (NITTROUER et 

al., 1991). 

2.2 Plataforma Continental Maranhense 

Situada no setor leste da PCA, encontra-se a Plataforma Continental Maranhense (PCM) 

localizada entre as coordenadas 01°01’S e 02°36’S e 41°48’W e 48°40’W. A PCM apresenta o 

segundo maior litoral da costa brasileira com 640 km de extensão, estendendo-se desde a foz 

do Rio Gurupi até a foz do Rio Parnaíba (Figura 7), com uma superfície de 55,70 km2 sendo 

limitada pela isóbata de 80 m (GUALBERTO e EL-ROBRINI, 2005; PEREIRA et al., 2018). 
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Apresenta geomorfologia irregular, evidenciada pelos campos de bancos arenosos 

submersos e pelo Parcel Manuel Luís (sítio Ramsar e parque marinho), extensa formação 

coralina onde ocorrem diversas associações entre organismos bentônicos (algas coralinas) e 

sésseis (por exemplo, cnidários e poríferos) (CORDEIRO et al., 2020). Esta é caracterizada pela 

influência de ventos alíseos e variabilidade espaço-temporal da Zona de Convergência 

Intertropical (ZCIT) resultando na ocorrência de dois períodos sazonais ao ano, período 

chuvoso e de estiagem (GUALBERTO e EL-ROBRINI, 2005). 

A partir da classificação geológica, a PCM é subdividida em: plataforma interna, média 

e externa. A plataforma interna é limitada pela isóbata de 40 m, com um relevo complexo típico 

de regiões com elevada energia de maré, tendo o Golfo Maranhense como feição 

geomorfológica com maior influência sobre a plataforma. Nesta zona, verifica-se a ocorrência 

de sucessões de campos de bancos arenosos submarinos alongados transversalmente à linha de 

costa, possuindo até 70 km de comprimento, 10 km de largura e alturas que podem atingir 20 

m, associados à ação das correntes de maré durante a transgressão marinha holocênica. A 

distribuição de sedimento é caracterizada por areia e cascalho esparso como classe dominante. 

A plataforma média é a área com maior inclinação situada entre as isóbatas de 40 e 60 m, onde 

é encontrado o parque marinho Parcel Manuel Luís. As classes de sedimentos dominantes são 

o cascalho esparso, cascalho arenoso e areia. A plataforma externa está compartimentada entre 

a isóbata de 60 e 80 m, com morfologia que sugere uma natureza carbonática, possivelmente 

uma formação de bancos de algas paralelos à quebra do talude, onde ocorre uma série de 

reentrâncias, configurando pequenos canais de relevo irregular. Cascalho esparso e areia com 

cascalho são os sedimentos dominantes da área (PALMA, 1979; GOES et al., 2017; 

GUALBERTO e EL-ROBRINI, 2005). 

Caracteriza-se por um complexo mosaico de ecossistemas como estuários, baías, 

campos inundados, restingas, praias arenosas, dunas, bem como extensas faixas de manguezais 

(GUALBERTO e EL-ROBRINI, 2005). Os manguezais correspondem às áreas úmidas 

costeiras do litoral maranhense, formando a maior faixa contínua de manguezais mais bem 

preservados do mundo com aproximadamente 1.200 km de extensão desde o litotal do Amapá 

até o Maranhão (SOUZA-FILHO et al., 2005; HAYASHI et al., 2019). Os manguezais da 

região são dominados pelas espécies Rhizophora mangle, R. racemosa, R. harrisonii, Avicennia 

germinans, A. schaueriana, Laguncularia racemosa e Conocarpus erectus (MENEZES et al., 

2008; NASCIMENTO et al., 2013). 
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O litoral maranhense está dividido em três setores considerando as peculiaridades das 

condições climáticas, drenagem fluvial e circulação oceânica, onde se destacam a costa oeste, 

a costa leste e entre elas, o Golfão Maranhense no setor central (AZEVEDO et al., 2008). A 

costa oeste se estende por 520 km desde a fronteira do estado no estuário do Gurupi (1°) até a 

margem do Golfão Maranhense (2,1°), sendo caracterizada pela presença de uma ampla faixa 

de manguezais (~ 4.000 km2) recortada externamente por pontões lodosos e ilhas que se 

formaram pela força das marés - Reentrâncias Maranhenses, com inúmeras rias e cerca de 20 

estuários dominados pela maré em forma de funil separados por penínsulas baixas dominadas 

por manguezais (SOUZA-FILHO et al., 2005; PEREIRA et al., 2018). 

 

Figura 8 - Localização da Plataforma Continental Maranhense, incluindo as Reentrâncias Maranhenses na costa 

oeste, o Golfão Maranhense no setor central e o Parque dos Lençóis Maranhenses na costa leste

 
Fonte: Autoria própria (2023). 

No setor central encontra-se o Golfão Maranhense, com uma orla externa de 490 km 

incluindo a Baía de Cumã, Baía de São Marcos e Baía de São José (PEREIRA et al., 2018). 

Esta região apresenta uma costa irregular, incluindo inúmeros estuários, praias, ilhas e 

manguezais que ocupam uma área de 1.622 km2 (SOUZA-FILHO et al., 2005), além da cidade 

de São Luís - região metropolitana e capital do Maranhão. Trata-se de um complexo estuarino 

com características de transição entre as duas costas, além de ser a feição geomorfológica com 
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maior influência sobre a plataforma e o principal coletor do sistema hidrográfico do estado 

(MARANHÃO, 2002; GUALBERTO e EL-ROBRINI, 2005). Nesta região, a amplitude das 

marés pode chegar a 7 m durante marés de sizígia e as correntes de maré podem chegar a 2 m 

s-1 (PEREIRA et al., 2011). 

O Golfão é abastecido pelas descargas fluviais de inúmeros rios, dentre eles destacam-

se: o rio Pericumã (~115 km) desaguando na Baía de Cumã; os rios Mearim (~966 km), Grajaú 

(~690 km) e Pindaré (~468 km) na Baía de São Marcos, e os rios Itapecuru (~1.050 km) e 

Munim (~120 km) na Baía de São José (MACEDO, 1989; LIMA et al., 2021), apresentando 

ainda um canal de mistura (Estreito dos Mosquitos) das massas de água da Baía de São Marcos 

e de São José (SANTOS et al., 2020). 

A costa leste se estende por 230 km desde o Golfão Maranhense até a divisa do estado 

no Delta do Parnaíba. Este litoral é caracterizado pelo predomínio de praias dominadas por 

ondas, ausência de reentrâncias, relativamente reto, e alturas de onda (Hs) que podem chegar a 

3 m de altura, enquanto as marés diminuem de 7 a 3 m em direção ao Delta do Parnaíba. Nesta 

área é encontrado o Parque Nacional dos Lençóis Maranhenses que possui extensos campos de 

dunas e lagoas costeiras (PEREIRA et al., 2018). 

2.3 Baía de Cumã 

A Baía de Cumã está situada na Mesorregião Norte Maranhense e Microrregião 

Litoral Ocidental Maranhense, delimitando as Reentrâncias Maranhenses e o setor central 

(IBGE, 2017). Constitui o Golfão Maranhense, juntamente com a Baía de São Marcos e Baía 

de São José (CZIZEWESKI et al., 2020), sendo o segundo maior recorte da costa oeste do 

litoral do Maranhão. Com uma área aproximada de 205,72 km2 e 33,92 km de extensão, essa 

baía é caracterizada pela influência de macromarés semi-diurnas (amplitude média > 4m) 

associadas ao intenso aporte fluvial dos rios Pericumã, Itapetininga, Guarapiranga, Peri-Açu e 

Seribeira (Figura 8). 
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Figura 9 - Localização da Baía de Cumã e seus principais tributários, Reentrâncias Maranhenses, Plataforma 

Continental Maranhense - Brasil 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fonte: Autoria própria (2023). 

 

A Baía de Cumã caracteriza-se por um sistema amazônico costeiro-marinho 

conectado diretamente com o Oceano Atlântico Tropical. A corrente de maré nesta região 

apresenta uma direção de WSW - SW perpendicular à costa, durante a enchente, e N - NE 

durante a vazante (GUALBERTO e EL-ROBRINI, 2005; IBGE, 2017). 

Este ambiente costeiro recebe influência continental de centros urbanos (pequenos e 

médios) localizados às margens da baía, destacando os municípios de: Guimarães (479,56 km2; 

12.030 hab.), Alcântara (1.168,24 km2; 22.097 hab.), Pinheiro (1.512,96 km2; 83.387 hab.) e 

Bequimão (790,22 km2; 21.280 hab.). Dentre as principais atividades antrópicas presentes na 

região, pode-se citar a pecuária (criação de gado e búfalo), a agricultura (cultivo de mandioca 

e arroz) e a intensa atividade de pesca e cultivo de mariscos (CARVALHO et al., 2011; IBGE, 

2017). 

A bacia hidrográfica do rio Pericumã é o principal tributário da Baía de Cumã 

percorrendo cerca de 13 municípios da Baixada Maranhense. Esta possui uma área de 10.800 

km2 que anualmente transborda e inunda as planícies baixas da região, formando um grande 

número de lagos temporários e permanentes (ALMEIDA-FUNO et al., 2010). A descarga do 

rio Pericumã é caracterizada por um ciclo sazonal marcante, com as maiores vazões registradas 
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no período chuvoso alcançando média de 113,69 ± 94,30 m3 s-1 (MARTINS e OLIVEIRA, 

2011). 

No curso médio do rio Pericumã, a 40 km da foz do rio e a 11 km da cidade de 

Pinheiro, encontra-se a construção de uma barragem (comprimento = 275 m; largura = 39 m; 

altura máxima = 29,3 m) com vazão controlada através de comportas verticais. Sua construção 

teve como objetivo minimizar a penetração da água salgada, reduzir as enchentes em áreas 

urbanas e agrícolas e regularizar as vazões de água no período de estiagem e chuvoso (BRASIL, 

1991; CARVALHO et al., 2011). Tal intervenção antrópica, juntamente com as principais 

atividades econômicas supracitadas, são consideradas potenciais tensores antrópicos para a 

saúde do ecossistema. 

O clima da região é tropical quente com chuvas de verão (Aw), de acordo com a 

classificação de Köppen. Situado entre o super-úmido da Amazônia e o semi-árido do nordeste, 

apresenta características intrínsecas tais como elevadas temperaturas (∼26 °C) e precipitação 

média (> 2.000 mm) durante todo o ano, resultando em dois períodos sazonais bem definidos e 

fortemente marcados pela precipitação (LEFÈVRE et al., 2017). 

Tal dinâmica resulta na formação de gradientes ambientais com variação sazonal 

marcante. A distribuição vertical e longitudinal de salinidade obtida a partir de dados coletados 

na Baía de Cumã é descrita na Figura 9. 

A distribuição vertical de salinidade, baseada em valores medidos in situ através de 

perfilagem vertical da coluna d’água, não apontou diferenças bem definidas indicando ser um 

sistema verticalmente bem misturado. Sazonalmente, é observado um predomínio de águas 

estuarinas (salinidade < 30) durante o período chuvoso, em ambos os cenários de maré 

(enchente e vazante). Enquanto que na estiagem, ocorre maior intrusão de águas marinhas 

(salinidade > 30) na extensão da baía. 
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Figura 10 - Distribuição vertical e longitudinal de salinidade na Baía de Cumã durante o período chuvoso e de 

estiagem, considerando o regime de maré enchente e vazante 

Fonte: Autoria própria (2023). 
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3 OBJETIVOS E HIPÓTESES 

Os objetivos gerais, objetivos específicos e hipóteses serão apresentados nesta seção.  

 

3.1 Objetivo Geral  

Avaliar o efeito das condições climáticas, hidrológicas e regime de maré sobre a 

diversidade, biomassa e estrutura da comunidade fitoplanctônica ao longo de um continuum 

estuário-oceano na Costa Norte Amazônica. 

3.2 Objetivos Específicos  

 Examinar os padrões espaciais e sazonais da diversidade alfa e biomassa do 

fitoplâncton, determinando os principais fatores ambientais que influenciam a dinâmica 

fitoplanctônica na Baía de Cumã; 

 Analisar a estrutura da comunidade fitoplanctônica a fim identificar os seus traços 

funcionais e espécies indicadoras de mudanças ecológicas ao longo de um continuum 

estuário-oceano amazônico; 

 Determinar os padrões de diversidade beta em diferentes escalas espaciais e temporais 

na Plataforma Continental Maranhense; 

 Investigar quais processos (climáticos, espaciais, hidrodinâmicos e ambientais) 

influenciam a diversidade e estrutura da comunidade fitoplanctônica na Plataforma 

Continental Maranhense. 

3.3 Hipóteses  

 Mudanças hidrológicas sazonais nos ecossistemas costeiros amazônicos promovem um 

crescimento do fitoplâncton podendo resultar em uma redução na diversidade 

fitoplanctônica da Baía de Cumã. 

 A intensa drenagem continental amazônica promove uma heterogeneidade ambiental 

resultando em mudanças na estrutura da comunidade fitoplanctônica e diversidade beta 

ao longo de um continuum estuário-oceano amazônico. 
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4 ESTRUTURA DA TESE 

De acordo com os objetivos e resultados obtidos ao longo da realização do presente 

estudo, esta tese foi dividida em cinco capítulos. O capítulo 1 com a Introdução, o capítulo 2 

referente a Descrição da Área, o capítulo 3 se refere aos Objetivos e Hipóteses, o capítulo 4 

apresenta a Estrutura da Tese, o capítulo 5 se refere ao artigo científico (Original Article e/ou 

Research Paper) publicado na revista Ecohydrobiology and Hydrobiology (artigo 1), o capítulo 

6 ao artigo científico (Original Article e/ou Research Paper) submetido a Journal of Sea 

Research (artigo 2) e o capítulo 7 referente às Considerações Finais. 

Artigo 1: Drivers of phytoplankton biomass and diversity in a macrotidal bay of the 

Amazon Mangrove Coast, a Ramsar site. Fatores determinantes da biomassa e diversidade 

fitoplanctônica em uma baía de macromaré da Costa de Manguezais Amazônica, sítio Ramsar. 

Este estudo objetivou analisar os padrões de distribuição da clorofila-a e diversidade alfa na 

Baía de Cumã, avaliando os principias fatores ambientais que influenciam na dinâmica do 

fitoplâncton através da combinação de análises estatísticas tradicionais e modelos aditivos 

generalizados (Figura 10). 

 
Figura 11 - Fluxograma metodológico do procedimento de pesquisa e análise de dados referentes ao capítulo 5 

 

 

 

 

 

 

 

 

 

 

Fonte: Autoria própria (2023). 
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Artigo 2: Effects of climate, spatial and hydrological processes on shaping phytoplankton 

community structure and β-diversity in an estuary-ocean continuum (Amazon continental 

shelf, Brazil). Efeitos dos processos climáticos, espaciais e hidrológicos ao longo da plataforma 

modulando a estrutura da comunidade fitoplanctônica e da diversidade beta em um continuum 

estuário-oceano (Plataforma Continental Amazônica, Brasil). Este estudo produziu 

informações importantes sobre a distribuição dos gradientes ambientais ao longo da plataforma 

maranhense e sua influência sobre a estrutura da comunidade fitoplanctônica e diversidade beta 

considerando escalas temporais e espacias, além de selecionar indicadores ecológicos como 

uma ferramenta para a avaliação de alterações dos ecossistemas aquáticos e qualidade da água 

(Figura 11). 

Figura 12 - Fluxograma metodológico do procedimento de pesquisa e análise de dados referentes ao capítulo 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fonte: Autoria própria (2023).  
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5 ARTIGO 1 

Drivers of phytoplankton biomass and diversity in a macrotidal bay of 

the Amazon Mangrove Coast, a Ramsar site 

Manuscript published in Ecohydrobiology and Hydrobiology 

Published: 26 Feb 2022 

https://doi.org/10.1016/j.ecohyd.2022.02.0027 

ABSTRACT 

Biodiversity maintenance is a main goal in ecology. Hence, phytoplankton diversity and 

biomass were analyzed in a coastal bay (Cumã Bay) of the Amazon 

Macrotidal Mangrove Coast, which has been designated as an international hotspot for 

conservation (Ramsar site) with high biological productivity and diversity that provides crucial 

ecosystem services and elevated fish production. An ecohydrology-based approach was applied 

to identify the main factors that drive the patterns of phytoplankton diversity and biomass, 

considering spatio-temporal analyses of physical, chemical, and biological variables from May 

2019 to June 2020. Phytoplankton dynamics were investigated using multivariate analyses, 

correlations, and generalized additive models. Seven indices were tested to select the most 

efficient biodiversity metric. The hydrological conditions of Cumã Bay were governed 

primarily by elevated precipitation and macrotidal dynamics, resulting in two different 

functional zones based on environmental variability: the freshwater influence zone and marine 

influence zone. Seasonally, the maximum freshwater discharge, low salinity and light 

availability promoted cell abundance and biomass increase, with blooms of Skeletonema 

costatum, which reduced the taxonomic diversity of the community in the rainy season. During 

the dry season, turbid waters resulting from macrotidal dynamics and wind speed limited light 

penetration and phytoplankton photosynthesis, leading to a higher uniformity in the species 

distribution. Shannon index was the most sensitive biodiversity metric to environmental 

changes. This study found that deterministic processes governed the community, which rainfall 

on the Amazon coast, along with wind speed, salinity, light availability and nutrients were the 

main controlling factors for phytoplankton diversity and richness. 

Keywords: Maranhão Reentrancese; ecohydrology; diversity hotspot; phytoplankton; 

Generalized Additive Model; chlorophyll a 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phytoplankton
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mangrove
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/skeletonema-costatum
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/skeletonema-costatum
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Introduction 

Biodiversity is a key factor in ecology that is directly related to the regulation and 

functioning of ecosystems (Cardinale et al., 2012; Chalar, 2009), and its maintenance and 

integrity at multiple scales is of great interest to the scientific community (Konar et al., 

2013; Wilsey and Potvin, 2000). 

Studies evaluating the factors influencing species diversity and richness in aquatic 

ecosystems have been a hot topic on ongoing ecological researchers in recent years due to 

declining biodiversity at the global level through anthropogenic effects on the goods and 

services that humans rely on that are provided by these ecosystems (Chai et al., 2020; Hooper et 

al., 2012; Knapp et al., 2017; Korhonen et al., 2011; Yang et al., 2021). 

Coastal environments are important aquatic ecosystems because they are highly 

productive and dynamic, providing essential ecosystem services such as bioremediation, food 

production, nutrient cycling, and recreational activities that aid in the maintenance of both 

marine life and humanity (Attrill and Rundle, 2002; Lillebø et al., 2016). However, these 

environments are exposed to anthropogenic and natural influences, which often results in 

declining water quality (eutrophication) and reduced ecosystem productivity and structure 

(Carstensen et al., 2011; Wetz and Yoskowitz, 2013). 

The successful management of estuarine and coastal waters requires an Ecohydrology-

based, basin-wide management approach (Chícharo et al., 2009). The ecohydrological 

principles recognize the integration of hydrological and ecological aspects and human 

intervention (Wolanski and Elliott, 2015), being regarded as a new scientific approach to water 

management and conservation of aquatic systems that search for the understanding of 

ecosystem processes and functioning to increase its carrying capacity and natural resilience to 

support anthropogenic impacts, as a basis for the development of ecological integrated low 

costs solutions to mitigate or restore degraded aquatic ecosystems (Chícharo et al., 2009). 

Diversity metrics may be useful for conservation practice and management purposes 

(Rombouts et al., 2019; Yang et al., 2021; Ye et al., 2019) since they summarize the abundance 

data for numerous species in an assemblage into a single number to describe the state of the 

community (Kwak and Peterson, 2007). In this respect, ecologists study deterministic 

and stochastic processes to better understand the dynamics of communities (Wang et al., 

2013; Zhang et al., 2016). Several plankton species can coexist despite the limited resources for 

which they compete (i.e., the Paradox of Plankton; Hutchinson, 1961); however, the essential 

https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0016
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0022
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0052
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0052
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0109
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-ecosystem
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-ecosystem
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/anthropogenic-effect
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0021
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0043
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0043
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0051
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0053
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0115
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/food-production
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/food-production
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0004
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0062
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0017
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0108
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0023
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0112
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0023
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0087
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0115
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0116
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0055
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ecologist
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/stochastic-process
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0107
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0107
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0120
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/plankton
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0044
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factors and processes controlling biodiversity have not been clarified, especially in coastal 

ecosystems subject to constant changes. 

Furthermore, served as a crucial tool, the traditional statistical analysis can help us to 

elucidate the knowledge from the monitoring of complex environments (Zhong et 

al, 2018; Zhang et al., 2021). For instance, Principal Components Analysis (PCA) and other 

multivariate techniques provide a means to identify stressor gradients in the data, including 

their correlation with each other (Ewaid et al, 2018; Feld et al, 2016). These methods are 

reliable on account of their capacity to efficiently and practically quantify the situation 

(Béjaoui et al., 2016). Nevertheless, they often suffer from the limits like outlier sensitivity and 

implicit assumptions on data distribution (Pavlidou et al., 2015). 

The Generalized Additive Model (GAM) is able to reflect the specific response 

relationships between the response variable and explanatory variables, by using multiple spline 

smooth functions and relaxing parametric assumptions (Liu et al., 2016; Zhang et al., 2021). 

Nonetheless, the combination of traditional techniques and sophisticated models to explain the 

ecohydrological interactions still lacks study now in coastal systems (Wolanski and 

Elliott, 2015). 

Cumã Bay, located on the northern Amazon coast, is known for its high productivity 

and biological diversity. It is a spawning area and nursery for numerous species of fish, 

shellfish, and migratory birds. Due to its importance for conservation has been considered under 

the Ramsar Convention as an internationally important wetland (Hazin, 2008). Cumã Bay 

provides relevant ecosystem services for the Amazon coast; however, information based on 

ecosystem functionality is currently scarce. In fact, the challenges presented by the Cumã Bay 

represent a number of opportunities for the application of ecohydrological principles. 

From an ecological point of view, the interpretation of the effects of hydrological 

processes on biology is straightforward, because mechanistic relationship can be hypothesized 

(Poff, 1997). However, this is different and more difficult in complex environments, for 

example Cumã bay, which renders the interpretation of pressure effects on ecological 

functioning a challenge. Thus, an application of multivariate analysis and additive models can 

solve this problem. We hypothesized that hydrological seasonal changes in coastal ecosystems 

promote massive growth of phytoplankton which may lead to a reduction in overall 

biodiversity. From this point, our study combined traditional techniques and Generalized 

Additive Model (GAM) to evaluate the influence of environmental factors on phytoplankton 

diversity and biomass in the Amazon coastal system (Cumã Bay). Traditional techniques (PCA 
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and correlations analysis) were used to select the most appropriated biodiversity metric that 

reflects seasonal changes, and GAM was applied to determine the main environmental factors 

that drive phytoplankton diversity and biomass in an Amazon macrotidal bay. Hence, the 

present work is able to provide a new perspective to support conservation and management 

programs in Amazon aquatic ecosystems. 

Material and methods 

Study area and climatology 

The Brazilian Amazon coast, also known as the Amazon Macrotidal Mangrove Coast 

(AMCC), is located between the Amapá and Maranhão states and contains a complex mosaic 

of vitally important aquatic ecosystems, sheltering bays, islands, estuaries (Nascimento et al., 

2013). It is characterized by complex hydrodynamic processes (Nittrouer and DeMaster, 1996) 

and large volumes of river water, solutes, and particulate matter from the Amazon and 

Maranhão rivers (Araujo et al., 2017; Matos et al., 2016a; Pereira et al. 2013), as well as dozens 

of other smaller estuaries that surround the Maranhão coastline known as the Maranhão 

Reentrances. 

Maranhão Reentrances was declared as “Ramsar site number 640” and based on its 

ecological and socio-cultural importance, the government of Brazil declared the study area as 

“Wetland of international importance” under the Ramsar convention in the year 1993 

(Hazin, 2008). The AMCC is a large wetland that features bays, inlets and estuaries, low and 

flat areas, as well as extensive mangroves. It covers almost 2.7 million hectares and is connected 

to four other wetlands (Cabo Orange National Park, Baixada Maranhense Environmental 

Protection Area, Amazon Estuary and its mangroves, and State Park of Parcel Manuel Luís) of 

international importance forming the largest continuous and best-preserved worldwide 

mangrove belt (1,200 km long). Mangroves in the region are dominated by Rhizophora mangle, 

R. racemosa, R. harrisonii, Avicennia germinans, A. schaueriana, Laguncularia 

racemosa, and Conocarpus erectus (Martins and Oliveira, 2011). However, the ecosystem has 

been undergoing continuous anthropogenic pressures from fishing, agriculture (cassava and rice 

farming), livestock (cattle and buffalo breeding), dam construction, and domestic sewage 

discharge from the main urban centers. 

As part of the Maranhão Reentrances, Cumã Bay is the second largest water body on 

the western coast of Maranhão, with an area of approximately 205.72 km2 and a length of 33.92 

km (Fig. 1). This bay has semidiurnal macrotides (tidal range mean > 4 m) associated with high 
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river discharge of the Pericumã (Pinheiro city), Itapetininga (Bequimão city), Guarapiranga and 

Seribeira (Guimarães city), and Peri-Açu (Alcântara city) rivers. 

 

Fig. 1. Map of study area, including the determination of functional zones based on Cluster analysis 

according to water quality during rainy and dry seasons in Cumã Bay, Amazon 

Macrotidal Mangrove Coast. 

Source: The author (2023). 

 

According to the Köppen classification, the climate in the region is a tropical wet-dry 

climate (Aw). It is situated between the Amazon super-wet and semi-arid Northeastern Brazil 

and has as high temperatures (∼26°C) and average precipitation of > 2,000 mm throughout the 

year (Cutrim et al., 2019). The total precipitation in 2019 (2,753 mm) and 2020 (2,708 mm) 

followed the trend of the historical annual average (2,200 mm) based on the last 28 years, and 

the climatological data showed two well-defined seasonal periods. The rainy season extends 

from January to July with the highest precipitation in March 2019 (818.2 mm) and the lowest 

wind speed (0.75 m s−1) in January 2020. The dry season begins in August and extends to mid-

December, with less than 1 mm of accumulated precipitation in September and October 2020 

and a higher wind speed in September 2020 (2.77 m s−1) (Fig. 2a). 
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Fig. 2. Historical average of precipitation, total monthly precipitation and wind speed for study period 

(2019-2020) (a). Monthly flow rate average of the Pericumã river basin (b). Meteorological data were 

obtained from National Institute of Meteorology (www.portal.inmet.gov.br). 

 

               

                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: The author (2023). 

 

The Pericumã river basin is the main tributary of Cumã Bay and covers approximately 

13 municipalities in the pre-Amazonian floodplain, recognized as Baixada Maranhense. This 

region has a high diversity and covers 10,800 km2 with a seasonal flooding cycle that annually 

overflows and inundates the lowland components of the fluvial network, resulting in the 

formation of temporary and permanent lakes (Almeida-Funo et al., 2010; Ibañez et al., 2000). 

Its discharge is marked by a seasonal cycle (Martins and Oliveira, 2011). The maximum flow 

rate (113.69 ± 94.30 m3 s−1) is clearly observed in the rainy season, with March recording the 

highest average flow rate (282.5 m3 s−1). In contrast, the dry season has the lowest flow rate 

(24.04 ± 16.28 m3 s−1) (Fig. 2b). 
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Sampling strategy 

To analyze the spatiotemporal fluctuations of the phytoplankton community and 

environmental variables, six surveys were conducted from May 2019 to June 2020, with a total 

of 60 collected samples (n=60). The sampling period included the rainy (May, March, and June) 

and dry (August, October, and December) seasons at five sampling sites along the bay. 

Sampling was performed on the sub-surface water as well as at a 2 m depth with a van Dorn 

oceanographic bottle during the daytime ebb tide and the neap tide. 

Cumã Bay was divided into two functional zones with spatial patterns of water quality 

(physical and chemical variables) during each season of either (Fig. 1): (i) the freshwater 

influence zone (FIZ; sites 1 to 2, depth < 9 m); and (ii) the marine influence zone (MIZ; sites 3 

to 5, depth 12–17 m). Zone identification was based on cluster analysis, following the approach 

of Boyer et al. (1997), Boyer (2006), and Varona-Cordeiro et al. (2010) for coastal ecosystems, 

to better understand and classify the bay into spatially distributed stations with similar water 

quality characteristics (zones of similar influence; ZSI). 

Physical and chemical variables and light limiting factors 

To physically characterize the Cumã Bay, a Conductivity, Temperature, and Depth 

(CTD) probe (Castway, Sontek Inst. Co) was used to measure salinity (resolution = 0.01, 

accuracy = ± 0.1), temperature (resolution = 0.01, accuracy = ± 0.05 °C) and pressure 

(resolution = 0.01 m, accuracy = ± 0.25% scale) in situ by a vertical profile of the water 

column. 

Total dissolved solids (TDS), pH and dissolved oxygen (DO) concentrations were 

measured with a Hanna multi-parametric probe (HI-9828). In order to evaluate the light limiting 

factors, measurements of Photosynthetically Active Radiation (PAR) were obtained using an 

underwater radiation quantum sensor (LI-COR LI 1500), water turbidity with a turbidity meter 

(MS Tecnopom - TB 1000P) and suspended particulate matter (SPM) was determined 

according to gravimetric analysis as described by Strickland and Parsons (1972). Water 

transparency was estimated based on Secchi depth, and the light extinction coefficient (k) from 

the formula described by Poole and Atkins (1929). 

Water samples (350-500 mL) were filtered through Whatman GF/F glass fiber filters 

(0.7 μm porosity and 47 mm diameter) to determine dissolved inorganic nutrients. The 

determination of ammonium ion (NH3
−) followed the methodology described 

by Koroleff (1983). The concentrations of nitrite (NO2
−) and nitrate (NO3

−) were based 
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on Strickland and Parsons (1972); whereas orthophosphate (PO4
3−) and silicate (SiO2

−) 

measurements were derived according to Grasshoff et al. (1983). The precision was ±0.02 μmol 

for NO3
−, ±0.02 μmol for NO2

−, ±0.02 μmol for NH3
−, and 0.01 μmol for PO4

3−. The accuracy 

was ±2% for PO4
3−, ±3% for NO3

−and NO2
−, and ±5% for NH3

−. 

Phytoplankton community, biomass, and nutritional status 

Phytoplankton in Cumã Bay were analyzed in terms of composition, cell abundance, 

biomass, and diversity. For biological analysis, water samples (250 mL) were collected from 

the sub-surface and at 2 m depth, and preserved with Lugol's iodine solution at a final 

concentration of 1%. In the laboratory, identification and cell counts (20–200 μm cell size) were 

performed using an inverted microscope (ZEISS Axiovert 100) at 400 × magnification, 

following Utermöhl's technique (Utermöhl, 1958). The equation of Villafañe and 

Reid (1995) was applied to calculate the cell abundance (cells L−1). Phytoplankton were 

identified at the lowest taxonomic level, and updated using the AlgaeBase international 

database (Guiry and Guiry, 2020). 

Chlorophyll a was used as a reliable proxy for total phytoplankton biomass. Water 

samples (150 - 350 mL) were filtered through Whatman GF/F glass fiber filters (0.7 μm porosity 

and 47 mm diameter), and to separate the microphytoplankton (>20 μm) from the 

nanophytoplankton (<20 μm) fraction, chlorophyll a sub-samples were passed through 20 μm 

mesh, and then filtered. Pigment extraction was performed in 10 mL of 90% (v/v) acetone in 

the dark at -18°C for 24 h, and the fluorescence was measured both before and 

after acidification with 5% (v/v) HCl using a Turner Designs Trilogy Laboratory fluorimeter 

(Parsons et al., 1984), with the results expressed in mg m−3. 

The ratio of light absorption at 480 and 665 nm by 90% acetone extracts of 

phytoplankton pigments was used, as proposed by Heath et al. (1990) as a potential indicator 

of the phytoplankton nutritional status ratio. The optical density at 480 nm was used as an index 

of total carotenoid content (Strickland and Parsons, 1972). As a result, the absorption ratio 

A480/A665 (the 480/665 ratio) was used as an index of the carotenoid/chlorophyll a ratio. Values 

of 0.5 - 1.5 indicate a good physiological status of phytoplankton cells, while those close to 2 

reflect a potential nutrient limitation, and ratios higher than 2.4 indicate severe nutritional 

depletion. 

 

https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0098
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/orthophosphate
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0036
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0101
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0106
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0106
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0037
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/photosynthetic-pigment
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acetone
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acidification
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0077
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electromagnetic-absorption
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0041
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/optical-density
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carotenoid
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0098


49 

 

 

 

Estimation of diversity measures 

A number of the most commonly used diversity measures were used to estimate the 

phytoplankton diversity (alpha diversity). In terms of ecological information, three aspects of 

diversity indices were considered, including richness (number of taxa (S), Margalef index (d) 

and Menhinick index (D)), diversity (Shannon index (H’), Simpson index (λ), Brillouin index 

(HB), and Berger-Parker index (BP)) and evenness index (J’) (Table 1). 

Table 2. Diversity measures used to estimate the phytoplankton richness, diversity and evenness in an 

Amazon macrotidal bay. 

    Source: The author (2023).    

    The terms used are given below: 

S = the total number of species at any sampling point. 

N = the total number of individuals found. 

Ni = the number of individuals of one particular species found. 

Nmax = the number of individuals of the most abundant species.  

Data analysis 

Identification of environmental patterns and zones 

Significant differences in physicochemical and biological variables were analyzed 

using a permutational multivariate analysis of variance (PERMANOVA) with three factors: 

season, ZSI, and sampling depth. After checking the normality and homogeneity of variances, 

a non-parametric analysis (Kruskal-Wallis test) was used to test statistical differences for each 

Diversity measures  Formula References  

Richness  

Number of taxa (S) S  

Margalef (d) d = 
𝑆−1

𝑙𝑛𝑁
 Margalef (1958) 

Menhinick (D) D =  
𝑆

√𝑁
     Menhinick (1964) 

Diversity 

Shannon (H’) H’=  − ∑  𝑆
𝑖=1

𝑁𝑖

𝑁
 ln×  

𝑁𝑖

𝑁
  

Shannon and Weaver 

(1949) 

Simpson (λ) λ = 1 - ∑   𝑆
𝑖=1

Ni

N

2
           Simpson (1949)  

Brillouin (HB) HB =  
ln 𝑁! − ∑ ln 𝑁𝑖! 

𝑁
 Brillouin (1956) 

Berger-Parker (BP) BP =  
𝑁𝑚𝑎𝑥

𝑁
   Berger and Parker (1970) 

Evenness  

Pielou (J’) J’ =   
𝐻′

ln 𝑆
  Pielou (1975) 
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variable, considering p values of ≤ 0.05 as significant. Cluster analysis was used to aggregate 

sampling points and identify zones with similar water quality (ZSI), using Euclidean distance 

as a measure of distance and Ward's method to construct the algorithm (Pielou, 1984), based 

on a standardized data matrix, in which the value was converted to a Z-value (values in a 

standardized normal distribution). 

Relationship between phytoplankton abundance and biomass 

To categorize the phytoplankton species, the frequency (% of sampling sites where a 

species occurred) was correlated with the abundance of each taxon and presented as an 

Olmstead-Tukey diagram, which classifies the species as dominant, frequent, occasional, or 

rare based on Sokal and Rohlf (1994) criteria. The relationship between phytoplankton biomass 

(chlorophyll a content) and abundance was analyzed using abundance–biomass comparison 

(ABC) curves, which determine the level of disturbance in the phytoplankton community. The 

W-statistic was used, which ranges from -1 (dominance in abundance or disturbed community) 

to 1 (dominance in biomass or undisturbed community) according 

to Clarke (1990) and Clarke and Warwick (2001).  

Selection of diversity indices and link with hydrological conditions 

Biodiversity metrics that respond differently to hydrological conditions can be 

considered complementary (Rombouts et al., 2019). Hence, we investigated the extent to which 

the selected biodiversity measures reflected changes in the environmental conditions and if 

these indices were interrelated. A standardized Principal Component Analysis (PCA) was used 

to identify the spatial and seasonal patterns of the environmental variables and chlorophyll a. 

Subsequently, the scores of the principal components (which summarize the explanation of 

environmental variability) were then correlated with diversity metrics to investigate how the 

phytoplankton diversity reflect changes in the environmental conditions of Cumã Bay. Linear 

Pearson's correlations were calculated to assess the relationship between each PC and the 

phytoplankton diversity indices. 

Additionally, to evaluate nonlinear interactions between environmental factors and 

phytoplankton biomass and diversity and critical species, we used Generalized Additive Models 

(GAMs). GAMs have several advantages in analyzing nonlinear and nonmonotonic 

relationships between a response variable and fitted predictors (Hastie and Tibshirani, 1986) 

and allow one response variable to be fitted by several predictors in additive models, having 

https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0081
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0094
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0024
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0025
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0087
https://www.sciencedirect.com/science/article/pii/S1642359322000167#bib0039


51 

 

 

 

the advantage of not requiring an a priori specification of functional relationships, which is 

suitable for describing complex ecological interactions (Farias et al., 2022). We modeled the 

response of phytoplankton biomass and diversity to the effect of main environmental variables 

(salinity, temperature, SPM, PAR) and nutrients using the gam function in the R 

package mgcv (Wood, 2011). The estimated degrees of freedom (edf) indicate the degree of 

nonlinearity of the GAMs, where values close to 1 implies a linear relationship, and > 1 implies 

a progressively higher-order relationship (Xiong et al., 2021). Previously, the Draftsman plot 

from the Spearman correlation was used for evaluating variable collinearity (R2 > 0.6). 

Multivariate statistical analyses were performed using IBM SPSS Statistics (version 24), R 

software (version 4.1.0), STATISTIC software (version 10.0), PRIMER (version 6.0), and 

CANOCO (version 4.5). The interpolation maps were constructed by QGIS software (version 

2.18) using the Inverse Distance Weighting (IDW) method. 

Results 

Hydrological conditions 

Spatial and seasonal fluctuations of physical and chemical variables in Cumã Bay were 

detected. Based on PERMANOVA analysis, the environmental variables showed significant 

differences among seasonal periods, spatial variations, and sampling depths (p = 0.05, Table 2). 

However, the interaction between them was not statistically significant (p > 0.05). 

Table 3. Summary of results of permutational multivariate analysis of variance (PERMANOVA) of the 

hydrological variables, considering Seasonal periods (Sea), Zones of similar influence (ZSI) and 

Sampling depth (Sd) as factors. 

Source df SS MS Pseudo-F P(perm) Unique perms 

Sea 1 86.686 86.686 22.965 0.001 998 

ZSI 1 11.273 11.273 2.9864 0.033 998 

Sd 1 98.84 98.84 26.185 0.001 999 

Sea vs ZSI 1 8.2153 8.2153 2.1764 0.081 998 

Sea vs Sd 1 8.2049 8.2049 2.1737 0.088 998 

ZSI vs Sd 1 1.0784 1.0784 0.2857 0.871 998 

Sea vs ZSI vs Sd 1 1.0147 1.0147 0.26882 0.883 999 

Res  52 196.28 3.7747    

Total  59 422.74     

Source: The author (2023).    

Significant P values are indicated in bold text (P<0.05). 
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Spatial and seasonal variations of hydrological variables are shown 

in Table 3 and Figure 3. In relation to depth sampling (sub-surface and 2 m), only PAR was 

significantly different (p < 0.001). 

Salinity in the bay ranged from 8.22 to 29.24, with a significant difference between 

seasonal and spatial variation (p < 0.05). The seasonal dynamics of the freshwater-marine 

system are main factors driving the salinity distribution, with an increasing gradient from FIZ 

(8.22) to MIZ (18.56) in the rainy season, and between 22.45 (FIZ) and 29.24 (MIZ) in the dry 

season (Fig. 3 a-d). Water temperature showed a regular interannual cycle with slight 

fluctuations from 31.20°C (MIZ) to 32.66°C (FIZ), and no significant differences among the 

analyzed factors (Fig. 3 e-h). 

Dissolved oxygen concentrations ranged from 3.00 mg L−1 to 4.91 mg L−1, with higher 

values recorded in MIZ during the rainy season, and the spatial factor differed significantly 

(p < 0.02) (Fig. 3 i-l). TDS followed the pattern of salinity distribution (7.161 mg L−1–22.710 

mg L−1), both showing increasing gradients from FIZ to MIZ (p = 0.01), highest values during 

the dry season (p < 0.01) (Fig. 3 u-x), neutral pH values (6.9–7.5), and significant variation 

among zones and seasonal periods (p < 0.05) (Fig. 3 m-p). 

  

https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0003
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0003
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0003
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0003
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0003
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0003
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0003
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Table 4. Descriptive statistics (mean and standard deviation) for physical, chemical and biological 

variables of Cumã Bay and Kruskal-Wallis test with p values for the analyzed treatments (seasons, 

zones, and sampling depth). Note: FIZ = freshwater influence zone; MIZ = marine influence zone; Sea. 

= seasonal periods; Spa. = Spatial variation; Sd. = Sampling depth.  

Variables Units 
Rainy season Dry season p value 

FIZ MIZ FIZ MIZ Sea. Spa. Sd. 

Salinity -- 10.95± 5.68 16.98±2.45 24.86±7.89 28.03±4.88 0.000 0.032 0.979 

Temperature °C 31.67± 0.93 31.39±0.54 32.00±1.42 31.57±0.90 0.223 0.160 0.482 

DO mg L-1 3.40±0.55 4.63±0.47 3.79±1.63 3.89±1.48 0.371 0.017 0.785 

pH -- 7.01±0.29 7.32±0.25 7.25±0.29 7.40±0.21 0.038 0.004 0.988 

TDS mg L-1 9180±4431 13952±1803 18455±5446 22098±3420 0.000 0.010 0.492 

NO3
- µmol L-1 4.34±3.03 4.67±3.81 10.55±3.31 6.91±2.47 0.000 0.233 0.559 

NO2
- µmol L-1 0.06±0.05 0.05±0.02 0.05±0.02 0.06±0.04 0.356 0.564 0.760 

NH3
- µmol L-1 1.41±1.21 1.42±1.56 0.71±0.67 0.59±0.47 0.070 0.521 0.391 

PO4
3- µmol L-1 0.44±0.14 0.51±0.27 1.02±0.35 0.91±0.23 0.000 0.958 0.145 

SiO2
- µmol L-1 35.10±6.01 37.34±15.02 64.31±17.76 46.09±13.01 0.000 0.287 0.217 

Chlorophyll a mg m-3 15.59±7.41 12.62±5.78 7.35±1.49 8.26±3.45 0.000 0.916 0.074 

Cell abundance 
× 105 cells 

L-1 
18.37±20.47 11.30±11.51 2.85±0.71 3.20±1.28 0.000 0.880 0.308 

Margalef (d) -- 4.45±1.62 4.78±2.33 4.87±0.72 4.71±0.97 0.076 0.763 0.723 

Menhinick (D) -- 1.57±0.75 1.67±0.83 2.47±0.52 2.16±0.45 0.002 0.635 0.779 

Shannon (H’) bits cell-1 1.77±1.00 1.78±1.04 2.59±0.28 2.47±0.31 0.011 0.786 0.871 

Simpson (λ) -- 0.61±0.34 0.58±0.32 0.88±0.05 0.86±0.06 0.002 0.798 0.813 

Brillouin (HB) -- 1.62±0.91 1.62±0.96 2.25±0.19 2.20±0.25 0.022 0.774 0.739 

Berger-Parker 

(BP) 
-- 0.52±0.32 0.55±0.31 0.25±0.09 0.27±0.10 0.000 0.844 0.953 

Pielou evenness 

(J’) 
-- 0.32±0.22 0.31±0.22 0.60±0.12 0.53±0.14 0.000 0.451 0.595 

Source: The author (2023).   

Significant p values are indicated in bold text (p < 0.05). 
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Fig. 3. Spatial and seasonal variation of environmental variables in Cumã Bay, Amazon Macrotidal 

Mangrove Coast. 

Source: The author (2023). 

Nitrate (10.55 ± 3.31 µmol L−1), phosphate (1.02 ± 0.35 µmol L−1), and silicate (64.31 

± 17.76 µmol L−1) concentrations were significantly higher (p < 0.001) in the FIZ during the 

dry period while ammonium (1.42 ± 1.56 µmol L−1) was greater in the MIZ during the rainy 

period. Nitrite concentrations were lower than 0.06 ± 0.05 µmol L−1 across the functional zones 

and seasonal periods. 
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Phytoplankton biomass, nutritional status, and light limiting factors 

The distribution of chlorophyll a concentration along the bay showed a seasonal 

pattern (Fig. 4a), with values significantly higher (p < 0.001) in the rainy season (overall mean 

13.81 ± 6.53 mg m−3) than in the dry season (overall mean 7.90 ± 2.83 mg m−3). A spatial 

gradient (8.35 mg m−3 – 19.67 mg m−3) was identified with higher concentrations in the FIZ, 

even with no significant spatial difference (p > 0.05). From the average of the 

chlorophyll a fractions, nanophytoplankton (< 20 µm) was the dominant fraction with a 

contribution of 53% to 76% and was more representative in the FIZ during both seasons 

(Fig. 4c). 

Fig. 4. Synthesis of phytoplankton biomass (a), nutritional status (b), contribution of phytoplankton 

fractions (microphytoplankton: < 20 µm and nanophytoplankton: > 20 µm) (c), and light limiting factors 

(d) in Cumã Bay. 

 
Source: The author (2023). 

Seasonality was not a significant factor in the phytoplankton nutritional state (480/665 

ratio; p > 0.05); however, a significant spatial gradient (p < 0.05) was observed with a minimum 

value in the MIZ (0.89) and maximum in the FIZ (4.52) during the rainy season (Fig. 4b). A 

good physiological status of the phytoplankton cells was recorded with 73% of the data within 

https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0004
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0004
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/seasonality
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0004
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to the reference limits (0.5–1.5), except in the P2 (FIZ) during the rainy season, which reached 

an average of 4.51 ± 5.32. 

The lowest concentrations of SPM (< 40 mg L−1) and turbidity (< 60 NTU) were 

recorded on the sub-surface water of the FIZ during the rainy season, which promoted a higher 

light availability (PAR > 1,000 µmol m−2 s−1) and water transparency (Secchi > 0.6 m) and 

consequently, greater phytoplankton biomass (Fig. 4d). By contrast, the dry season was 

characterized by turbid water with a higher light extinction coefficient (k > 3) and lower 

phytoplankton biomass. 

Phytoplankton diversity 

Between May 2019 and December 2020, 192 taxa were identified in Cumã Bay, 

distributed in six divisions: Bacillariophyta, Miozoa, Chrysophyta, Cyanobacteria, 

Euglenophyta, and Chlorophyta (Fig. 5). Diatoms were the most representative (82.29%; 158 

taxa) in both seasons and zones (FIZ, MIZ), with relative abundances ranging between 96% 

and 99%. Miozoa had the second highest contribution (8.33%; 16 taxa) and relative abundance 

(≤ 3%), while species of Chrysophyta were observed exclusively during the rainy season. 

Fig. 5. Relative abundance (%), total richness (right diagram) and richness by zones (FIZ, MIZ) and 

seasonal periods (rainy and dry seasons) (top diagram) of the phytoplankton distribution by divisions 

(Bacillariophyta, Miozoa, Chrysophyta, Cyanobacteria, Euglenophyta, and Chlorophyta) in Cumã Bay. 

Note: FIZ - freshwater influence zone; MIZ - marine influence zone. 

Source: The author (2023). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/suspended-particulate-matter
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/turbidity
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0004
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/extinction-coefficient
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bacillariophyta
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/dinoflagellate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chrysophyta
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cyanobacteria
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorophyta
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0005
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chrysophyta
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cyanobacteria
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Out of 158 diatoms species identified, 83 were centric where 40 showed ecological 

strategies of solitary and 43 formed chains, while 75 were pennate including 60 solitaries and 

only 15 formed chains. Based on the seasonal variability of the community, higher species 

richness (165) were observed in the rainy season, whereby 29% (48 taxa) were classified as 

dominant (abundance > 2.5 × 105 cells L−1 and frequency > 16.9%) and 58% (96 taxa) rare. 

During the dry season, of the 126 taxa recorded, 28% (36 taxa) were dominant (abundance > 

0.78 × 105 cells L−1 and frequency > 19.1%) and 55% (69 taxa) were rare. The 

diatoms Skeletonema costatum, Thalassiosira rotula, Thalassiosira subtilis, 

and Cyclotella litoralis were the most dominant species along the study period. The significant 

increasing abundance in the rainy season is due to blooms of S. costatum (10.39 ± 

16.17 × 105 cells L−1) in the FIZ during March 2020, while T. subitilis (0.47 ± 0.51 × 105 cells 

L−1) showed an abundance increasing from FIZ to MIZ during the dry season. More details on 

species dominance are available in the supplementary material (Supplementary Fig. 1). 

Cell abundance was associated with phytoplankton distribution in response to seasonal 

variability of the environmental variables in the bay. The minimum abundance was recorded in 

the dry season (overall mean 3.06 ± 1.08 × 105 cells L−1) with a significant increase in the rainy 

season (overall mean 14.13 ± 15.77 × 105 cells L−1). Spatially, a decreasing gradient was 

observed from the FIZ to the MIZ, particularly in the rainy season (Table 3). 

The alpha diversity also reflected a seasonal pattern with space-time changes but 

showed only significant differences between seasons (p < 0.05). The phytoplankton richness 

was assessed using Margalef (d) and Menhinick (D) indices, while evenness was based on the 

Pielou (J’) index, and both showed higher means in the dry season, especially in the FIZ (4.87 

± 0.72; 2.47 ± 0.52; and 0.60 ± 0.12, respectively) indicating higher homogeneity of the 

phytoplankton distribution in this period. In addition, higher fluctuations were recorded during 

the rainy season (Table 3). 

The diversity indices, Shannon (H’), Brillouin (HB), and Simpson (λ) showed similar 

distributions with higher means in the inner part of the bay (FIZ) during the dry season (2.59 ± 

0.28 bits cell−1; 2.25 ± 0.19; and 0.88 ± 0.05, respectively), which implies in higher diversity in 

this period. However, the Berger-Parker (BP) index exhibited the opposite behavior, with a 

higher mean in the outer part of the bay (MIZ) during the rainy season (0.52 ± 0.32), in response 

to the greatest contribution of the dominant species (Table 3). 

The level of disturbance in the phytoplankton community was indicated by ABC 

curves, which the W index indicated a pronounced disturbed condition during the rainy season 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/skeletonema-costatum
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/thalassiosira
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cyclotella
https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0003
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/homogeneity
https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0003
https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0003
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(W = -0.285) and more elevated k-dominance curves denoting lower diversity. In contrast, k-

dominance curves did not show a marked difference during the dry season, indicating a 

tendency toward a lower stressed environment (W = 0.005). Blooms of the opportunistic 

species S. costatum were the main factors responsible for the disturbance level in the period of 

higher precipitation. ABC curve plot and cell abundance of the S. costatum are provided as 

Supplementary Fig. 2. 

Inter-relationships among phytoplankton diversity metrics 

From the correlation analysis using seven indices widely used to measure alpha 

diversity, strong correlations among diversity measures were found (Table 4). For the richness 

metrics, the Margalef index (d) and taxa number (S) were highly and positively correlated 

(r = 0.91), while the Menhinick index (D) was correlated with cell abundance (r = -0.66). For 

the dominance group, Shannon (H’), Simpson (λ), and Brillouin (HB) were strongly correlated 

(r ≥ 0.97). Between categories, D was highly and positively correlated (r ≥ 0.90) to H’, λ, and 

HB indices, suggesting that these metrics carry similar ecological information. The Pielou (J’) 

index was significantly related to Berger-Parker (BP) (r = - 0.92), but presented a negative 

relationship. In addition, regression coefficients between richness and H’ and HB were 

significantly higher in comparison to evenness, indicating a greater effect of the taxa number 

under the diversity measurements, and that the λ and BP variations were primarily caused by 

relative abundance. 

  

https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0004
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/regression-coefficient
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Table 5. Correlation coefficients (Pearson, r) between alpha diversity indices, number of taxa (S) and 

cell abundance (Ca). The grey shading indicates that the indices are from the same group: richness 

(light grey), diversity (white) or evenness (dark grey).  

 

  S Ca d D H’ λ HB BP J 

N° of taxa (S)          

Cell abundance (Ca) -0.045         

Margalef (d) 0.918 -0.363       
  

Menhinick (D) 0.492 -0.668 0.795       

Shannon (H’) 0.448 -0.765 0.737 0.928      

Simpson (λ) 0.264 -0.830 0.575 0.849 0.971     

Brillouin (HB) 0.498 -0.755 0.761 0.902 0.995 0.963    

Berger-Parker (BP) -0.247 0.761 -0.561 -0.850 -0.959 -0.979 -0.945   

Pielou evenness (J’) -0.005 -0.698 0.360 0.805 0.850 0.882 0.804 -0.922  

Source: The author (2023).   

Coefficients > 0.8 and with a significant level of p < 0.05 are indicated in bold. 
 

Environmental conditions as driving factors of phytoplankton biomass and diversity 

Principal Component Analysis (PCA) investigated the relationships among 

environmental descriptors (hydrological and meteorological variables) and ordination of the 

sampling sites for rainy and dry seasons in Cumã Bay (Supplementary Fig. 3). 

The PCA applied for investigating the relationship among the hydrological data and 

chlorophyll a from the rainy season summarized 51.47% of the total variation in the first two 

axes. The PC1 axis explains 47.28% and related rainfall, temperature, SPM and 

NO3
− negatively to wind, salinity, DO and pH. That confirms that the highest freshwater 

influence increases SPM concentrations and water temperature and decreases salinity and DO. 

The PC2 (17.70%) axis suggests that high chlorophyll a values are related to low PO4
3− and 

SiO2
− concentrations. 

A contrary scenario was observed in the PCA performed with abiotic data from the 

dry season, with 62.30% of the total variation explained in the first two axes. The PC1 axis 

accounted for 42.27% of the variance and related wind speed negatively to salinity, rainfall, 

pH, DO, SPM, NH3
− and PO4

3−, in response to greater marine influence into the bay. The PC2 

axis, showing an additional 20.03% of the variance, highlighted the positive correlation 

between nutrients (SiO2
−, NO3

−, NO2
−) and PAR. 
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We investigated the relationships of the PC with phytoplankton diversity to select the 

most efficient biodiversity measure for assessing environmental changes (Table 5). Significant 

correlations were found mainly between PC1 and richness and diversity groups suggesting that 

fluctuations of the environmental descriptors regulate the pattern identified by the diversity 

indices. D was the most effective metric for richness and best explained the environmental 

fluctuations (r = 0.83; p<0.000), while H’ best reflected the diversity and evenness of the 

environmental conditions in the bay (r = 0.86; p<0.000). This sensitivity shared by D and H’ in 

relation to changes in aquatic ecosystems corroborates the strong interrelationships previously 

detected in Table 4. 

 

Table 6. Correlation coefficients (Pearson, r) between the Principal Components (PC) that were 

calculated from rainy season data and dry season and diversity indices for Cumã Bay, Amazon 

Macrotidal Mangrove Coast. Statistically significant values (p<0.001) are indicated with an asterisk (*). 

α  

diversity 

Rainy season Dry season 

PC1 PC2 PC1 PC2 

N° of taxa (S) 0.57 -0.28 0.07 -0.01 

Margalef (d) 0.71 -0.25 0.19 0.09 

Menhinick (D) 0.83 -0.15 0.28 0.17 

Shannon (H’) 0.86* -0.14 0.16 0.09 

Simpson (λ) 0.83 -0.05 0.04 0.13 

Brillouin (HB) 0.85 -0.15 0.09 0.06 

Berger-Parker (BP) -0.78 0.11 0.15 -0.10 

Pielou evenness (J’) 0.66 -0.04 0.09 0.07 

Source: The author (2023). 

GAMs analysis evaluating the response of phytoplankton diversity and 

chlorophyll a to the combined effects of the main drivers (environmental factors) explained at 

least 59% of the total variance (Table 6). The predictor variables were salinity, temperature, 

PAR, SPM, and the responses variables were Shannon index (H’), critical species (Skeletonema 

costatum and Thalassiosira subtilis) and chlorophyll a for four GAMs, respectively (Fig. 6). 

The GAM explained 84.8% of the variance in diversity phytoplankton. The most 

significant predictor variables for phytoplankton diversity were salinity (F = 14.78, p = < 

0.0001), SPM (F = 10.12, p = < 0.0001), and temperature (F = 5.92, p = 0.0001) where 

increases in salinity, concentrations of SPM up to < 100 mg L−1 and temperature around 32°C 

induced positive effects on phytoplankton diversity. 

 

https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0005
https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0004
https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0006
https://www.sciencedirect.com/science/article/pii/S1642359322000167#fig0006
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Table 7. Statistical summary of generalized additive models (GAMs) between phytoplankton diversity 

(Shannon index), critical species (S. costatum and T. subtilis), chlorophyll a and environmental 

parameters for Cumã bay (n=60).  

Model 1 

H’ = s(Sal) + s(Temp) + s(SPM)                       R2 = 0.79     Dev. expl. = 84.8% 

Predictors edf F p - value 

s(Sal) 8.76 14.78 < 0.0001*** 

s(Temp) 3.99 5.92 0.0003*** 

s(SPM) 3.00 10.12 < 0.0001*** 

Model 2 

S.costatum = s(Sal) + s(SPM) + s(PAR)           R2 = 0.75     Dev. expl. = 80.9% 

Predictors edf F p - value 

s(Sal) 1.00 23.55 < 0.0001*** 

s(SPM) 2.81 11.14 < 0.0001*** 

s(PAR) 8.53 10.27 < 0.0001*** 

Model 3 

T.subtilis = s(Sal) + s(PAR) + s(SPM)              R2 = 0.53     Dev. expl. = 59.1% 

Predictors edf F p - value 

s(Sal) 2.10 15.58 < 0.0001*** 

s(PAR) 4.64 3.77 0.004** 

s(SPM) 1.00 3.76 0.05 

Model 4 

Chla = s(Sal) + s(Temp) + s(PAR)                    R2 = 0.58     Dev. expl. = 67.3% 

Predictors edf F p - value 

s(Sal) 7.81 4.53 0.0003*** 

s(Temp) 4.83 4.33 0.001** 

s(PAR) 1.01 5.53 0.023* 

       Source: The author (2023).    

Note: R2 is the adjusted proportion of total variability explained by the model; Dev. expl.: 

Deviance explained; edf: Estimated degrees of freedom; H’: (Shannon index); S. costatum: 

Skeletonema costatum; T. subtilis: Thalassiosira subtilis; Chla: chlorophyll a.  

*: p < 0.05 

**: p < 0.01 

***: p < 0.01. 

 

The GAM explained 80.9% and 59.1% of the deviance for S. costatum and T. subtilis, 

respectively. The most significant drivers for S. costatum were salinity (F = 23.55, p = < 

0.0001), SPM (F = 11.14, p = < 0.0001), and PAR (F = 10.27, p = < 0.0001). Blooms of S. 

costatum occurred when salinity ranged between 10 to 25, and SPM and PAR reached values 

up to 100 mg L−1 and 500 µmol m−2 s−1, respectively. T. subtilis were influenced mainly by 

salinity (F = 15.58, p = < 0.0001) and PAR (F = 3.77, p = 0.004) with significant and positive 

non-linear correlations, while SPM fluctuations implied a linear relationship (F = 3.76, 

p = 0.05) but values up to 100 mg L−1 promoted an increase of T. subtilis abundance. 
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Fig. 6. Generalized Additive Models (GAMs) results describing the main factors that influenced the 

phytoplankton diversity (H’) (a), Skeletonema costatum and Thalassiosira subtilis as critical species (b), 

and chlorophyll-a (c). Solid lines represent smoothed mean relationships from GAM's and shaded areas 

are 95% confidence intervals. Points represent residuals. Other details are provided in Table 6. 

Source: The author (2023). 

 

GAM results showed the response of phytoplankton biomass (chlorophyll a) to salinity 

(F = 4.53, p = 0.0003), temperature (F = 4.33, p = 0.001) and PAR (F = 5.53, p = 0.023), with 

a combined explanation of 67.3%. The highest chlorophyll a concentrations were observed at 

salinity around 10, under light availability < 500 µmol m−2 s−1 and temperature values ranging 

https://www.sciencedirect.com/science/article/pii/S1642359322000167#tbl0006
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between 30° C and 32° C. Thus, salinity, PAR and SPM were the main predictors for all 

biological variables investigated (phytoplankton diversity, chlorophyll a, critical species). 

Discussion 

Seasonality as a controlling factor for phytoplankton dynamics 

Cumã Bay, a wetland of international importance (Ramsar site), is inserted in the 

latitudinal band, which contains the world's wettest region and is characterized by high 

influence of macrotides (> 4 m) associated with a high freshwater contribution (Pericumã, 

Itapetininga, Guarapiranga, Peri-Açu, and Seribeira rivers). 

In marine ecosystems, such as bays and estuaries, the spatiotemporal variations of 

biological processes (phytoplankton biomass) are associated with physical factors such as tidal 

cycle, solar energy input, fluvial input dilution, wind intensity, and vertical mixing of the water 

column (Cloern, 1996; Wirtz and Wiltshire, 2005; Yin et al., 2004). The seasonality of the 

water balance (rainfall and river flow) and the variability of environmental descriptors and 

nutrients subjected to the macrotidal regime controls the patterns of biomass and phytoplankton 

diversity in this tropical area and produce accentuated gradients 

environmental Broecker (1998). confirms that the water cycle among the land, sea, and 

atmosphere in the tropics is the main driving engine for ocean circulation of heat, salt, and water 

vapor. 

Freshwater cycle is an important external factor that controls nutrient 

inputs, fertilizer runoff, and organic matter from urban margins (Gameiro et al., 

2007; Thompson et al., 2015). The rainfall distribution along the Maranhão coast was similar 

to the historical annual average (last 28 years), with higher than average volumes in the first 

four months of the year. The high rainfall in Maranhão (> 2,300 mm), located on the Amazon 

coast, changed the hydrological conditions of the bay, increasing the flow rate of its main 

contributors and nutrient inputs, and decreasing salinity, SPM, and water turbidity, which 

favored phytoplankton growth. An ecohydrologic conceptual diagram showing the 

relationships between phytoplankton biomass, abundance, and diversity, the main hydrological 

variables, physical conditions and anthropogenic processes are summarized in Fig. 7. 

 

 

 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tidal-cycle
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tidal-cycle
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0026
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0110
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0118
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/environmental-gradient
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/environmental-gradient
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0012
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fertiliser
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0034
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0034
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#bib0099
https://www.sciencedirect.com/science/article/pii/S1642359322000167?casa_token=IiXJGJEfKk0AAAAA:OzpwLW7B_3Jz5ZlNoPyDp8weH6gtojaTNJpj3K4o1m4XbWZ-MBfsgQam59_XiVpDPYG2fXl9Zqk#fig0007


64 

 

 

 

Fig. 7. Ecohydrologic conceptual diagram for the Cumã Bay, integrating hydrological, ecological 

and anthropogenic factors and processes during the rainy and dry seasons. 

 

Source: The author (2023). 

 

Increased precipitation from January to June is a consequence of the Intertropical 

Convergence Zone (ITCZ), which is the controlling mechanism of the meteorological variables 

in northern and northeastern Brazil (Araujo et al., 2017; Fu et al., 2001). In response to the 

lower rainfall contribution (negative water balance) during the rest of the year, greater wind 

intensity and marine water intrusion are determining factors for the dynamics of the 

environmental (Santos et al., 2020) and biological descriptors (Cavalcanti et al., 2020). 

Seasonal variability in Cumã Bay directly influenced the dynamics and diversity of 

primary producers. Therefore, our results corroborate the use of phytoplankton as an efficient 

indicator of water quality and ecological changes, as they are sensitive to environmental 
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stressors and respond quickly to changes in the water column (Cabrita, 2014; Lemley et al., 

2017; Paerl et al., 2007; Santana et al., 2018). 

Phytoplankton biomass and environmental conditions 

Two functional zones were identified in both seasonal periods: freshwater and marine 

influence zones. This zonation of the bay reflects its spatial heterogeneity, the strong effect of 

external factors acting in bays and estuaries (freshwater and marine water entering), and local 

climatic conditions (Goes et al., 2014; Varona-Cordero et al., 2010) influencing the 

photosynthetic process and phytoplankton abundance. 

Based on the fluctuations of thermohaline variables, a river plume originating from the 

tributaries of Cumã Bay extended into the superficial layer of the inner zone of the bay (FIZ), 

which has a greater positive water balance (high freshwater input), less salinity (<18), and 

warmer water (>31°C) than the adjacent zone (MIZ). During the period of negative water 

balance (dry season), the macrotidal effects overlap with the flow rate of the main tributaries 

along the bay, resulting in a higher intrusion of marine water (salinity >22; temperature <32°C). 

The variation of the thermohaline structure has been discussed with regard to two bays 

on the north Amazon coast: São Marcos (Cavalcanti et al., 2018; Lefèvre et al., 2017) and São 

José (Santos et al., 2020), both of which showed similar patterns to those of Cumã Bay. These 

outcomes confirm the typical dynamics of the equatorial coastal zone, which is influenced by 

local water balance with relevant fluvial contributions in the rainy season and intrusion of the 

coastal water mass in the dry season. This seasonal variability directly influenced the 

phytoplankton community, since salinity and nutrients are the main factors affecting 

phytoplankton distribution, biochemistry, and control in coastal systems (Brand, 1984: Papry et 

al., 2020), and they are unique hydrological aspects because they are markers of freshwater 

influx into coastal ecosystems (Lancelot and Muylaert, 2011). 

Phosphorus concentration significantly influences phytoplankton behavior because it is 

an essential macronutrient for these species (Jin et al., 2021), contributing ∼0.87% of the 

phytoplankton cell dry weight (Redfield, 1958), and participating in metabolism, nucleic 

acid replication, and cellular constitution (Pasek et al. 2015; Reed et al., 2016). Land uses may 

directly influence N and P delivery to coastal waters, and concentrations of total N and P, and 

biomass (chlorophyll a) are often higher within the inner zones of coastal areas, thereby 

affecting phytoplankton composition. 

Our findings confirmed the ecological importance of salinity, light, and nutrients on 

chlorophyll a distribution, mainly on spatial and seasonal scales (Fig. 4a), since multivariate 
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analyses and generalized additive models showed significant correlations with freshwater 

input and marine water influence. The higher extension of the river plume in the rainy season 

reduces salinity promoting a favorable condition for the significant increase in phytoplankton 

biomass (Azhikodan and Yokoyama, 2016; Cabral et al., 2020; Howarth et al., 2000; Leach et 

al., 2018). Higher light availability in the water column in this season also contributed for 

phytoplankton growth, and it is a result of the lower values of water turbidity, SPM, and light 

extinction coefficient that favored light penetration (PAR) and water transparency. This 

scenario resulted in a greater depth of the photic layer, which promoted a necessary condition 

for phytoplankton growth in terms of abundance and biomass (Fig. 7). 

In contrast, during the months in which the wind speed was intensified and precipitation 

was scarce (dry season), higher salinity and SPM concentrations reduced the light penetration 

in the water column and consequently limited phytoplankton growth. The increased SPM load 

into the bay and higher water turbidity, are likely the result of the higher wind speed associated 

with greater permanence of coastal waters in the bay, which causes resuspension of the 

previously deposited material and/or erosion of the margins (Dias et al., 2016; Santos et al., 

2020, Vale and Sundby, 1987), which is intensified by tidal flux in macrotidal systems 

(Wolanski and Spagnol, 2003; Yellen et al., 2017). 

The average chlorophyll a concentration recorded in the present study (10.85 ± 5.80 mg 

m−3) was typical of coastal ecosystems with anthropogenic effects, such as domestic and 

industrial pollutants (Smith et al., 1999). In addition, the nutritional state assessed by the 

480/665 ratio did not identify phytoplankton cells under nutritional depletion (values > 2.0), 

indicating a good physiological status (Heath et al., 1990). Chlorophyll is commonly used as a 

proxy for water quality because it provides consistent insights on eutrophication; therefore, it 

should be considered with changes in community composition and structure (Bužančić et al., 

2016; McQuatters-Gollop et al., 2009). 

Previous studies world-wide have investigated the major factors that affect 

chlorophyll a distribution, and the significant influence of seasonality was observed with 

phytoplankton along the northern Bay of Bengal (Jyothibabu et al., 2018), the Mississippi delta 

(Lane et al., 2007), the southern North Sea (Van der Hout et al., 2017), the Brazilian coastal 

bays (Cabral et al., 2020; Cavalcanti et al., 2018), and the Amazon river plume (Goes et al., 

2014). 

Ecological status of the phytoplankton community 
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Identifying factors that control species diversity in a community is a key question in 

ecology (Sommer and Worm, 2002; Stein et al., 2014). Our results showed significant 

correlations between alpha diversity indices and environmental distribution patterns (Table 5), 

suggesting that the variability of environmental descriptors affects phytoplankton diversity. 

These finding showed deterministic processes governed the phytoplankton community in Cumã 

Bay and rainfall on the Amazon coast was the main controlling factor for phytoplankton 

diversity and richness. 

Species diversity can enhance ecosystem productivity at higher levels of species 

richness (Cardinale et al., 2012; Korhonen et al., 2011; Tilman et al., 2012). In Cumã Bay, the 

high number of taxa identified (192 taxa) contributed to a significant species richness and 

biological diversity, thereby preserving the ecosystem integrity. Similar data were found in bays 

(Cavalcanti et al., 2018), estuaries (Cavalcanti et al., 2020, Duarte-dos-Santos et al., 2017), and 

beaches (Matos et al., 2016a; Matos et al., 2016b) governed by macrotides along the northern 

Amazon coast. 

Diatoms were the dominant phytoplankton group (> 80%) found at all sampling sites 

and throughout the seasonal cycle. Recent meta-analysis studies suggest that the interaction 

between estuarine and coastal environments function as diatom-producing systems 

(Carstensen et al., 2015), which are well-adapted to environmental conditions and responsible 

for numerous ecosystem functions (Alexander et al., 2015; Malviya et al., 2016). Diatom 

dominance followed by dinoflagellates is consistent with studies on phytoplankton diversity in 

marine and coastal environments (Bužančić et al., 2016; Cavalcanti et al., 2020; Goes et al., 

2014; Madhu et al., 2006; Olli et al., 2015; Zhou et al., 2016). 

Blooms of Skeletonema costatum (10.39 ± 16.17 × 105 cells L−1) recorded in rainy 

period (March 2020) contributed to the maximum abundance and biomass in the rainy season 

and decreased the local diversity and richness. S. costatum is a common bloom-forming diatom 

with long chains and small cells (usually <10 μm) (Shikata et al., 2008) that has a preference 

for waters with higher freshwater influences such as a diatom adaptable that thrives in coastal 

waters globally and is most common at salinities between 14 and 28 (Carstensen et al., 2015). 

Typical estuarine phytoplankton S.costatum was found as the most critical species responsible 

for higher dissimilarity among the seasons during this study. 

The environmental conditions present in the dry period (high wind intensity, salinity 

and turbidity) favored the predominance of Thalassiosira subtilis, a critical species which 

causes a dissimilarity in the community due to its higher abundance. This dominance reflects 
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the ability of this colonial diatom to associate with detrital and inorganic particles, which is an 

ecological response to minimize stress by such conditions in turbulent and turbid environments 

(Kang et al., 2019; Verity et al., 1998). Shifts in diatom dominance and niche 

partitioning enhance resource use efficiency (Ye et al., 2019), such as light and nutrient 

availability, which is reflected in the good physiological state of phytoplankton cells. These 

results demonstrate the importance of interspecific and nutritional relationships in 

ecosystem homeostasis and resilience. 

The phytoplankton diversity (H', HB, λ), richness (D), and evenness (J') varied 

significantly (p < 0.05) among the seasons, and the highest values were recorded during the dry 

season, while the lowest values were recorded during the rainy season. Therefore, the observed 

highest diversity during the dry season could be linked to the diverse species composition 

observed during this period combined with higher marine water intrusion that favors the co-

occurrence of a greater number of species. Moreover, the advantageous environmental 

circumstances with an elevated nutrient level in water could have explained another reason for 

the higher diversity indices during this season, as Haque et al. (2021) reported. During the rainy 

season, the highest freshwater discharge and the occurrence of diatom blooms led to 

a destabilization of the phytoplankton population structure, which was reflected in the decrease 

in alpha diversity, except for in the Berger-Parker (BP) index, which showed higher values due 

to the numerical importance of the most abundant species (Berger and Parker, 1970). 

According to Francé et al. (2021), environmental stress often decreases taxonomic 

diversity of affected communities by selecting only the most stress-tolerant taxa. In 

phytoplankton communities, light and nutrient availability associated with hydrological 

dynamics frequently promote blooms of a few dominant species. Cozzoli et al. (2017) stated 

that taxonomically rich and diverse phytoplankton communities are considered indicators of 

good environmental status. 

The final selection of the most appropriated biodiversity metric that reflects the 

community ecological information was based on multivariate and comparative analyses, 

including its sensitivity to environmental changes. The Menhinick (D) and Shannon (H’) 

indices were the most effective metrics to describe the pattern of species richness and diversity. 

These two indices were also sensitive to environmental stress with significant fluctuations at 

spatiotemporal scales, showing a more optimistic characterization of water quality in Cumã 

Bay. 
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Similar studies in coastal systems corroborate that D is an efficient tool for the 

assessment of water quality because it shows changes across environmental gradients (Bužančić 

et al., 2016; Rombouts, et al., 2019; Spatharis and Tsirtsis, 2010). Similarly, H’ was selected 

here because it is a commonly used diversity index that includes both richness and diversity 

traits, and it is not significantly affected by rare species (Francé et al., 2021). Heip et 

al. (1998) suggested that caution must be taken when interpreting indices based on estimates of 

the number of species in the community since these are biased; however, we are more interested 

in the overall state and the relative changes in the community structure. The application of 

different and combined ecological metrics could be an efficient approach to better understand 

ecological changes for the implementation of phytoplankton monitoring, which can reflect the 

true taxonomic diversity in the community. 

Conclusions 

This study shows the importance of this tropical area and their influences in the land–

ocean boundary that could extend beyond the shelf edge, influencing the 

marine biogeochemical cycles. In the Maranhão Reentrances this was the first study to provide 

fundamental information on the phytoplankton species diversity, biomass and the influence of 

physicochemical parameters of water on phytoplankton community. We found that 

deterministic processes governed the phytoplankton communities in Cumã Bay. Among the 

environmental variables, rainfall on the Amazon coast, along with wind speed, salinity, light 

availability, and nutrients were the main controlling factors conducive to specific 

phytoplankton community. As a result of these abiotic interactions, it was possible to identify 

two functionally distinct zones: the freshwater influence zone (FIZ) and the marine influence 

zone (MIZ). The phytoplankton biomass and abundance reached the maximum in the rainy 

season with a decreasing gradient to the MIZ, while the dry season showed a homogeneous 

distribution due to higher synergetic species interactions. The metric diversity responded to 

environmental and biological shifts, and Menhinick and Shannon indices were the most 

sensitive to environmental changes. The phytoplankton community varied as a function of the 

seasonal cycle along the two zones, highlighting the colonial diatoms S. costatum and T. 

subtilis as critical species. Thus, these findings demonstrate the connectivity of phytoplankton 

diversity and hydrological conditions, elucidating the relationship not yet described in Brazilian 

Amazon ecosystem. In summary, Cumã Bay revealed a high phytoplankton diversity, good 

physiological status of the cells, and chlorophyll a concentration as an indicator of good 

environmental status. However, further studies of phytoplankton and seasonal bloom 
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monitoring will provide directions for the sustainable management of Amazon coastal 

ecosystems using ecohydrology principles. 
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ABSTRACT  

This study investigated the influence of the estuarine plume from the Maranhense Gulf on the 

phytoplankton community structure and β-diversity. To understand the effects of the regulation 

mechanisms on shaping phytoplankton community structure and β-diversity along an estuary-

ocean continuum in the eastern sector of the Amazon shelf, this study considered spatiotemporal 

analyses of physical, chemical, and biological variables from May 2019 to June 2020. High 

temporal environmental heterogeneity was identified in Cumã Bay and significant spatial 

environmental variability in the estuary-ocean continuum. Based on the thermohaline 

properties, an estuarine plume was observed alongshore at a distance of approximately 60 km 

from the coastline. Both phytoplankton community structure and β-diversity varied in time and 

space. From 189 taxa, thirty-nine indicator species were selected based on their functional traits 

and indicator value. Skeletonema costatum was considered the best phytoplankton indicator of 

the estuarine water influence. Turnover was the main component responsible for boosting β-

diversity at spatial and temporal scales. The present study was the first performed on an Amazon 

estuary-ocean continuum which applied diversity metrics (β-diversity) to generate new 

information about loss of taxon richness and provided important information about 

spatiotemporal changes in phytoplankton community and environmental heterogeneity. 

Keywords: Maranhão continental shelf, Macrotidal bay, Diatoms, Phytoplankton indicator, 

Skeletonema costatum, Turnover.   
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Introduction  

Continental shelves are environments with strong biogeochemical activity, particularly 

those influenced by fluvial input from large rivers, which may substantially impact the open 

ocean by retaining, exchanging, or breaking down nutrients and organic carbon (Sharples et al., 

2017). These ecosystems account for approximately 25% of annual global primary production 

(Lefèvre et al., 2017). Among the several producers that support food webs in coastal 

ecosystems, phytoplankton contributes ~2 52 gC m-2 yr-1 to annual primary production (Cloern 

et al., 2014; Sweet et al., 2022). 

River discharge mixes with shelf water. When discharge predominates over the tidal 

and wind effects, resulting in a plume of low-salinity water that spreads along-shelf and serves 

mainly as a source for ‘‘new’’ nitrogen, which is conducive to high trophic transfer from 

primary producers (i. e., phytoplankton) through zooplankton to fish (Cepeda et al., 2020). 

Plumes are critical areas for land–ocean interaction, where transformation takes place 

for the export of sediments, nutrients, and organic material from the land to the oceans (Dagg 

et al., 2004). Water plumes are characterized by a higher amount of dissolved organic carbon 

compared with coastal waters (Wu et al., 2017) and might differ in the composition and 

abundance of organisms compared with those of marine waters (Kingsford and Suthers, 1994). 

Additionally, plumes can act as permeable or ‘soft’ aquatic barriers, which may significantly 

limit marine organisms' distribution (Luiz et al., 2012; Cowman and Bellwood, 2013). These 

barriers reduce the potential for ocean-wide colonization by near-shore organisms and 

consequently act as dispersal ‘filters’ that affect species with reduced mobility (Luiz et al., 

2012; Tosetto et al., 2022). 

Located in the equatorial Atlantic Ocean, the Amazon continental shelf experiences the 

highest river discharge worldwide, accounting for nearly 15–20% of all freshwater entering the 

equatorial Atlantic Ocean (Coles et al., 2013). This shelf is a highly dynamic environments 

subjects to hyper- and macrotides, strong ocean currents (North Brazil Current – NBC), and 

elevated fluvial discharge (Nittrouer and DeMaster, 1996; Aquino et al., 2022). Along the 

eastern sector of the Amazon shelf, there are numerous estuarine plumes fed by rivers that 

typically have maximum discharge rates on the order of 1,000 m3 s-1. In the state of Maranhão, 

the Maranhense Gulf is a major source of nutrients and sediments in coastal waters (Lefèvre et 

al., 2017), which influences the productivity, structure, and diversity of coastal phytoplankton. 

Phytoplankton encompasses an extremely diverse, polyphyletic group of organisms, 

demonstrating a wide array of morphological and physiological traits (Litchman and 
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Klausmeier, 2008). Moreover, phytoplankton can quickly react to sensitive ecological changes 

(Reynolds, 2006; Paerl et al., 2007). Hence, phytoplankton is regarded as a biological indicator 

for assessing ocean ecosystem alterations and water quality (Harris, 2012). Environmental and 

biological factors, as well as their interactions, may determine phytoplankton dynamics (Paerl 

et al., 2010), and changes in local climatic, physical, and chemical conditions can affect 

phytoplankton diversity, abundance, and biomass (Peierls et al., 2012; Thompson et al., 2015). 

Improving the knowledge about the distributions of species, how they vary across spatial 

and temporal scales, and the mechanisms that influence them are the cornerstones of ecological 

research (Cottenie, 2005). In addition to local scale diversity (α-diversity), changes in 

community composition among sites and time (β-diversity) are important determinants of 

regional diversity (Baselga, 2010) and have crucial implications for biodiversity conservation 

and ecosystem management (Legendre et al., 2005). Studies have shown that partitioning β-

diversity into their respective turnover (replacement of species between sites) and nestedness 

(species loss or gain) components facilitates the detection of ecological patterns in space and 

time and is essential for understanding central biogeographic, ecological, and conservation 

issues (Legendre, 2014; Baselga, 2010).  

There have been some studies on phytoplankton dynamics in the nearshore waters of 

the Maranhão coast, with the majority focusing on the overall species composition and 

abundance patterns (Duarte-dos-Santos, et al., 2017; Carvalho et al., 2016; Cavalcanti et al., 

2018; Cavalcanti et al., 2020; Costa and Cutrim, 2021; Sá et al., 2022b; Queiroz et al., 2022). 

However, information based on functional traits and phytoplankton β-diversity is currently 

scarce, particularly in the shelf area off the Maranhense Gulf. To our knowledge, this is the first 

study performed on an estuary-ocean continuum across the Amazon continental shelf (eastern 

sector) from the perspective of phytoplankton functional traits and β-diversity ecology to 

narrow this gap. 

Considering the complex hydrodynamics of Amazon ecosystems and the essential 

ecosystem services provided, we hypothesized that synergistic effects among climatic factors, 

spatial extent, hydrodynamics, and environmental heterogeneity would shape phytoplankton 

community structure, functional traits, and β-diversity in macrotidal Amazon ecosystems. 

Therefore, this study aimed to i) investigate the influence of the estuarine plume from the 

Maranhense Gulf on the phytoplankton community structure and β-diversity along a temporal-

spatial macroscale, ii) identify the dominant functional traits across temporal and spatial scales, 



84 

 

 

 

and iii) determine the primary factor responsible for boosting β-diversity through partitioning 

analysis. 

Material and methods  

Study area  

The Amazon continental shelf is situated between 5°N and 2°S, comprising the 

continental shelves of the Brazilian states of Amapá, Pará, and Maranhão (Prestes et al., 2020; 

Aquino et al., 2022). The shelf is approximately 300 km long near the Amazon River mouth 

and the 100 m isobaths outline its break (Nittrouer and DeMaster, 1986). It also receives a 

freshwater discharge on the order of 105 to 106 m3 s−1 from the Amazon and Pará rivers, whose 

plumes extend up to 250 km and 165 km, respectively, into the Atlantic Ocean (Lentz, 1995; 

Mascarenhas et al., 2016). Therefore, a major factor influencing the oceanographic processes 

of the Amazon coast is the high discharge of the Amazon River and of the dozens of other 

estuarine systems found across the region (Nittrouer et al., 1991; Oltman, 1968). 

The area of interest is the Maranhão continental shelf (hereafter referred as MCS) 

located in the eastern sector of the Amazon continental shelf (Fig. 1a). The MCS comprises a 

surface of 55.70 Km2 and the second longest coastline in Brazil (~ 640 km), which is bounded 

by Gurupi River (1°S) in the west and Parnaíba River (2.5°S) in the east (Gualberto and El-

Robrini, 2005; Pereira et al., 2018). It is characterized as a shallow shelf that contains a complex 

mosaic of vitally important aquatic ecosystems, sheltering bays, islands, beaches, estuaries as 

well as extensive mangroves, forming the largest continuous and best-preserved worldwide 

mangrove belt (1,200 km long), which corresponds to approximately 75% of the Brazilian 

mangroves (Nascimento et al., 2013; Souza-Filho et al., 2009). Mangroves in the region are 

dominated by Rhizophora mangle, R. racemosa, R. harrisonii, Avicennia germinans, A. 

schaueriana, Laguncularia racemosa, and Conocarpus erectus (Martins and Oliveira, 2011). 

As the main reentrance of the Maranhão coast, the Maranhense Gulf consists of three 

main bays: Cumã, São Marcos and São José (Czizeweski et al., 2020). The domain receives 

high freshwater discharges from six main rivers: Pericumã River on Cumã Bay, Mearim, 

Grajaú, and Pindaré rivers on São Marcos Bay, and Itapecuru and Munim rivers on São José 

Bay, in addition to receiving contributions from other small basins and estuaries (Macedo, 

1989; Czizeweski et al., 2020).   

Cumã Bay is the second largest water body on the western coast of Maranhão, an area 

surrounded by mangrove forests and featuring semidiurnal macrotides (tidal range mean > 4 m) 

associated with high river discharge of the Pericumã River basin. This basin is highly diverse 
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and covers 10,800 km2 with a seasonal flooding cycle that annually overflows and inundates 

the lowland components of the fluvial network, resulting in the formation of temporary and 

permanent lakes (Ibañez et al., 2000). The bay is one of the best-conserved systems in the 

Maranhense Gulf and still preserves the characteristics of a pristine system. Table 1 summarizes 

some other relevant characteristics of the MCS and Cumã Bay.   

The regional climate is tropical wet-dry (Aw), according to the Köppen classification, 

with predominantly northeasterly winds averaging 3.5 m s-1 (Alvares et al., 2013). The annual 

average temperature is 26-27 °C and rainfall is > 2,000 mm, in which about 75-85% of the 

precipitation falls from January to May (INMET, 2019). Climatological variability in the 

Maranhense Gulf is caused by the seasonal transposition of the Intertropical Convergence Zone 

(ITCZ), which results in two well-defined seasons: the dry season that begins in August and 

extends to mid-December and the rainy season lasting from January to June.  

Fig.  1. Map of the study area, including the positions of the 13 stations along the estuary-ocean 

continuum in the Amazon continental shelf (eastern sector). The North Brazil Current (NBC) is 

indicated in the map (a). The historical average and monthly rainfall (28-year historical series) (b) and 

wind speed (c) during the study period (January 2019 – December 2020). Monthly river discharge of 

the main rivers of Cumã Bay (CB), São Marcos Bay (SMB) and São José Bay (SJB) (c). 

   
Source: The author (2023). 
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Table 1. Main physical and ecological characteristics of the Maranhão Continental Shelf and Cumã 

Bay. 

Physical   

Maranhão Continental Shelf   

Location   

      Latitude  0° 57’ N – 3° 58’ N 

      Longitude  47° 17’ W – 42° 35’ W 

Surface area a 55.70 km2 

Tidal range b 3.0  to 5.0 m 

Average annual freshwater discharge c  

      Cumã bay  68.87 m3 s-1;  

      São José bay 173.47 m3 s-1;  

      São Marcos bay 140.57 m3 s-1;  

Cumã Bay   

Total area 205.72 km2 

Length  33.92 km 

Tidal range b 4.0 m bay’s entrance and < 2.0 m Pericumã river mouth 

Surface current magnitude b 0.6 m s-1 outer bay, peak of 1.5 m s-1 bay’s entrance, and 

0.6 m s-1 Pericumã river mouth 

Ecological  

Amazon Mangrove Coast area 7,210 km2 

Natural service Ramsar site number 640 created in 1993  

(Maranhão Reentrances - 2.680.911 ha) d 

Source: The author (2023). 
a Gualberto and El-Robrini (2005). 

b Czizeweski et al. (2020). 
c Average freshwater discharge of the main bays connected to the continental shelf.  
d Convention on Wetlands (Ramsar, Iran, 1971).  

               

Sampling strategy, climate and river discharge    

To better analyze the fluctuations of phytoplankton and environmental variables, a 

temporal-spatial macroscale (Perillo and Piccolo, 2011) was considered in this study.  

The spatial sampling strategy was carried out in the Maranhão Continental Shelf (MCS) 

(1° - 2°S) on board the Ciências do Mar II research and education vessel from the Brazilian 

Ministry of Education. This cruise was performed in May 2019, corresponding to the period 

when the MCS is under higher influence of the Maranhense Gulf estuarine plume and 

coinciding with the southernmost annual position of the Intertropical Convergence Zone 

(ITCZ). Sampling was conducted along one cross-shelf transect of approximately 100 nautical 

miles (192 km) that included 13 sampling sites, covering from the inner Cumã Bay portion 

towards to shelf-break (60 m isobaths) (hereafter estuary-ocean continuum). The temporal 

strategy was conducted in Cumã Bay, in which six surveys occurred along an annual cycle from 
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May 2019 to June 2020. Sampling encompassed rainy (May, March, and June) and dry (August, 

October, and December) seasons at five sampling sites along an ~ 27 km length during the flood 

and ebb tides.  

A total of 61 samples were collected, with 13 samples from the estuary-ocean continuum 

and 48 from Cumã Bay, performed on the subsurface water with van Dorn oceanographic 

bottles (5 L) during the daytime neap tide. To facilitate spatial comparisons across the shelf, the 

study area was divided into three collection areas based on their thermohaline properties, which 

can differentiate the adjacent waters from the estuarine plume (Fig. 1a): (i) the bay itself (sites 

1 to 5, depth < 17 m); (ii) the estuarine plume (sites 6 to 9; depth 20 – 24 m); and (iii) the outer 

shelf region (sites 10 to 13, depth 25 – 61 m). 

The total precipitation in 2019 (2,753 mm) and 2020 (2,708 mm) was above the trend 

of the historical average (2,200 mm) based on the last 28 years. Peaks of precipitation were 

recorded in March of 2019 (818.2 mm) and 2020 (658.8 mm) during the rainy season, which 

were associated with lower wind speeds (0.90±0.15 m s-1). The dry season showed low 

precipitation levels (< 70 mm) with less than 10 mm of accumulated precipitation in August, 

September and October of 2019 and 2020 and higher wind speeds in September of 2019 (2.68 

m s-1) and 2020 (2.77 m s-1) (Fig. 1b).  

Considering the main rivers of the Maranhense Gulf, a marked seasonal pattern of 

freshwater discharge is observed during the study period where 89.22% of the freshwater 

discharge occurs in the rainy season (245.54±182,47 m3 s-1) of which 72.11% is concentrated 

between March and May 2019 (Fig. 1c). Historical precipitation and river discharge data were 

obtained from the National Institute of Meteorology (INMET, www.portal.inmet.gov.br/) and 

the National Agency for Water and Basic Sanitation (ANA, 

https://www.snirh.gov.br/hidroweb). 

Hydrological conditions and nutrients 

Salinity, temperature and pressure were measured in situ by a vertical profile of the 

water column using the CTD ([Conductivity, Temperature and Depth] - Castway, Sontek 

Instrument Company, USA) probe to physically characterize Cumã Bay and MCS.  Dissolved 

oxygen (DO) concentrations and pH were measured with a Hanna multiparametric probe (HI-

9828). Suspended particulate matter (SPM) was determined according to gravimetric analysis 

described by Strickland and Parsons (1972). All instruments were calibrated in the lab prior to 

each use.                                                       

https://www.snirh.gov.br/hidroweb
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The determination of nitrite (NO2
-) and nitrate (NO3

-) was based on Strickland and 

Parsons (1972); whereas orthophosphate (PO4
3-) and silicate (SiO2

-) measurements were 

derived according to Grasshoff et al. (1983) after filtration of the water samples through 

Whatman® GF/F glass fiber filters. The dissolved inorganic nutrients were categorized as 

dissolved inorganic nitrogen (DIN = NO3
- + NO2

-), dissolved inorganic phosphorus (DIP = 

PO4
3-) and dissolved inorganic silicate (DSi = SiO2

-). The precision was ±0.02 μmol for NO3
-, 

±0.02 μmol for NO2
- and 0.01 μmol for PO4

3-. The accuracy was ±2% for PO4
3- and ±3% for 

NO3
- and NO2

-. All chemical analyses were performed following the recommendations of 

APHA (2005). Potentially limiting nutrients were evaluated by comparing water nutrient ratios 

with the Redfield proportions (DIN:DIP:DSi = 16:1:16). 

Phytoplankton analysis  

Water samples for the study of phytoplankton communities were collected from the 

subsurface and immediately fixed with Lugol’s acid solution (1%). In the laboratory, a 

systematic analysis was performed to identify and count phytoplankton cells (20–200 μm cell 

size) following Utermöhl’s technique (Utermöhl, 1958), using an inverted microscope (ZEISS 

Axiovert 100) at 400× magnification. The equation of Villafañe and Reid (1995) was applied 

to calculate the phytoplankton abundance (cells L-1). The synonyms and ecology of the taxa 

were updated using the AlgaeBase international database (Guiry and Guiry, 2020).  The 

Shannon diversity index (Shannon, 1948) was applied to estimate the phytoplankton alpha 

diversity (α-diversity) and detect the random distribution of individuals.  

To determine the phytoplankton biomass, in terms of chlorophyll-a concentration, 

samples (0.15 – 10.0 L) were filtered through Whatman® GF/F glass fiber filters 47 mm in 

diameter and to separate the microphytoplankton ( > 20 μm) from the nanophytoplankton ( < 

20 μm) fraction, chlorophyll-a subsamples were passed through 20 μm mesh, and then filtered. 

Pigment extraction was performed in 10 mL of 90% (v/v) acetone in the dark at -18 °C for 24 

h, and the fluorescence was measured both before and after acidification with 5% (v/v) HCl 

using a Turner Designs Trilogy Laboratory fluorimeter (Parsons et al., 1984), with the results 

expressed in mg m-3. 

 

Indicator species and functional traits 

The indicator value method (IndVal) was then used to select the indicator phytoplankton 

species of the MCS. IndVal was calculated combining phytoplankton abundance with the 
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relative frequency of occurrence and expressed as the product of the specificity and fidelity for 

each taxon considering the temporal and spatial scales. The IndVal of species i for class j was 

obtained according to the following equation: 

Ind Val = Aij × Bij × 100 

where Aij corresponds to specificity, and Bij to fidelity (Dufrêne and Legendre, 1997). Species 

with IndVal > 25% and p < 0.05 according to a randomized distribution Monte Carlo test were 

considered the top indicators of the phytoplankton community.  

The functional traits of the indicator phytoplankton community were determined from 

the maximum linear dimensions (MLD; Lewis, 1976) and classification in terms of life form, 

cell organization, and presence of flagella, mucilage and siliceous exoskeleton structures in 

accordance with the works of Kruk et al. (2010) and Santana et al. (2018).  

Data analysis  

Firstly, a permutational multivariate analysis of variance (PERMANOVA; Anderson, 

2001) was applied to a Euclidean similarity matrix to evaluate the spatiotemporal differences 

of the hydrological variables and nutrients using three factors for Cumã Bay: i) seasons (rainy 

and dry), ii) months (May, March, June, August, October, and December) and iii) tides (ebb 

and flood). Zones (bay, plume and outer) was used as a factor for the estuary-ocean continuum.  

To determine whether the Cumã Bay and the estuary-ocean continuum present high 

environmental heterogeneity (here measured through hydrological variables and nutrients), a 

permutational analysis of multivariate dispersion (PERMDISP; Anderson, 2006) was used. 

This analysis tested the dispersion homogeneity of those significant factors based on the 

distance between the variables and their centroids using one-way ANOVA and Tukey’s HSD 

pairwise test (p < 0.05). Thus, the greater the distances are from samples to their group 

centroids, the greater is the environmental heterogeneity. A principal coordinate analysis 

(PCoA) was used to visualize the dispersion based on the environmental variables. For 

PERMANOVA and PERMDISP tests, a total of 999 unrestricted permutations of transformed 

data to log scale (x + 1) were used, applying the betadisper function in the ‘vegan’ R package 

(Oksanen et al., 2020).  

After that, the normality and homoscedasticity of the variances were verified using the 

Shapiro-Wilk and Levene tests, respectively, and a non-parametric analysis (Kruskal-Wallis 

test) was used to test statistical differences for each variable, considering p values of ≤ 0.05 as 
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significant (IBM SPSS Statistics v.24). When significant, Dunn’s post-hoc test was used to 

obtain pairwise comparison results. 

The hierarchical cluster analysis, based on the Euclidian distance matrix and Ward 

method, was applied to examine the temporal and spatial variation in phytoplankton community 

abundance. For this analysis, taxa with low occurrence (<2%) and abundance (< 4.8 × 103 cells 

L-1) were not included to diminish the effect of rare species (Legendre and Legendre, 1998). To 

evaluate community compositional changes among groups depicted in the cluster analyses, we 

used the β-diversity partitioning approach proposed by Baselga (2010). These metrics provide 

the total variation of the community in space and time (βSor) and the contribution of each 

diversity component that represents turnover (βSim) and nestedness (βNes). The Sørensen 

dissimilarity index was then used. β-diversity turnover and nestedness indices were calculated 

with beta.pair function in the ‘betapart’ R package (Baselga and Orme, 2012).  

Finally, relative contributions of environmental (Env), spatial (Spa), climatic (Cli), and 

local hydrodynamic (Hyd) variables on phytoplankton community structure and β-diversity 

were further analyzed using distance-based redundancy analysis (db-RDA), which take the 

distance matrix as the response variables based on redundancy analysis. In the present study, 

phytoplankton distance matrices based on Euclidian (i.e., community structure) and Sørensen 

(i.e., β-diversity) dissimilarity were used as the response variables, and environmental 

(hydrological variables and nutrients), spatial (AEM eigenvectors), climatic (precipitation, 

wind), and local hydrodynamic (river discharge, tides) variables as predictors to perform db-

RDA. To perform the db-RDA with the abundance data, a Hellinger transformation (Peres-Neto 

et al., 2006) was applied. A spatial matrix was submitted to the asymmetric eigenvectors maps 

(AEM) and the generated axes (eigenvectors) were considered the explanatory spatial variables 

(Blanchet et al., 2008a). Climatic variable was presented by a dummy variable differentiating 

the seasonal periods along the annual cycle based on precipitation and wind data. 

Multicollinearity of variables was evaluated by variance inflation factors (VIF, variables were 

excluded with VIF > 10). All the factors were subjected to a forward selection procedure 

proposed by Blanchet et al. (2008b) to determine the main variables to be included in the 

analyses. Then, variation partitioning analysis was used to calculate the unique and shared 

effects of variables (Peres-Neto et al., 2006). Variation partitioning analysis has been widely 

used in recent studies because it can flexibly integrate the effect of environmental models (local 

environmental factors) and different spatial and temporal models (e.g., dispersal models) (Dong 

et al., 2016; Rusanov et al., 2022). The variation partitioning was performed using the function 
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varpart in the ‘vegan’ R package (Oksanen et al., 2020). The components were tested with 

ANOVA, and significance was set at p < 0.05. These analyses were performed using R software 

(R Core Team, 2019). 

Results 

Cross-shelf environmental heterogeneity: from Cumã Bay to the shelf break 

  Highly significant variation in environmental conditions considering the temporal scale 

and tidal cycle in Cumã Bay was detected from PERMANOVA analysis based on the matrix 

of monthly campaigns of hydrological data (P < 0.01; Table 2). However, the interactions 

between these factors were not significant (P > 0.05). Considering the estuary-ocean 

continuum, the PERMANOVA analysis indicated that the spatial scale was an important source 

of variation in environmental conditions in the MCS (P < 0.001; Table 2). 

 

Table 2. Summary of the permutational multivariate analysis of variance (PERMANOVA) results 

evaluating the variability of environmental conditions along the temporal scale (seasonal periods and 

months) and between tides cycle (flood and ebb) in Cumã Bay and the spatial scale (bay, plume and 

outer) in the estuary-ocean continuum in Maranhão continental shelf (MCS). 

Cumã Bay PERMANOVA 

Source df SS MS F.Model R2 P 

Seasonal 1 0.137 0.137 103.150 0.432 0.001*** 

Tide 1 0.008 0.008 5.955 0.025 0.003** 

Month 4 0.107 0.027 20.122 0.337 0.001*** 

Sea vs. Tide 1 0.003 0.003 2.114 0.009 0.081 

Tide vs. Months 2 0.004 0.002 1.636 0.014 0.137 

Residuals 44 0.058 0.001  0.184  

Total 53 0.318   1.000  

Estuary-ocean continuum PERMANOVA 

Source df SS MS F.Model R2 P 

Zones 3 0.189 0.063 44.121 0.868 0.001*** 

Residuals 20 0.028 0.001 0.131   

Total 23 0.217  1.000   

Source: The author (2023). 

Statistically significant values are indicated with asterisks: * p <0.05; ** p <0.01; *** p <0.001. 

 

Environmental heterogeneity tested by PERMDISP (based on distance to centroid) 

indicated the effect on dispersion along the temporal (p < 0.05) and spatial (p < 0.05) scales 

(Fig. 2). In terms of temporal variation, environmental heterogeneity was identified in Cumã 

Bay (F1,53 = 6.02; p = 0.016), which was higher during the dry period (mean distance to centroid 

= 2.75) than during the rainy season (mean distance to centroid = 2.11) (Fig. 2a). However, low 
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dispersion and overlapping of the samples were observed among the studied months (May 2019 

to June 2020) (F5,48 = 0.56; p = 0.723) and ebb and flood tides (F1,53 = 0.26; p = 0.611). 

Along the estuary-ocean continuum, the hydrological conditions differed significantly 

(F2,23 = 4.10; p < 0.05) indicating high spatial heterogeneity mainly in the zone under a greater 

influence of the estuarine plume (mean distance to centroid = 1.42). The stations located close 

to the shelf break (mean distance to centroid = 0.86) and the innermost coastal region (mean 

distance to centroid = 0.69) showed lower dispersion, and consequently higher homogeneity 

(Fig. 2b). 

 

Fig.  2. Dispersion of environmental variables through principal coordinate analysis (PCoA) and boxplot 

based on distance to centroid (environmental heterogeneity) considering the temporal scale in Cumã 

Bay (a) and spatial scale along the estuary-ocean continuum (b).  

Source: The author (2023). 
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Temporal and tidal patterns of hydrological data and nutrients: Cumã Bay  

Horizontal profiles of salinity and dissolved nutrients (nitrate, nitrite, orthophosphate, 

and silicate) were prepared to investigate temporal and tidal variations in Cumã Bay (Fig. 3). 

Table 3 presents descriptive statistics of the environmental and biological variables. 

Thermohaline properties characterized the waters of the bay, which were typically 

estuarine in 79% of the samples, with an overall average salinity of 21.83 ± 8.40 and a 

temperature of 31.62 ± 1.15°C. A marked seasonal pattern was observed in the salinity values, 

which were lower during the rainy season (15.44 ± 5.06) and higher during the dry season 

(26.83 ± 6.56) (Fig. 3a). The water temperature exhibited a narrow variation, with values of 

approximately 31.58 ± 1.06°C (p > 0.05). December 2019 recorded maximum salinity (34.03 

± 0.13) associated with relatively colder waters (30.29 ± 0.38°C), while in March 2020, the 

salinity reached a minimum of 12.00 ± 5.18 and was associated with warmer waters (32.39 ± 

0.50°C) (Table 3), coinciding with the period of higher river discharge from the drainage basin. 

These seasonal dynamics influenced the pH and DO values, with a minor increase in the 

dry season, mainly in December, with a maximum of 7.46 ± 0.13 and 5.47 ± 0.62 mg L-1, 

respectively. SPM recorded concentrations < 45 mg L-1 in the rainy season, while more turbid 

waters (SPM >100 mg L-1) were observed in the dry season, especially in December 2019, 

reaching averages of 208.46 ± 129.49 mg L-1 (Table 3). 

Analyses of dissolved inorganic nutrients revealed that silicate was the most abundant 

nutrient in the bay, followed by nitrate, orthophosphate, and nitrite, which varied significantly 

over the months (p < 0.01) and seasonal periods (p < 0.01) (Fig. 3b–e). The highest nutrient 

concentrations (NO3
-, NO2

-, PO4
-3, SiO2

-) were recorded in October 2019, when the strongest 

winds occurred, whereas the minimum values occurred between March and June 2020 (Table 

3). 

The water nutrient ratios in Cumã Bay are compared in Fig. 6a-b. From the Redfield 

ratio data (DIN:DIP:DSi = 16:1:16), three areas were delimited, each characterized by a 

potentially limiting nutrient. The DIN:DSi ratios (overall mean 0.14 ± 0.07) were lower than 1 

in 100% of the cases. The DSi:DIP ratios (overall mean 76.94 ± 41.45) were higher than 16 

throughout the entire period of the study (100% of the samples), indicating that silicate was not 

a limiting factor. The DIN:DIP ratios were lower than 16 at most sampling sites in both the 

rainy (13.04 ± 13.28; 83% < 16) and dry (8.50 ± 1.93; 100% < 16) seasons, revealing that the 

bay was predominantly nitrogen-limited. 
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For the tidal regime, the highest averages of salinity (21.97±8.32), temperature (31.71 

± 1.18°C), DO (3.94 ± 1.31 mg L-1), pH (7.23 ± 0.31), nitrate (6.90 ± 4.50 µmol L-1) and 

orthophosphate (0.69 ± 0.34 µmol L-1) were recorded during the ebb tide. The SPM (103.95 ± 

96.18 mg L-1), nitrite (0.08 ± 0.05 µmol L-1), and silicate (42.98 ± 16.96 µmol L-1) 

concentrations were higher during the flood tide. However, between tides, no significant 

differences were recorded (p < 0.05). 

Fig. 3. Temporal distribution of salinity (a) and nutrients (b–e) in Cumã Bay. Monthly distribution is 

indicated through boxplots     

Source: The author (2023). 
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Table 3. Descriptive statistics (mean and standard deviation) of hydrological and biological variables and nutrients in Cumã Bay. Note: Ti: Tides.  Temporal 

included seasonal (Se.) periods (rainy and dry) and months (Mo) (May to December). 

Environmental 

variables  

Tides p  Temporal p 

Flood Ebb Ti.  Rainy Dry May/19 Mar./20 Jun./20 Aug./19 Oct./19 Dec./19 Se. Mo. 

Salinity 21.69±8.68 21.97±8.32 n.s.  15.30±5.19 26.34±7.16 12.42±4.70 12.00±5.18 18.60±2.42 22.40±1.82 22.20±7.51 34.03±0.13 *** *** 

Temperature (°C) 31.54±1.14 31.71±1.18 n.s.  31.50±1.00 31.72±1.26 31.77±0.27 32.39±0.50 30.61±0.32 32.43±0.19 32.50±1.15 30.29±0.38 n.s. *** 

DO (mg L-1) 3.80±1.31 3.94±1.31 n.s.  3.99±0.84 3.79±1.55 4.52±0.54 4.19±0.90 3.78±0.77 2.84±0.36 3.86±0.20 5.47±0.62 n.s. *** 

pH 7.22±0.33 7.23±0.31 n.s.  7.01±0.34 7.38±0.18 7.44±0.15 6.95±0.41 7.07±0.28 7.30±0.24 7.36±0.13 7.46±0.13 *** *** 

SPM (mg L-1) 103.95±96.18 83.52±83.93 n.s.  53.55±51.69 121.09±100.39 25.97±12.64 78.805±64.51 28.26±7.57 58.09±15.69 90.42±29.52 208.46±129.49 *** ** 

NO3
- (µmol L-1) 5.18±2.70 6.90±4.50 n.s.  4.08±4.17 7.42±2.86 3.96±1.18 5.39±5.14 2.78±2.54 4.88±1.20 9.09±1.55 8.04±3.43 *** *** 

NO2
- (µmol L-1) 0.08±0.05 0.06±0.04 n.s.  0.05±0.03 0.08±0.05 0.04±0.02 0.03±0.02 0.06±0.04 0.06±0.02 0.11±0.05 0.06±0.05 ** ** 

PO4
3- (µmol L-1) 0.63±0.31 0.69±0.34 n.s.  0.36±0.22 0.87±0.20 0.45±0.06 0.45±0.29 0.28±0.09 0.65±0.12 0.99±0.11 0.93±0.19 *** *** 

SiO2
- (µmol L-1) 42.98±16.96 42.43±18.90 n.s.  32.64±18.33 49.64±13.88 40.64±6.80 35.58±16.26 29.71±20.64 37.61±7.11 58.75±9.03 51.34±15.25 ** ** 

DIN:DIP ratio 9.48±5.32 11.19±11.20 n.s.  13.04±13.28 8.50±1.93 6.89±3.20 16.20±16.95 9.87±7.91 7.65±1.81 9.34±1.86 8.41±1.93 n.s. n.s. 

DIN:DSi ratio 0.13±0.06 0.16±0.08 *  0.13±0.10 0.15±0.03 0.74±0.68 0.16±0.12 0.10±0.07 0.13±0.03 0.16±0.01 0.16±0.04 ** * 

DSi:DIP ratio 83.45±51.91 67.69±31.24 n.s.  101.33±57.55 57.53±10.03 41.54±44.53 96.49±55.92 106.18±61.74 57.62±4.92 59.82±11.76 55.16±11.87 ** * 

Biological 

variables 
Flood tide Ebb tide Ti. 

 
Rainy Dry May/19 Mar./20 Jun./20 Aug./19 Oct./19 Dec./19 Se. Mo. 

Total Chl-a  

(mg m-3) 
13.64±9.60 12.08±6.90 n.s. 

 
18.92±8.13 8.66±5.32 13.24±5.83 16.76±8.90 21.07±7.06 11.39±7.90 7.72±3.77 7.12±2.68 *** *** 

Abundance 

(x105 cels L-1) 
7.71±13.04 11.04±15.60 ** 

 
19.40±18.43 2.51±1.33 4.52±1.30 33.43±16.54 5.38±2.59 2.44±1.54 2.41±1.18 2.67±1.40 *** *** 

Shannon index 

(bits cell-1) 
2.15±0.90 2.14±0.90 n.s. 

 
1.75±1.15 2.50±0.31 1.73±0.54 0.60±/0.50 2.92±0.36 2.54±0.38 2.46±0.30 2.49±0.28 n.s. *** 

Source: The author (2023). 

Statistically significant values are indicated with asterisks: * p <0.05; ** p <0.01; *** p <0.001; n.s.: non-significant. 
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Cross-shelf distribution of hydrological variables and nutrients: estuary-ocean continuum 

Vertical distribution of salinity and T-S diagram 

The vertical structure of salinity along the estuary-ocean continuum showed typical 

estuarine waters from the innermost portion of the bay (4.65 ≤ S ≤ 21) to approximately 60 

km away from the coastline (21 ≤ S ≤ 30) and marine waters with an increasing salinity 

gradient (30.00 ≤ S ≤ 36.53) towards the 60 m isobaths near the shelf break (Fig. 4a). 

Based on the depth-referenced T-S diagram, the closed triangular structure in the 

density field of the water column is due to the mixing between three water masses that occupy 

different depths (Fig. 4b). Warmer water (28 ≤ T ≤ 30°C) and less saline (S ≤ 30) with 

densities lower than 20 (σt ≤ 20) located in the upper water column, indicated the presence of 

an estuarine water mass (EW), showing a strong freshwater contribution to an adjacent 

continental shelf. More saline (S ≥ 35) and colder (T ≤ 26°C) waters indicated the possible 

presence of the tropical water mass (TW) being restricted to isopycnics 22.5 ≤ σt ≤ 25 and 

depths greater than 50 m. In contrast, the zone between isopycnics 20 ≤ σt ≤ 22.5 shows a 

transitional zone between the area of the estuarine plume influence and the oceanic region, 

with typical coastal waters (CW). 

 

Fig. 4. Vertical profile of salinity gradient (a) and depth-referenced T-S diagram (b) from the data 

collected during the cruise over the estuary-ocean continuum. Located at different water depths, three 

water masses are identified, the estuarine water (EW) in the upper water column, the coastal water 

(CW) at mid-depth, and the tropical water (TW) in the lower water column. 

Source: The author (2023). 
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Horizontal distribution of hydrological variables and nutrients 

During the period of the highest river discharge in the MCS, significant cross-shelf 

variability in hydrological conditions was observed (Fig. 5). The pairwise test comparisons 

(bay vs. plume vs. outer) indicated higher environmental heterogeneity between the bay and 

the adjacent continental shelf (plume and outer shelf), revealing physical (salinity, 

temperature, and SPM) and chemical (pH, nitrate, and silicate) variables as tracers of water 

plume export (Table 4).  

A marked salinity gradient is also observed. Surface salinity varied significantly from 

4.65 to 34.19, decreasing towards the bay, and was associated with relatively warmer waters 

(31.77 ± 0.27°C) in the inner coastal region and lower temperatures in the outer shelf (28.96 

± 0.19°C), indicative of a surface estuarine plume (Fig. 4a–b). 

Generally, DO concentrations were > 3.6 mg L-1, with waters slightly more 

oxygenated in the area of the estuarine plume influence (5.99 ± 1.00 mg L-1; p > 0.05) (Fig. 

4c). The pH was primarily alkaline (7.18–8.6), with typical seawater values (Fig. 4d). The 

greater contribution of the estuarine plume during this period promoted an increase in SPM 

values off the Cumã Bay mouth with values > 50 mg L-1 (Fig. 4e). 
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Fig. 5. Spatial distribution of salinity (a), water temperature (b), DO (c), pH (d), SPM (f) and nutrients 

(f–i) along the estuary-ocean continuum. 

Source: The author (2023). 

 

Among the nutrients, only nitrate and silicate showed significant spatial variation 

between the shelf zones (p = 0.013 and p = 0.010, respectively). 

 Among the different forms of dissolved inorganic nitrogen (DIN), nitrate was the 

predominant form in 100% of the data, with a maximum value recorded in the bay (5.32 µmol 

L-1) and a minimum in the outer region (0.68 µmol L-1). The analysis indicated low nitrite 

concentrations (< 0.17 µmol L-1), with the highest value obtained near the estuarine plume 

boundary (P8). Orthophosphate and silicate exhibited a decreasing gradient from the inner 
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coast towards the 60 m isobaths, and higher concentrations were recorded in the bay (0.45 ± 

0.06 µmol L-1 and 40.64 ± 6.80 µmol L-1, respectively) being nearly depleted in the outer 

shelf (Fig. 4f–i). 

DIN concentrations resulted in Redfield DIN:DIP ratios lower than 16 in 100% of the 

data (overall mean 6.89 ± 3.20) when associated with orthophosphate (DIP). The DSi:DIP 

ratio showed that Si was a potentially limiting nutrient in 54% of the samples (< 16). The 

DIN:DSi ratios were lower than 1 in the bay (0.10 ± 0.02) and estuarine plume (0.99 ± 0.62) 

and higher than 1 in the outer shelf (1.38 ± 0.48), indicating that the inner shelf was primarily 

nitrogen-limited and the outer shelf was silicate-limited (Fig. 6c). 

 

Table 4. Descriptive statistics (mean and standard deviation) and multiple comparisons (pairwise test) 

of hydrological and biological variables and nutrients along the estuary-ocean continuum. 

Hydrological variables Bay Plume Outer p value 

Salinity 12.42±4.70 24.72±4.20 33.40±1.54 bay vs. plume*** 

bay vs. outer*** 

Temperature (°C) 31.77±0.27 29.48±0.98 28.96±0.19 bay vs. plume*** 

bay vs. outer*** 

DO (mg L-1) 4.52±0.54 5.99±1.00 5.08±0.83 n.s. 

pH 7.44±0.15 8.34±0.28 8.54±0.04 bay vs. plume*** 

bay vs. outer*** 

SPM (mg L-1) 25.97±12.64 54.59±11.44 69.59±5.41 bay vs. plume** 

bay vs. outer*** 

NO3
- (µmol L-1) 3.96±1.18 1.38±0.51 0.89±0.20 bay vs. plume*** 

bay vs. outer** 

NO2
- (µmol L-1) 0.04±0.02 0.11±0.05 0.07±0.02 n.s. 

PO4
3- (µmol L-1) 0.45±0.06 0.38±0.17 0.19±0.08 n.s. 

SiO2
- (µmol L-1) 40.64±6.80 4.67±7.36 0.77±0.17 bay vs. plume*** 

bay vs. outer*** 

DIN:DIP ratio 8.88±2.22 5.92±4.64 5.38±1.36 n.s. 

DIN:DSi ratio 0.10±0.02 0.99±0.62 1.38±0.48 bay vs. plume* 

bay vs. outer** 

DSi:DIP ratio 91.89±18.65 15.20±22.96 4.95±2.21 bay vs. plume*** 

bay vs. outer*** 

Biological variables Bay Plume Outer p value 

Total Chl-a (mg m-3) 13.24±5.83 21.44±12.42 5.42±7.26 plume vs. outer* 

Abundance (x105 cells L-1) 4.52±1.30 2.71±1.93 0.55±0.64 bay vs. outer** 

Shannon index (bits cell-1) 1.74±054 2.29±0.21 1.08±0.55 plume vs. outer** 

       Source: The author (2023). 

Statistically significant values are indicated with asterisks: * p <0.05; ** p <0.01; *** p <0.001; n.s.: 

non-significant. 
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Fig. 6. Redfield ratios (DIN:DIP:DSi) in Cumã Bay (a-b) and along the estuary-ocean continuum (c). 

The potentially limiting nutrients are indicated in the three areas delimited by the Redfield ratio (P-

limited: blue; N-limited: yellow; Si-limited: pink). (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

 

                                                  Source: The author (2023). 

Distribution patterns of phytoplankton composition, abundance and biomass 

A total of 189 phytoplankton taxa were identified in the MCS, distributed 

predominantly among Bacillariophyta (80.42%), Miozoa (13.23%), and Cyanobacteria 

(3.70%), while the other taxonomic groups contributed 2.65% to Euglenozoa, Ochrophyta, 

Chlorophyta, and Charophyta. Phytoplankton community diversity was notably 

spatiotemporally dominated by diatoms (152 taxa), with relative abundances ranging from 

80.9 to 98.6% (Fig. 7 a,c). Dinoflagellates had the second highest contribution (25 taxa), with 

a relative density between 1.2 and 4.92%. 

Phytoplankton abundance and biomass showed well-defined distribution patterns, 

exhibiting temporal (abundance p < 0.001; chlorophyll-a p < 0.001), spatial (abundance p < 

0.01; chlorophyll-a p < 0.05), and tidal (abundance p < 0.01) heterogeneity (Fig. 7). The 
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results of pairwise tests confirmed significant spatial differences among the three zones (Table 

4).  

At the bay, the total abundance varied between 2.51 ± 1.33 x105 and 19.40 ± 18.43 

x105 cells L-1 in the dry and rainy periods, respectively, with higher values in the rainy season 

during the ebb tide (Fig. 7a). According to phytoplankton abundance and occurrence 

frequency, six diatoms were considered the dominant species in Cumã Bay. More details on 

species dominance are available in Supplementary Material (Fig. S1).  

Fluctuations in the diatom domain were observed during the annual cycle (Fig. S1a). 

Skeletonema costatum blooms (305.64 x105 cells L-1), and a high abundance of Thalassiosira 

gravida (13.26 x105 cells L-1) were recorded in March 2020, which were the principal species 

responsible for the significant increase in abundance in the rainy season but dominance of a 

pennate diatom (Thalassionema nitzschioides) was also identified in June 2020. The 

abundance of Thalassiosira subtilis increased during the dry season, peaking in December 

2019 (6.52 x105 cells L-1). In addition, Cyclotella litoralis and Cymatosira lorenziana were 

dominant in August and December 2019, respectively. 

At the estuary-ocean continuum, the cell abundance was mainly governed by the 

salinity gradient along the MCS with a significant decrease from the inner coastal region (4.52 

± 1.30 x105 cells L-1) towards the shelf break (0.55 ± 0.64 x105 cells L-1) following the water 

plume (Fig. 7c). The pairwise tests revealed dissimilarities between the bay and outer shelf (p 

< 0.01; Table 4). Six diatoms were considered the dominant species of the estuary-ocean 

continuum. The centric diatoms Thalassiosira gravida (11.69 x105 cells L-1) and Cyclotella 

litoralis (2.17 x105 cells L-1) were the most abundant species in the bay, decreasing gradually 

with distance from the coast. Variation in the abundance of Skeletonema costatum was 

observed among the three zones (bay: 1.71 x105 cells L-1; plume: 1.54 x105 cells L-1; outer: 

0.58 x105 cells L-1) reaching up to 100 km (P11) from the coastline. The region over the plume 

influence was marked by the dominance of the diatoms Leptocylindrus danicus (1.32 x105 

cells L-1) and Pseudo-nitzschia pungens (1.11 x105 cells L-1). Thalassiosira oceanica was 

present in the water plume (1.11 x105 cells L-1) and the outer shelf (0.06 x105 cells L-1). For 

more information, see Fig. S1b.  

 Shannon’s diversity (α-diversity) of the phytoplankton community was marginally 

lower in the rainy season (1.75 ± 1.15 bits cell-1) than in the dry season (2.50 ± 0.31 bits cell-

1), with a significant decrease in March 2020 (0.59 ± 0.50 bits cell-1), indicating a potential 

ecological disturbance due to the diatom blooms. However, a high α-diversity was recorded 
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in June 2020 (2.92 ± 0.36 bits cell-1). The spatial diversity had an overall average of 1.71 ± 

0.66 bits cell-1 and ranged between 0.59 (bay) and 2.53 bits cell-1 (outer region), following the 

decreasing gradient from the inner coastal region to the outer shelf (Tables 2 and 3).  

 

Fig. 7. Spatiotemporal distribution of phytoplankton abundance (a-b) and chlorophyll-a (c-d) in the 

MCS. Note: The pizza graphs attached to the abundance profiles represent the phytoplankton groups 

and those attached to the chlorophyll-a profiles represent the chlorophyll-a fractions.  

 

Source: The author (2023). 
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Comparing the phytoplankton biomass (chlorophyll-a) with its composition, it can be 

noted that the temporal variability of total chlorophyll-a followed the abundance trend with 

peaks in the rainy season, mainly in June/20 (21.07 ± 7.06 mg m-3), and a minimum value 

during the dry season (Fig. 7b). The distribution of chlorophyll-a along the cross-shelf transect 

followed the estuarine plume. The highest concentrations (> 35 mg m-3) were observed near 

the plume boundary (P8) ~ 40 km from the coastline, decreasing towards the 60 m isobath 

with a minimum of 1.08 mg m-3 (Fig. 7d). The pairwise test confirmed this spatial 

heterogeneity with significant differences (p < 0.05) between the plume and outer shelf (Table 

3). 

Regarding the contributions of the chlorophyll-a fractions, nanophytoplankton was the 

dominant fraction in 64% of the data across the temporal scale, with an average contribution 

ranging between 53 and 64% (Fig. 7b). This pattern was also observed across the continental 

shelf, with nanophytoplankton dominance in the inner coastal region (90%) and outer shelf 

(55%), except for the estuarine plume, in which microphytoplankton contributed 64% (Fig. 

7d). 

Phytoplankton community structure  

Spatiotemporal changes in the distribution of phytoplankton were detected based on 

cluster analysis (Fig. 8). This analysis depicted three distinct groups (A, B and C) of 

phytoplankton assemblages with a dissimilarity level of ~ 3.7 units (Fig. 8a). In addition to 

phytoplankton assemblages, horizontal profiles were plotted to indicate their localization in 

the MCS (Fig. 8c).  

Data for group A indicated a temporal pattern of phytoplankton assemblages, 

comprising 45 samples located in the inner coastal region, which where divided into five 

subgroups (A1, A2, A3, A4, and A5). Subgroup A1 included only samples from December 

2019, a transitional month with higher salinity (> 34), SPM (> 200 mg L-1), and nutrient 

concentrations and had an average abundance of 2.67 ± 1.40 x105 cells L-1 and chlorophyll-a 

of 7.12 ± 2.68 mg m-3. Subgroups A2 and A4 were represented by samples from August and 

October 2019, when the wind reached the maximum speed, and the main tributary of the bay 

had the minimum freshwater discharge (< 26 m3 s-1), resulting in salinity values < 24 and high 

nutrient concentrations. The average abundance (2.2 ± 0.86 x105 cells L-1) was relatively 

lower than that in the other groups, and chlorophyll-a was 9.53 ± 6.39 mg m-3. Subgroup A3 

was formed mostly by samples from June 2020, showing a salinity < 19 and the lowest 

nutrient concentrations (nitrate, orthophosphate, and silicate). Abundance recorded an 
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average of 5.51 ± 2.49 x105 cells L-1 and chlorophyll-a of 19.84 ± 7.86 mg m-3 in subgroup 

A3. 

Subgroups A5 and B consisted of data collected in May 2019, which represented an 

evident spatial pattern with 13 samples situated across the estuary-ocean continuum. 

Subgroup A5 clustered only in inner coastal samples with an abundance (4.10 ± 1.55 x105 

cells L-1) roughly double that in group B and chlorophyll-a of 14.04 ± 5.57 mg m-3.  

Group B was divided into B1 and B2, where subgroup B1 included samples under 

estuarine plume influence that showed a considerable peak of chlorophyll-a (20.99 ± 12.62 

mg m-3) and an average abundance of 2.58 ± 2.01 x105 cells L-1. Subgroup B2 was represented 

by stations near the shelf break between the 30 and 60 m isobaths and characterized by the 

lowest chlorophyll-a concentrations (1.80 ± 0.81 mg m-3) and abundance (0.23 ± 0.14 x105 

cells L-1) when compared with other groups. The community structure showed a spatial 

distribution in response to the environmental gradients from Cumã Bay to the shelf break. 

The phytoplankton assemblages sampled from March 2020 (nine samples) were 

classified into group C, which was characterized by the occurrence of potentially harmful 

algal blooms (HAB) and consequently had the highest cell abundance (36.39 ± 14.47 x105 

cells L-1) and elevated chlorophyll-a concentrations (17.80 ± 8.78 mg m-3). The hydrological 

conditions of March 2020 were marked by the maximum river discharge (> 280 m3 s-1) of the 

drainage basin, and salinity was < 11.  

According to phytoplankton morphological traits, certain common dominant 

categories were identified across the temporal scale (Fig. 6b). For groups A1, A2, A3, A4, 

and C, most species had siliceous exoskeletons (diatoms) classified as solitary pennates with 

contributions ranging between 32 and 41%. Colonial centric species were the second most 

representative category, accounting for up to 31%. Along the estuary-ocean continuum, 

colonial centric diatoms dominated A5 (57%) and B1 (55%), and overlap of traits was 

observed in B2, with a predominance of solitary centric diatoms (55%) (Fig. 8c). 

Phytoflagellates (dinoflagellates, euglenophytes, and ochrophytes) showed a solitary 

cell organization with a contribution of approximately 10%, with a wide occurrence 

throughout the groups, except in A5 and B1. Filamentous organisms with mucilage were 

recorded exclusively in A3 and B1, whereas mucilaginous colonies were observed in A1, A2, 

and A3. Both morphological traits comprise Cyanobacteria species and represent < 4% of 

their contribution. 
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Fig.  8. Synthesis of phytoplankton associations in Cumã Bay and MCS. Hierarchical clustering 

dendrogram of the phytoplankton assemblages (a), horizontal profiles of phytoplankton groups 

defined by cluster analysis (b), and morphological traits for each cluster group (c).                                 

Source: The author (2023). 
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β-diversity across temporal and spatial scales 

We calculated the mean pairwise β-diversity for each group depicted by cluster 

analysis (temporal and spatial scales). The monthly variations in β-diversity (βSor) among 

groups from the inner bay are compared in Fig. 9a. We found an increasing temporal trend 

along the annual cycle, with high levels of total β-diversity (> 0.41) among dry months 

(groups A1, A2, and A4) compared with rainy months (< 0.35). Considering the spatial 

variability, total β-diversity (βSor) displayed higher values (> 0.95) between the bay (A5) and 

outer stations (B2) (Fig. 9b).  

The β-diversity partitioning patterns of the phytoplankton communities were similar. 

Turnover (βSim) was the main factor responsible for the differences in the species composition 

at both scales. At the temporal scale, species turnover contributed up to 73% of the total β-

diversity, leaving 27% to nestedness (βNes). Between the bay and outer shelf, the turnover 

values reached 0.93, with considerably higher contributions (> 90%), while the nestedness 

indices were always below 0.30. In general, consistently high between-station β-diversity was 

observed in the estuary-ocean continuum. In contrast, inter-month β-diversity in the bay was 

relatively low, even with an increasing temporal trend, suggesting a likely homogenization of 

the phytoplankton community. 

The exclusive and shared phytoplankton species in each group are summarized in 

Table S1. Temporally, the highest number of exclusive species (20.23%) was found in group 

A3 (June/20) compared with the other groups that contributed less than 4%, and 5.78% were 

shared with A4 (August–October/19). Group A2 (August–October/19) presented the lowest 

number of species shared with C (March/20; 1.16%) and A1 (December/19; 1.73%). No 

species were recorded sharing groups between A1 and C or A1 and A4. In addition, 27.43% 

of the species were exclusive to the rainy season and represented primarily by diatoms 

(20.57%). However, more than 50% shared both seasonal periods. 

Among the identified species in the estuary-ocean continuum, 43.08% were found 

exclusively in group A5 (bay), and 24.62% were shared with B1 (estuarine plume). The bay 

shared only 1.54% of species with the outer shelf (B2). The estuarine plume presented 13.85% 

of exclusive species, including a filamentous cyanobacteria (T. erythraeum) and centric and 

pennate diatoms (Dactyliosolen mediterraneus colonial, Hemiaulus hauckii, Neocalyptrella 

robusta, Pseudo-nitzschia delicatissima), which were considered plume tracers.  The outer 

region comprised 4.62% of exclusive taxa, which included thecate dinoflagellates such as 

Pyrophacus steinii and Protoperidinium sp. Meanwhile, 6.15% of the taxa shared both groups 
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(A5, B1, and B2), characterized by centric diatoms (Ditylum brightwellii, Trieres regia, S. 

costatum, Thalassiosira eccentrica).  

 
Fig. 9. Taxonomic β-diversity (βSor) partitioned into turnover (βSim) and nestedness (βNes) components 

considering the temporal scale in Cumã Bay (a) and spatial scale in the estuary-ocean continuum (b) 

for phytoplankton community. β-diversity heatmap comparing the groups depicted in the cluster 

analysis. Numbers under the arches on the temporal scale indicate total β-diversity. Upper and bottom 

arrowheads in spatial scale represent turnover and nestedness, respectively.                               

Source: The author (2023). 
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Ecological indicators and functional traits 

Of the 139 species used to characterize the phytoplankton assemblages by cluster 

analysis, 39 taxa were selected as key indicators from the indicator value (IndVal) (IndVal > 

25% at significance 0.05; Table 5). Due to their high cell abundance and specific occurrence, 

these taxa could best represent the spatial-temporal patterns of the phytoplankton community 

structure. 

The phytoplankton indicator of group A1 was represented mostly by marine colonial 

diatoms (siliceous exoskeletons) and one freshwater euglenophyte (flagellate), both with 

relatively small maximum linear dimensions (MLD < 40 µm). The diatoms Thalassiosira sp3
 

(IndVal 57.82%; p = 0.006) and Diploneis weissflogii (IndVal 49.56%; p = 0.001) were 

selected as the main group indicators. Group A2 featured solitary diatoms, such as 

Thalassiosira pacifica (IndVal 42.86%; p = 0.013) and Ulnaria ulna (IndVal 36.95; p = 

0.012), and visible variability in cell size (MLD: 17.5–225 µm).  

Group A3 had a dominance of colonial centric diatoms and few flagellates with an 

average MLD of 81.7 ± 62.8 µm. The two highest IndVal values were associated with 

Coscinodiscus granii (IndVal 54.55%; p = 0.003) and Thalassionema frauenfeldii (IndVal 

43.92; p = 0.007). The thecate dinoflagellates Dinophysis norvegica and Tripos lineatus also 

had high IndVal values (> 30%; p < 0.05). For group A4, only two colonial centric diatoms 

were selected with significant IndVal (> 34%; p < 0.01): the larger-celled diatom 

Trieres chinensis (MLD > 120 µm) and Thalassiosira weissflogii (MLD: 15 µm).  

Along the estuary-ocean continuum, some differences were visible in the main traits 

of the indicators. Small diatoms dominated group A5, except for freshwater Gyrosigma 

attenuatum with MLD > 300 µm. The two highest IndVal taxa were Thalassiosira gravida 

(IndVal 46.7%; p = 0.003) and Cylindrotheca closterium (IndVal 45.51%; p = 0.006). Group 

B1 was formed by larger organisms (MLD: 85–505 µm), mostly colonial diatoms, such as 

Proboscia alata (IndVal 69.83%; p = 0.001), and one filamentous with mucilage (MLD > 

250 µm), the cyanobacteria Trichodesmium erythraeum (IndVal 50.0%; p = 0.004). In group 

B2, the species decreased in size (MLD < 25 µm) and were dominated by solitary centric 

diatoms Thalassiosira minuscula (IndVal 52.79%; p = 0.006) and Thalassiosira oceanica 

(IndVal 44.34%; p = 0.007). 

Group C was characterized by the dominance of the potentially harmful and bloom-

forming diatom S. costatum (IndVal: 92.57%; p = 0,001), which was considered the best 

phytoplankton indicator. In addition to S. costatum, eight potential HAB species were 
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reported for the first time in Cumã Bay and MCS, including D. norvegica, L. minimus, T. 

weissflogii, C. closterium, C. socialis, T. erythraeum, P. pungens, and T. minuscula.  

Based on ecological preferences, 79.49% of the indicators were marine species, 

whereas 20.51% comprised freshwater species (10.26%) and non-identified taxa ecology 

(10.26%).  
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Table 5. Indicator values (IndVal), phytoplankton abundance, functional traits, ecology and occurrence of phytoplankton species in the MCS.  

          Continue 

 

Indicator species 

Indv

al 

(%) 

p (MC) 
Taxonomic 

group 

APA 

(cell L-1) 

PTA 

(%) 

Morphological traits 

categories 

MLD 

(µm) 
Ecology Occurrence 

B
a
y

 

Group A1           

Thalassiosira sp3  57.82 0.006 Bacillariophyta 2,604 0.35 Silica, centric, colonial 27.5 -- Coast 

Diploneis weissflogii (A.W.F.Schmidt) Cleve 1894 49.56 0.001 Bacillariophyta 2,959 0.4 Silica, pennate, solitary 52.4 Marine Coast 

Nitzschia sp. 43.42 0.012 Bacillariophyta 1,933 0.26 Silica, pennate, solitary 42.5 -- Coast 

Trachelomonas volvocina (Ehrenberg) Ehrenberg 1834 34.64 0.034 Euglenozoa 1,381 0.19 Flagellate, solitary 31.0 Freshwater Coast 

Thalassiosira subtilis (Ostenfeld) Gran 1900 32.29 0.021 Bacillariophyta 34,245 4.67 Silica, centric, colonial 52.5 Marine Coast 

Cymatosira lorenziana Grunow 1862 30.21 0.046 Bacillariophyta 8,443 1.15 Silica, pennate, colonial 10.0 Marine Coast 

Paralia sulcata (Ehrenberg) Cleve 1873 27.66 0.039 Bacillariophyta 5,957 0.81 Silica, centric, colonial 45.3 Marine Coast 

Group A2          

Thalassiosira pacifica Gran & Angst 1931 42.86 0.013 Bacillariophyta 197 0.03 Silica, centric, solitary 17.5 Marine Coast 

Ulnaria ulna (Nitzsch) Compère 2001 36.95 0.012 Bacillariophyta 1,420 0.19 Silica, pennate, solitary 225.0 Freshwater Coast 

Thalassiosira leptopus (Grunow) Hasle & G.Fryxell 1977 26.25 0.049 Bacillariophyta 1,341 0.18 Silica, centric, solitary 60.0 Marine Coast 

Group A3          

Coscinodiscus granii L.F.Gough 1905 54.55 0.003 Bacillariophyta 513 0.07 Silica, centric, solitary 177.5 Marine Coast 

Thalassionema frauenfeldii (Grunow) Tempère & Peragallo 

1910 
43.92 0.007 Bacillariophyta 6,139 0.84 Silica, pennate, colonial 112.5 Marine Coast/Plume 

Thalassionema nitzschioides (Grunow) Mereschkowsky 1902 43.68 0.006 Bacillariophyta 6,920 0.94 Silica, pennate, colonial 75.0 Marine Coast/Plume 

Dinophysis norvegica Claparède & Lachmann 1859 41.55 0.015 Miozoa 1,144 0.16 
Flagellate, solitary, 

thecate* 
37.5 Marine Coast 

Cyclotella stylorum Brightwell 1860 39.41 0.023 Bacillariophyta 2,722 0.37 Silica, centric, colonial 22.5 Marine Coast 

Cyclotella sp. 35.96 0.011 Bacillariophyta 4,300 0.59 Silica, centric, colonial 17.5 -- Coast 

Leptocylindrus minimus Gran 1915 33.63 0.014 Bacillariophyta 6,155 0.84 Silica, centric, colonial* 15.0 Marine Coast/Plume 

Odontella aurita (Lyngbye) C.Agardh 1832 31.5 0.047 Bacillariophyta 5,760 0.78 Silica, centric, colonial 40.2 Marine Coast 

Trieres regia (M.Schultze) Ashworth & E.C.Theriot 2013 31.46 0.046 Bacillariophyta 10,644 1.45 Silica, centric, colonial 150.0 Marine Coast/Plume 

Tripos lineatus (Ehrenberg) F.Gómez 2021 30.39 0.041 Miozoa 355 0.05 Flagellate, solitary, thecate 165.2 Marine Coast 
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         Conclusion 

Tryblioptychus cocconeiformis (Grunow) Hendey 1958 30.26 0.036 Bacillariophyta 3,235 0.44 Silica, centric, solitary 30.0 Marine Coast 

Rhizosolenia hebetata J.W.Bailey 1856 30.21 0.025 Bacillariophyta 552 0.08 Silica, centric, solitary 137.5 Marine Coast 

Group A4          

Trieres chinensis (Greville) Ashworth & E.C.Theriot 2013 57.44 0.001 Bacillariophyta 5,121 0.7 Silica, centric, colonial 122.5 Marine Coast 

Thalassiosira weissflogii (Grunow) G.A.Fryxell & Hasle 1977 34.8 0.017 Bacillariophyta 6,155 0.84 Silica, centric, colonial* 15.0 Marine Coast 

Group A5          

Thalassiosira gravida Cleve 1896 46.7 0.003 Bacillariophyta 58,706 8 Silica, centric, colonial 5.0 Marine Coast/Plume 

Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin 

1964 
45.51 0.006 Bacillariophyta 1,144 0.16 Silica, pennate, solitary* 36.0 Marine Coast 

Chaetoceros socialis H.S.Lauder 1864 35.76 0.04 Bacillariophyta 3,709 0.51 Silica, centric, colonial* 7.5 Marine Coast 

Actinoptychus sp. 35.07 0.027 Bacillariophyta 671 0.09 Silica, centric, solitary 22.5 -- Coast 

Gyrosigma attenuatum (Kützing) Rabenhorst 1853 26.19 0.034 Bacillariophyta 118 0.02 Silica, pennate, solitary 350.0 Freshwater Coast 

Group B1          

P
lu

m
e 

Proboscia alata (Brightwell) Sundström 1986 69.83 0.001 Bacillariophyta 150 0.02 Silica, centric, colonial 505.0 Marine Plume 

Trichodesmium erythraeum Ehrenberg ex Gomont 1892 50 0.004 Cyanobacteria 1,373 0.19 Filamentous, mucilage* 275.0 Marine Plume 

Leptocylindrus danicus Cleve 1889 44.06 0.01 Bacillariophyta 2,801 0.38 Silica, centric, colonial 85.0 Marine Plume 

Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle 1993 42.91 0.01 Bacillariophyta 5,579 0.76 Silica, pennate, colonial* 100.0 Marine Coast/Plume 

Pseudosolenia calcar-avis (Schultze) B.G.Sundström 1986 40.91 0.014 Bacillariophyta 197 0.03 Silica, centric, colonial 425.0 Marine Plume 

Group B2          

O
u

te
r 

Thalassiosira minuscula Krasske 1941 52.79 0.006 Bacillariophyta 450 0.06 Silica, centric, solitary* 24.5 Marine Plume/Offshore 

Thalassiosira oceanica Hasle 1983 44.34 0.007 Bacillariophyta 2,004 0.27 Silica, centric, solitary 12.5 Marine Plume/ Offshore 

Group C          

B
a
y

 

Skeletonema costatum (Greville) Cleve 1873 92.57 0.001 Bacillariophyta 535,808 73 Silica, centric, colonial* 7.5 Marine Coast/Plume 

Cocconeis placentula Ehrenberg 1838 32.13 0.034 Bacillariophyta 829 0.11 Silica, pennate, solitary 22.5 Freshwater Coast 

Gyrosigma balticum (Ehrenberg) Rabenhorst 1853 30.37 0.035 Bacillariophyta 316 0.04 Silica, pennate, solitary 300.0 Marine Coast 

Source: The author (2023). 

Note: Monte Carlo permutation test (MC), average phytoplankton abundance (APA), and percentage of total abundance (PTA%). Potential harmful species first time reported in this area are 

indicated with an asterisk (*) and non-identified taxa ecology with double hyphen (--).
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Relative contributions of factors in shaping phytoplankton β-diversity and community 

structure 

According to the variation partitioning analysis performed for phytoplankton β-

diversity, both climatic and spatial processes and environmental variability were 

important. However, their contributions varied between scales (Fig. 10a). In Cumã Bay, 

the climatic factor accounted for most of the variation (9%; adj.R2 = 0.09, p < 0.001) in 

β-diversity, and the environmental (adj.R2 = 0.02, p > 0.05) and hydrodynamic (adj.R2 = 

0.01, p > 0.05) variables contributed less than 3%. In the estuary-ocean continuum, the 

unique effect of spatial factors was dominant, which explained 21% (adj.R2 = 0.21, p < 

0.001) of the variation in β-diversity, whereas the unique effect of environmental 

variables was negligible. Moreover, the joint effects of the spatial and environmental 

variables explained an additional 27% of the variance.  

Similarly, the results of the variation partitioning analysis performed for the 

phytoplankton community structure indicated a significant influence of climatic and 

spatial processes, in addition to hydrodynamic factors (Fig. 10b). Considering the scales 

separately, climatic (adj.R2 = 0.05, p < 0.001) and hydrodynamic (adj.R2 = 0.04, p < 

0.001) factors were the main contributors, accounting for 9% of the variability in Cumã 

Bay. In comparison, unique spatial components are more important than environmental 

effects in the estuary-ocean continuum. Spatial variables independently accounted for 

14% (adj.R2 = 0.14, p < 0.05) of the variation in community structure, while the 

environment independently accounted for 6% (adj.R2 = 0.06, p < 0.05). Additionally, the 

shared fraction between the environmental and spatial factors was substantially higher 

(31%) than that of the pure components.  

For the environmental predictor variable group, six variables were selected by a 

forward selection procedure, including salinity, SPM, DO, and PO4
3- to explain the 

variation in phytoplankton β-diversity, whereas salinity, SPM, DO, temperature, and 

SiO2
- explained the community structure (Table S2). The spatial predictor set includes 

four AEM eigenvectors (AEM1, AEM2, AEM3, and AEM4). For the hydrodynamic 

predictor set, river discharge was the variable selected for β-diversity, whereas river 

discharge and tides (flood and ebb) explained the phytoplankton community structure. 

The climatic dummy variables are based on precipitation and wind variability during the 

annual cycle. 
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Fig. 10. Variation partitioning-based Venn diagrams showing the relative contribution of 

environmental variables (Env), spatial AEM eigenvectors (Spa), climatic variables (Cli) and local 

hydrodynamic factors (Hyd) for phytoplankton β-diversity (a) and community structure (b). 

Values represent the adjusted R2 values. Negative fraction values are not presented. Statistical 

significance: * p <0.05; ** p <0.01; *** p <0.001. 

 

Source: The author (2023). 

 

Discussion  

The results found in this study improved our understanding of the coast-ocean 

interface processes responsible for the dynamics of the phytoplankton community and β-

diversity on the Amazon continental shelf (eastern sector). We searched for the temporal 

and spatial patterns of phytoplankton in a tropical macroscale estuary-ocean continuum 

and assessed the effect of the relative contributions of the environment, space, and 

weather on shaping phytoplankton communities.   

Environmental heterogeneity as a driving effect 

The Maranhão continental shelf is located within an equatorial region that 

contains the wettest zone of the world associated with hydrodynamics, which is also 

distinct from those established in most other places worldwide. This shelf is characterized 

as a highly dynamic environment (macrotides > 7 m) and subject to elevated fluvial 

discharge largely from São Marcos, São José, Cumã bays, and small tributaries, which 
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are identified as the main regulators of the composition and diversity of plankton 

communities in the Amazon systems (Araújo et al., 2017; Santana et al., 2020; Otsuka et 

al., 2022).  

The climatological pattern of the region accounted for an annual precipitation of 

> 2,300 mm, with monthly precipitation rates approximately twenty-fold higher during 

the rainy season. During the study period (2019–2020), the climatic regime was 

considered atypical, which can be explained by the La Niña event that caused a 

considerable increase in rainfall, as reported by Sá et al. (2022a). This unimodal rainfall 

pattern explains the significant environmental heterogeneity in Cumã Bay. This changed 

the hydrological conditions of the bay and consequently the adjacent shelf, exporting 

nutrients along the coast and decreasing salinity, pH, and SPM, which promoted 

phytoplankton production and algal blooms. 

The main meteorological system responsible for Amazon rainfall patterns is the 

seasonal transposition of the ITCZ (Marengo, 1995). Therefore, the period the highest 

rainfall occurs when the ITCZ shifts southward (January to June) to the coasts of 

Maranhão and Pará. Between July and December, the ITCZ shifts to the Northern 

Hemisphere, resulting in higher air temperatures and lower rainfall rates (Fu et al., 2001; 

Pereira et al., 2012; Lefèvre et al., 2017). Our results showed this seasonal effect on local 

heterogeneity, in which higher dispersion of the data was detected during the dry season, 

and the hydrological variability and phytoplankton diversity decreased during the rainy 

season.  

Elevated precipitation rates and freshwater discharges recorded between March 

and May appear to be primarily responsible for the lower environmental heterogeneity 

duirng the rainy period, particularly with minor variations in salinity, DO, and SPM. 

According to Brasil et al. (2020), rainfall events are important for re-establishing river 

networks and short-term hydrological connectivity between adjacent tributaries, which 

can lead to the homogenization of environmental conditions and communities between 

sites in aquatic ecosystems. Thus, homogenization and plankton dispersal are facilitated 

under high river flow conditions induced by rainfall (Chaparro et al., 2019; Rusanov et 

al., 2022).  

In contrast, rainfall scarcity, greater wind speed, and seawater intrusion 

characterized the dry season and acted synergistically to promote the environmental 

gradients that drive plankton dynamics. This can be explained by the space-time 

variability of the western boundary current NBC, which intensifies during the early dry 
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season (July–August) and renews the Maranhense Gulf waters, pushing a larger seawater 

volume toward the inner coastal region (Lefèvre et al., 2017). Similar temporal patterns 

have been reported in other recent studies on Amazon coastal bays (Santos et al., 2020; 

Lima et al., 2021) and estuaries (Cavalcanti et al., 2020; Sá et al., 2022b), where lower 

precipitation and freshwater inputs resulted in salinity increases and penetration of 

seawater into the systems. 

In addition, our study revealed a significant effect of spatial extent on 

environmental heterogeneity, indicating a trend of hydrological parameters with an 

increase in watercourse distance along the estuary-ocean continuum. This was predictable 

because the length of the studied cross-shelf transect was 192 km. The relative importance 

of spatial and environmental variables is directly related to the magnitude and frequency 

of precipitation to a broader spatial extent, which results in longitudinal changes in 

phytoplankton in large rivers (Rusanov et al., 2022). 

During this period, warmer (> 28°C) and less saline (S ≤ 30) waters from the 

Maranhense Gulf were widely observed alongshore (Fig. 4), indicating the presence of 

estuarine water that penetrated the shelf at a distance of approximately 60 km from the 

coastline.  

This behavior reflects the greater continental fluvial outflow over the Amazon 

shelf, especially during the rainy period, and is in accordance with the findings of Aquino 

et al. (2022) for the same period. Other authors, such as Carvalho et al. (2016) and Castro 

et al. (2018), have reported low salinities (< 30) in the inner MCS restricted to the São 

Marcos Bay mouth. Large-scale climate phenomena, such as El Niño Southern 

Oscillation (ENSO) events, may affect the annual variation in salinity in coastal 

ecosystems, particularly on the Amazon coast (Pereira et al., 2013; Sá et al., 2022a, Costa 

et al., 2022). Ibánhez et al. (2016) noted that a high correlation exists between rainfall and 

sea surface salinity in the area of plume influence and can affect >16% of the Amazon 

River plume region, for example. 

Additionally, the high nutrient concentrations found in the innermost coastal 

region result from the presence of extensive mangroves throughout Cumã Bay and 

adjacent estuaries (Cavalcanti et al., 2022), which is a typical feature of the Amazon 

coastal region (Souza-Filho, 2005; Gomes et al., 2021). Moreover, tidal flux in macrotidal 

systems (Yellen et al., 2017) associated with wind speed may increase the resuspension 

of previously deposited material (Lancelot and Muylaert, 2011; Dias et al., 2016), 
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contributing to an increase in water turbidity and nutrient availability in the Amazon 

region (Goes et al., 2014). 

In response to these high local hydrodynamics, we found high spatial 

heterogeneity, where the bay was characterized as chemically and physically distinct from 

the plume and outer shelf. 

Factors responsible for temporal and spatial phytoplankton distribution  

The study area is an ideal ecosystem for studying community ecology because of 

its location (Amazon shelf) and its importance for conservation (Ramsar site number 

640). In this comprehensive study of phytoplankton that considered temporal and spatial 

scales, we detected 189 phytoplankton species and nine potential HAB species that were 

reported for the first time in the study area. 

High diversity has also been reported in other Amazon macrotidal systems 

(Cavalcanti et al., 2018; Cavalcanti et al., 2020; Oliveira et al., 2022; Sá et al., 2022b), in 

the Amazon River plume (Araújo et al., 2017; Otsuka et al., 2022), and large river plumes 

worldwide (Zhong et al., 2020), thereby reflecting the biological integrity of these 

regions.   

A major taxonomic group in the community was diatoms, which presented notable 

spatiotemporal dominance over the study period. The three main macrotidal bays bring 

nutrients to the waters off the Maranhense Gulf (Lefèvre et al., 2017), which, in 

combination with small estuaries, results in low salinity, high nutrient (mainly silicate), 

and SPM surface, which favors diatom growth. Both river and submarine groundwater 

discharge have been recognized as substantial terrestrial nutrient (nitrate and silicate) 

sources in coastal waters (Lecher et al., 2017) and consequently enhance phytoplankton 

abundance (Zhong et al., 2020). 

The predominance of diatoms is a robust and well-known pattern built from 

multiyear sampling records across diverse coastal habitats (Carstensen et al., 2015). This 

diatom success is mostly attributed to their capacity to grow rapidly in turbulent high-

nutrient environments (Marañón et al., 2012) associated with their euryhaline adaptation 

to cope with salinity fluctuations (Mukherjee et al., 2013). Diatoms also play a central 

role in silica cycling, which is essential for the synthesis of mineralized cell walls 

(Carstensen et al., 2015; Mayzel et al., 2021). Accordingly, Egge and Aksnes (1992) 

indicated that phytoplankton might shift from a diatom-dominated to a flagellate-

dominated community under SiO2 < 2 μM conditions.   
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Significant temporal and spatial variations were observed in the phytoplankton 

community (Fig. 5). As the composition of phytoplankton assemblages is strongly 

associated with water masses (Liu et al., 2004), diluted waters positively influenced 

phytoplankton growth, as higher cell abundance (> 19 x 105 cells L-1) and biomass (>18 

mg m-3) were observed during the rainy period. In addition, it has been reported that 

salinity could delineate the phytoplankton distribution in Cumã Bay (Cavalcanti et al., 

2022). 

The significant increase in abundance was due to small-celled and chain-forming 

diatom blooms (S. costatum) that developed in low-salinity water of the inner Cumã Bay 

during March 2020, a period when nutrient availability and light intensity were sufficient 

to support positive net production. The low N:P ratios and high phytoplankton abundance 

imply nutrient utilization for growth in the presence of increased light availability, 

depicted by the lower SPM. Similar findings were reported by Rath et al. (2021) in a 

tropical estuary from the east coast of India and Sá et al. (2022b) in a Brazilian macrotidal 

estuary. 

In turbid and nutrient-rich estuarine systems, peaks in phytoplankton biomass and 

production often occur when irradiance is high (Gameiro et al., 2011). During the dry 

period, opposite patterns of phytoplankton abundance and biomass were observed.  This 

might be a response of suspended solid resuspended sediments in the river flows of 

estuaries that absorb or disperse irradiance or both in the water column and constrain 

phytoplankton production (Cloern, 1987; Pan et al., 2016), which is particularly intense 

in macrotidal systems.  

For the spatial scale, the marked decrease in cell abundance from the inner bay to 

the outer shelf followed nutrient gradients, which was consistent with the salinity 

gradient. The significant effect of spatial processes was statistically confirmed by 

variation-partitioning analysis. Notably, nutrient concentrations decreased across the 

estuary-ocean continuum because of dilution or removal, biologically and chemically, 

during estuarine mixing (Bharathi et al., 2018).  

This is per Zhong et al. (2020), who examined the phytoplankton assemblages and 

the effect of diluted water from the Zhujiang (Pearl) River on them and reported higher 

diatom abundance (mostly chain-forming species) concentrated in coastal regions as a 

response to low salinity and high nutrients brought by estuarine plumes. Anglès et al. 

(2019) also reported this for the Mississippi River plume. 
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Our analysis also indicated a considerable peak in chlorophyll-a (> 35 mg m-3) 

near the plume boundary (P8). At the same station, deficits in orthophosphate (< 0.14 

µmol L-1) and nitrate (< 1.43 µmol L-1) were observed, which may support the absorption 

by phytoplankton and an increase in chlorophyll-a. Chlorophyll-a was positively 

correlated with diatom abundance in the MCS (Carvalho et al., 2016). Therefore, 

fluctuations in chlorophyll-a dominated by microphytoplankton (> 20µm) accompanied 

changes in diatom abundance. High chlorophyll-a concentrations alongshore imply a 

highly productive region during periods of greater freshwater discharge.  

Based on the variation partitioning analysis, the joint effects of the climatic, 

hydrodynamic, and spatial processes and local environmental heterogeneity governed the 

phytoplankton dynamics in terms of abundance and chlorophyll-a. 

Ecological indicators and functional traits  

The phytoplankton diversity in Cumã Bay and the adjacent continental shelf 

reflect ecological strategies that are compatible with the high hydrodynamics of the 

region, which is characterized by greater freshwater discharge and macrotidal‐forced 

processes of intense mixing (Czizeweski et al., 2020; Cavalcanti et al., 2022).  

Phytoplankton in the estuary-ocean continuum exhibited a series of functional 

traits that endowed them with some capacity to resist sinking. Thus, the predominance of 

solitary pennate and colonial centric diatoms (mainly chain-forming) in Cumã Bay, 

colonial centric diatoms and filamentous cyanobacteria along the estuarine plume, and 

solitary centric diatoms over the 30 and 60 m isobaths near the shelf break were notable 

(Fig. 6). Regarding cell size (MLD), larger diatoms and cyanobacteria dominated the 

estuarine plume (near the coast), and small single-celled centric diatoms dominated the 

outer shelf.  

The dominance of pennate and colonial centric diatoms as an ecological strategy 

to adapt to the dynamics of coastal systems was also observed previously by studies in 

Drakes Bay along the United States west coast (Wilson et al., 2020), in the inner shelf of 

the East China Sea (Abate et al., 2016), and macrotidal (Cavalcanti et al., 2020) and tidal‐

forced (Aff et al., 2019) estuarine systems of Brazil.  

The majority of pennate diatoms are benthic organisms that may enter the water 

column due to vertical currents (Koh et al., 2006) or resuspension of sediments, or both 

(Cavalcanti et al., 2018) and live temporarily as plankton, forming tychoplanktonic 
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diatom communities that are mostly immobile non-attached diatoms living between 

sediment particles (Zelnik et al., 2018). 

Theoretically, under conditions of lower turbulence, larger cells sink faster than 

smaller cells, whereas greater water turbulence can favor the resuspension of larger cells 

(Margalef, 1978; Reynolds et al., 2002). For example, chain‐forming species can control 

their chain size as a strategy to adapt to the dynamics of systems, as a longer chain will 

sink faster than a shorter chain of the same species (Gherardi et al., 2016; Bannon and 

Campbell, 2017). Variations in the chain size of chain-forming diatoms (e.g., S. costatum) 

were also detected during the different seasonal periods in this study. Chain-forming, 

which offers a better surface-volume ratio, is an adaptation to optimize the sinking rate 

to enhance nutrient absorption and rapid growth under turbulent conditions (Smayda, 

1983), and is also an effective way to deter grazers (Wang and Tang, 2022). 

Of the 39 taxa selected as key indicators, 10 potential HAB species were identified 

in this study, including eight centric diatoms, one dinoflagellate, and one filamentous 

cyanobacteria, nine of which were new records for the study area. As the most dominant 

species in the study, the small-celled chain-forming diatom Skeletonema costatum 

showed a higher abundance inside the bay than alongshore, with a strong preference for 

rainy months, when it reached a cell abundance of up to 3 x107 cells L-1. 

Skeletonema costatum is a bloom-forming and typical estuarine diatom that 

gradually takes advantage of community competition in nutrient-enriched low-salinity 

turbid waters (Gao et al., 2022), such as the adaptable diatom that thrives in coastal waters 

globally (Carstensen et al., 2015; Liu et al., 2022; Lundsør et al., 2022). Additionally, this 

species, as an r-strategist, can rapidly multiply when the N/P ratio and temperature 

increase (Liu et al., 2002; Finkel et al., 2010). 

Other chain-forming (Chaetoceros socialis, Leptocylindrus minimus) and pennate 

(Cylindrotheca closterium) diatoms are among the newly detected phytoplankton species. 

Their occurrence was restricted to low abundance and did not develop blooms. The 

cosmopolitan distribution of these marine diatoms indicates considerable ecological 

plasticity (Degerlund et al., 2012; Yang et al., 2020).  

The marine diatom Pseudo-nitzschia pungens and the dinoflagellate D. norvegica 

were also selected as ecological indicators; however, blooms were not observed. These 

HABs are known as a group that has the potential to produce toxins, which can pose toxic 

effects on human health through the food chain, such as diarrhetic shellfish poisoning 

producers Dinophysis spp. and domoic acid producers Pseudo-nitzschia spp. (Lundholm 
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et al., 2009 onwards). Santos et al. (2021) and Wang et al. (2022) stated that recurrent 

outbreaks of these HABs result in serious economic losses and sometimes coincide with 

human poisoning events. Thus, monitoring the occurrence of these species has become 

crucial as this region is an important fishing and aquaculture spot.    

Thallasiosira species are also an indicator group in the study area. In particular, 

the occurrence of T. subtilis, T. weissflogii, T. minuscula, and T. oceanica was recorded 

here, with T. subtilis reported for the first time in the MCS by Carvalho et al. (2016). The 

environmental conditions found in dry months (high salinity, wind speed, and turbidity) 

favored the dominance of these colonial centric diatoms (T. subtilis, T. weissflogii) in the 

inner bay since the species shows the ability to associate with detrital and inorganic 

particles to minimize stress in turbulent ecosystems (Kang et al., 2019).  

In contrast, the oligotrophic conditions found on the outer shelf favored the 

abundance of T. minuscula and T. oceanica. Unlike many other Thalassiosira species that 

are predominantly found in coastal waters, these small-celled diatoms are adapted to 

oligotrophic conditions and highly tolerant to iron limitation (Hoppenrath et al., 2007; 

Chappell et al., 2014). They have already been reported in Argentinean waters (Sar et al., 

2002) and South Brazilian waters (Garcia and Odebrecht, 2009; Fernandes and Frassão-

Santos, 2010).  

The filamentous cyanobacteria T. erythraeum was also recorded near the estuarine 

plume boundary (P9–P10), where a deficit of nitrogen was identified, but also under low-

salinity water influence (S < 30). This creates a distinct niche for N2 fixation by 

diazotrophic organisms (Subramaniam et al., 2008; Araujo et al., 2017), as has been 

observed in other studies conducted in the Amazon River plume (Araujo et al., 2017; 

Lourenço, 2017; Otsuka et al., 2022). 

Planktonic Trichodesmium species are globally distributed in tropical and 

subtropical oligotrophic oceans (Luo et al., 2012), and their wide occurrence may be due 

to their ability to fix molecular nitrogen (N2) (Yeung et al., 2012) and resistance to grazing 

(Goes et al., 2014; Stukel et al., 2014). Despite the low abundance reported in this study, 

Trichodesmium spp. can develop blooms in other oligotrophic regions of Brazil, causing 

harmful effects on the components of marine biota and humans (Chellappa et al., 2005; 

Carvalho et al., 2008; Koening et al., 2009; Aff et al., 2016).  

Factors shaping phytoplankton β-diversity  
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In this study, phytoplankton β-diversity was synergistically driven by climatic and 

spatial processes associated with environmental variability. To the best of our knowledge, 

this is the first study to assess the influence of these processes on different β-diversity 

components in MCS. 

Among the multiple factors accounting for variation in β-diversity, environmental 

heterogeneity is of supreme importance since it is defined as the variation in abiotic 

conditions among localities within a regional unit (Anderson et al., 2006). β-diversity was 

previously considered to be dependent on environmental heterogeneity (Astorga et al., 

2014). Consequently, high environmental heterogeneity in water bodies is expected to 

promote high β-diversity (Tonkin et al., 2016). In this study, phytoplankton β-diversity 

was in accordance with the trend of environmental heterogeneity, indicating that the 

variability of environmental conditions in the MCS played a crucial role in driving the 

variation in species composition.  

In Cumã Bay, β-diversity was governed primarily by climatic factors and 

environmental variability, while the spatial extent (spatial factor) accounted for most of 

the variation in phytoplankton across the estuary-ocean continuum. This finding suggests 

that the climatic pattern of the Amazon coast is the main driver of eco-hydrological 

interactions, including β-diversity, at small geographical scales. In contrast, the 

geographical distance was an important modulator of β-diversity patterns on large scales, 

as previously demonstrated by Wetzel et al. (2012), Zorzal-Almeida et al. (2017), Lansac-

Tôha et al. (2019), and Zorzal-Almeida et al. (2021) for tropical and subtropical 

phytoplankton assemblages. Other studies of plankton β-diversity have revealed that 

environmental conditions have a more substantial effect than spatial distance (Diniz et 

al., 2021; Graco-Rosa et al., 2021; Diego et al., 2023). 

Additionally, our results indicated a strong influence of the estuarine plume 

alongshore and on β-diversity, as was also observed by Tosetto et al. (2022) in studies on 

animal communities along the Tropical Western Atlantic coast. These authors associated 

the high endemism in Brazilian and Caribbean coastal habitats with the Amazon River 

Plume, which acts as a biogeographical barrier to marine species dispersal.  

In this case, the estuarine plume from the Maranhense Gulf appears to act as a 

dispersal ‘filter’ resulting in differences in phytoplankton communities along the MCS 

since a high number of exclusive species was found inside the bay (> 40%) and low 

richness along the adjacent shelf. Other studies have also argued that nearshore and 

offshore gradients in the physical and chemical properties of seawater can act as barriers 
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to cross-shelf exchanges of phytoplankton (d’Ovidio et al., 2010; Morales et al., 2012; 

Morales et al., 2017), and present different functional groups dominating coastal and 

oceanic zones (Menschel et al., 2016).  

β-diversity partitioning analysis revealed that the turnover component was the 

main factor responsible for boosting taxonomic β-diversity at the spatial and temporal 

scales. Recent studies have shown that species turnover (defined here as the change in the 

identity of species and their relative proportions) is more sensitive to signal changes in 

biodiversity than richness measures (Dornelas et al., 2014; Hillebrand et al., 2018; Olli et 

al., 2022). In addition, Soininen et al. (2017) showed in a recent meta-analysis on 

taxonomic β-diversity partitioning that species turnover is consistently correlated with 

total β-diversity since it largely reflects dissimilarity between sites, being 5.7 times more 

important than richness differences. 

Similar to the estuary-ocean continuum, species replacement appears to increase 

with larger geographical distances (Wetzel et al., 2012; Zorzal-Almeida et al., 2021). 

Smith et al. (2005) stated that larger basins will likely enclose more types of habitats and 

facilitate colonization by species that have specialized habitat requirements, which may 

support our findings.  

Turnover dominance implies that conservation incentives should involve as many 

sites as possible, whereas nestedness dominance suggests the conservation of the richest 

system (Socolar et al., 2016; Diniz et al., 2021). This fact reinforces the maintenance of 

conservation measures in the study area. As the species composition varies among 

stations and months, conservation measures should encompass as many sites as possible 

across the MCS during the entire annual cycle (rainy and dry periods).  

Conclusions  

This is the first study performed in Cumã Bay and the adjacent continental shelf from the 

perspective of phytoplankton functional traits and β-diversity ecology. Based on a 

synoptic evaluation of hydrological and biological variables in the study area, we showed 

the importance of considering the combined use of spatial, temporal, and hydrodynamic 

factors in the assessment of phytoplankton dynamics in Amazon ecosystems. Our results 

suggest that high freshwater discharge from the Maranhense Gulf and macrotidal 

dynamics substantially influence phytoplankton communities, β-diversity, and nutrient 

cycling in the MCS. In summary, we concluded that the study area is quite rich in terms 

of phytoplankton species diversity, with nine potential HABs reported as new records. In 
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terms of phytoplankton groups, diatoms were dominant, followed by dinoflagellates and 

cyanobacteria, presenting ecological strategies adapted to the highly dynamic 

environment, such as the ability to chain-forming and change cell size. The findings 

provided here are of particular value due to the good environmental status of the studied 

system, which can serve as an ideal ecosystem for a better understanding of the 

community ecology and predicting environmental changes that can occur in coastal 

regions as a result of impacts from human activities. Moreover, our findings suggest that 

this temporal-spatial approach to phytoplankton structure and β-diversity is feasible for 

assessing biotic heterogeneity and health in Amazon tropical ecosystems as other aquatic 

systems.    
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7 CONSIDERAÇÕES FINAIS 

A Baía de Cumã e plataforma continental adjacente fazem parte de uma área 

privilegiada da costa maranhense por ser considerada Sítio Ramsar e oferecer importantes 

serviços ecossistêmicos à população local, além de fazer parte da maior faixa contínua de 

manguezais do mundo. A fim de preencher uma lacuna sobre o conhecimento do 

fitoplâncton na região, este estudo é a primeira contribuição científica que buscou 

compreender os padrões da dinâmica fitoplanctônica (diversidade, estrutura e biomassa) 

avaliada em escalas espaciais e temporais e sua relação com aspectos hidrológicos 

fortemente influenciados por fatores climáticos (elevada precipitação anual) e 

hidrodinâmicos (regimes de macromarés) característicos da Costa Norte Amazônica.  

Assim, a partir de uma abordagem eco-hidrológica utilizada na Baía de Cumã foi 

possível identificar uma comunidade com predomínio de diatomáceas altamente diversas. 

A variabilidade temporal das condições ambientais foi o principal controlador da 

distribuição da comunidade fitoplanctônica, demonstrando um padrão sazonal marcante, 

com predomínio de águas mais salinas e com menor temperatura e maior disponibilidade 

de luz durante o período chuvoso e na estiagem foi notável a maior incidência dos ventos, 

influência de macromarés e intrusão de águas marinhas no ecossistema costeiro. Tais 

condições favoreceram a ocorrência de florações eventuais de Skeletonema costatum no 

período chuvoso e altas densidades de Thalassiosira subtilis na estiagem, consideradas 

espécies-chaves dos diferentes períodos sazonais investigados. 

Em nossas observações, as métricas de diversidade também responderam às 

flutuações sazonais das condições hidrológicas apontando o índice de riqueza de 

Menhinick e o índice de diversidade de Shannon como os mais sensíveis a estas mudanças 

ambientais. Além disso, observou-se que a alta biomassa fitoplanctônica (clorofila-a) e o 

bom estado fisiológico das células fitoplanctônicas atuaram como indicadores do bom 

estado de conservação desse ecossistema tropical amazônico. 

  Tendo em vista investigar o status ecológico do fitoplâncton (traços funcionais, 

espécies indicadoras e diversidade beta) e os seus processos determinantes ao longo de 

um continuum estuário-oceano, os resultados revelaram que a intensa drenagem 

continental sobre a costa maranhense promove gradientes ambientais que influenciam 

substancialmente a ciclagem de nutrientes, comunidade fitoplanctônica e diversidade 

beta. 
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Então, a partir disso foi identificada uma heterogeneidade espacial das condições 

hidrológicas (gradiente de salinidade, disponibilidade de luz e nutrientes) desde a porção 

interna da baía, área de influência da pluma estuarina e porção externa da plataforma que 

condicionaram os principais grupos fitoplanctônicos. 

Neste estudo, foi possível selecionar 39 espécies indicadoras do fitoplâncton que 

foram sensíveis às mudanças nos gradientes ambientais apresentando traços funcionais 

típicos de ecossistemas altamente dinâmicos. Nesse contexto, identificou-se o predomínio 

de diatomáceas penadas solitárias e cêntricas coloniais na Baía de Cumã, diatomáceas 

cêntricas coloniais e cianobactérias filamentosas ao longo da pluma estuarina e 

diatomáceas cêntricas solitárias na porção externa da plataforma, além de nove novos 

registros para a região de espécies potencialmente tóxicas e formadoras de blooms, o que 

indica a necessidade de monitoramento dessas espécies na área estudada por ser uma 

importante região de pesca. 

Por fim, a análise de diversidade beta foi uma importante ferramenta para avaliar 

mudanças nas escalas espaciais e temporais, sendo aplicada para entender os padrões de 

heterogeneidade ambiental os quais se tornam cruciais para compreender ambientes 

costeiros dinâmicos. A substituição de espécies foi o principal componente responsável 

por impulsionar a diversidade beta total ao longo das escalas estudadas, sendo explicada 

pelo efeito sinergético dos processos do ponto de vista espacial, ambiental, climatológico 

e hidrológico. 

Além disso, este estudo reforça a importância da manutenção de séries temporais 

para melhor compreensão da dinâmica da comunidade fitoplanctônica em ambientes de 

alta complexidade como os encontrados na Costa Norte Amazônica. Estudos adicionais 

sobre a comunidade fitoplanctônica como a avaliação da produtividade primária, 

quantificação do picofitoplâncton, bem como estudos sobre a trofodinâmica do plâncton 

e o monitoramento de floração sazonal poderão fornecer mais orientações para o manejo 

sustentável dos ecossistemas costeiros amazônicos. 
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APÊNDICE A – IMPLICAÇÕES ECOLÓGICAS DA COMUNIDADE 

FITOPLANCTÔNICA GERAL (DISTRIBUIÇÃO TAXONÔMICA, 

FREQUÊNCIA DE OCORRÊNCIA E ECOLOGIA) E DISTRIBUIÇÃO 

TAXONÔMICA POR CLASSES AO LONGO DO CONTINUUM ESTUÁRIO-

OCEANO 

 

 

Fonte: Autoria própria (2023). 
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APÊNDICE B – SINOPSE DOS TÁXONS IDENTIFICADOS NA BAÍA DE 

CUMÃ E PLATAFORMA CONTINENTAL MARANHENSE 

 

CYANOBACTERIA 

Classe Cyanophyceae 

Ordem Synechococcales 

Família Merismopediaceae 

Aphanocapsa incerta (Lemmermann) G.Cronberg  

& Komárek 1994 

Ordem Chroococcales 

Família Microcystaceae 

Microcystis aeruginosa (Kützing) Kützing 1846 

Microcystis sp. 

Ordem Nostocales 

Família Aphanizomenonaceae 

Dolichospermum sp. 

Ordem Oscillatoriales 

Família Oscillatoriaceae 

Oscillatoria sp. 

Família Microcoleaceae 

Trichodesmium erythraeum Ehrenberg ex Gomont 

1892 

Ordem Synechococcales 

Família Merismopediaceae 

Synechocystis aquatilis Sauvageau 1892 

 

EUGLENOZOA 

Classe Euglenophyceae 

Ordem Euglenida 

Família Euglenidae 

Trachelomonas volvocina (Ehrenberg) Ehrenberg 1834 

Trachelomonas sp. 

 

BACILLARIOPHYTA 

Classe Bacillariophyceae 

Ordem Achnanthales 

Família Cocconeidaceae 

Cocconeis placentula Ehrenberg 1838 

Cocconeis fluminensis (Grunow) H.Peragallo & 

M.Peragallo 1897 

Cocconeis sp. 

Ordem Bacillariales 

Família Bacillariaceae 

Alveus marinus (Grunow) Kaczmarska & Fryxell 1996 

Bacillaria paxillifera (O.F.Müller) T.Marsson 1901 

Cylindrotheca closterium (Ehrenberg) Reimann & 

J.C.Lewin 1964 

Nitzschia acicularis (Kützing) W.Smith 1853 

Nitzschia dissipata (Kützing) Rabenhorst 1860 

Nitzschia frustulum (Kützing) Grunow 1880 

Nitzschia granulata Grunow 1880 

Nitzschia grossestriata Hustedt 1955 

Nitzschia linearis W.Smith 1853 

Nitzschia longa Grunow 1880 

Nitzschia longissima (Brébisson) Ralfs 1861 

Nitzschia obtusa W.Smith 1853 

Nitzschia palea (Kützing) W.Smith 1856 

Nitzschia pacifica Cupp 1943 

Nitzschia sigma (Kützing) W.Smith 1853 

Nitzschia vidovichii (Grunow) Grunow 1881 

Nitzschia sp1 

Nitzschia sp2 

Pseudo-nitzschia delicatissima (Cleve) Heiden 1928 

Pseudo-nitzschia seriata (Cleve) H.Peragallo 1899 

Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle 

1993 

Tryblionella compressa (Bailey) Poulin 1990 

Tryblionella granulata (Grunow) D.G.Mann 1990 

Tryblionella hantzschiana Grunow 1862 

Tryblionella punctata W.Smith 1853  

Ordem Cymbellales 

Família Cymbellaceae 

Cymbella sp. 

Ordem Fragilariales 

Família Fragilariaceae 

Synedra ulna (Nitzsch) Ehrenberg 1832 

Synedra sp1 

Synedra sp2 

Família Staurosiraceae 

Opephora sp. 

Ordem Lyrellales 

Família Lyrellaceae 

Lyrella clavata var. subconstricta (Hustedt) Moreno 

1996 

Ordem Naviculales 

Família Amphipleuraceae 

Frustulia interposita (Lewis) De Toni 1891 

Família Diploneidaceae 

Diploneis bombus (Ehrenberg) Ehrenberg 1853 

Diploneis decipiens A.Cleve 1915 

Diploneis ovalis (Hilse) Cleve 1891 

Diploneis splendida Cleve 1894 

Diploneis vacillans (A.W.F.Schmidt) Cleve 1894 

Diploneis weissflogii (A.W.F.Schmidt) Cleve 1894 

Diploneis sp. 

Família Naviculaceae 

Caloneis permagna (Bailey) Cleve 1894 

Gyrosigma attenuatum (Kützing) Rabenhorst 1853 

Gyrosigma balticum (Ehrenberg) Rabenhorst 1853 

Gyrosigma eximium (Thwaites) Boyer 1927 

Gyrosigma tenuissimum (W.Smith) J.W.Griffith & 

Henfrey 1856 

Navicula gottlandica Grunow 1880 

Navicula lanceolata Ehrenberg 1838 

Navicula polae Heiden 1903 

Navicula sp1 

Navicula sp2 

Família Pinnulariaceae 

Pinnularia sp. 

Família Pleurosigmataceae 

Pleurosigma acutum Norman ex Ralfs 1861 

Pleurosigma angulatum (J.T.Quekett) W.Smith 1852 

Pleurosigma elongatum W.Smith 1852 

Pleurosigma formosum W.Smith 1852 

Pleurosigma normanii Ralfs 1861 

 

Continua  
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Pleurosigma sp. 

Família Stauroneidaceae 

Craticula cuspidata (Kutzing) D.G.Mann 1990 

Prestauroneis crucicula (W.Smith) Genkal & 

Yarushina 2017 

Ordem Rhaphoneidales 

Família Asterionellopsidaceae 

Asterionellopsis glacialis (Castracane) Round 1990 

Família Rhaphoneidaceae 

Rhaphoneis amphiceros (Ehrenberg) Ehrenberg 1844 

Ordem Surirellales 

Família Entomoneidaceae 

Entomoneis alata (Ehrenberg) Ehrenberg 1845 

Família Surirellaceae 

Petrodictyon gemma (Ehrenberg) D.G.Mann 1990 

Tryblioptychus cocconeiformis (Grunow) Hendey 1958 

Ordem Thalassionematales 

Família Thalassionemataceae 

Thalassionema frauenfeldii (Grunow) Tempère & 

Peragallo 1910 

Thalassionema nitzschioides (Grunow) 

Mereschkowsky 1902 

Thalassionema sp. 

Thalassiothrix longissima Cleve & Grunow 1880 

Ordem Thalassiophysales 

Família Catenulaceae 

Amphora sp. 

Classe Coscinodiscophyceae 

Ordem Coscinodiscales 

Família Coscinodiscaceae 

Coscinodiscus centralis Ehrenberg 1839 

Coscinodiscus concinnus W.Smith 1856 

Coscinodiscus granii L.F.Gough 1905 

Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg 

1840 

Coscinodiscus radiatus Ehrenberg 1840 

Coscinodiscus rothii (Ehrenberg) Grunow 1878 

Coscinodiscus sp. 

Família Hemidiscaceae 

Actinocyclus octonarius Ehrenberg 1837 

Família Heliopeltaceae 

Actinoptychus annulatus (Wallich) Grunow 1883 

Actinoptychus campanulifer Schmidt 1875 

Actinoptychus minutus Greville 1866 

Actinoptychus senarius (Ehrenberg) Ehrenberg 1843 

Actinoptychus sp. 

Ordem Crysanthemodiscales  

Família Chrysanthemodiscaceae  

Melchersiela hexagonalis C. Teixeira 1958 

Ordem Melosirales 

Família Melosiraceae 

Melosira nummuloides C.Agardh 1824 

Ordem Paraliales 

Família Paraliaceae 

Paralia sulcata (Ehrenberg) Cleve 1873 

Ordem Rhizosoleniales 

Família Rhizosoleniaceae 

Guinardia flaccida (Castracane) H.Peragallo 1892 

Guinardia striata (Stolterfoth) Hasle 1996 

Dactyliosolen mediterraneus (H.Peragallo) H.Peragallo 

1892 

Neocalyptrella robusta (G.Norman ex Ralfs) 

Hernández-Becerril & Meave 1997 

Pseudosolenia calcar-avis (Schultze) B.G.Sundström 

1986=Rhizosolenia calcar-avis Schultze 1858 

Rhizosolenia hebetata J.W.Bailey 1856 

Rhizosolenia setigera Brightwell 1858= Sundstroemia 

setigera (Brightwell) Medlin 2021 

Rhizosolenia striata Greville 1865 

Ordem Triceratiales 

Família Triceratiaceae 

Triceratium favus Ehrenberg 1839 

Classe Mediophyceae 

Ordem Chaetocerotales 

Família Chaetocerotaceae 

Bacteriastrum hyalinum Lauder 1864 

Chaetoceros abnormis Proshkina-Lavrenko 1953 

Chaetoceros affinis Lauder 1864 

Chaetoceros atlanticus Cleve 1873 

Chaetoceros compressus Lauder 1864 

Chaetoceros curvisetus Cleve 1889 

Chaetoceros debilis Cleve 1894 

Chaetoceros lorenzianus Grunow 1863 

Chaetoceros pendulus Karsten 1905 

Chaetoceros peruvianus Brightwell 1856 

Chaetoceros socialis H.S.Lauder 1864 

Chaetoceros subtilis Cleve 1896 

Chaetoceros teres Cleve 1896 

Chaetoceros sp. 

Família Leptocylindraceae 

Leptocylindrus danicus Cleve 1889 

Leptocylindrus minimus Gran 1915 

Ordem Biddulphiales 

Família Bellerocheaceae 

Bellerochea malleus (Brightwell) Van Heurck 1885 

Família Biddulphiacea 

Biddulphia sp. 

Ordem Cymatosirales 

Família Cymatosiraceae 

Campylosira cymbelliformis (A.W.F.Schmidt) Grunow 

ex Van Heurck 1885 

Cymatosira lorenziana Grunow 1862 

Ordem Eupodiscales 

Família Odontellaceae 

Odontella turgida (Ehrenberg) Kützing 1844 

Odontella aurita (Lyngbye) C.Agardh 1832 

Odontella minuta (Greville) Andrews 1990 

Odontella sp. 

Família Parodontellaceae 

Trieres mobiliensis (Bailey) Ashworth & E.C.Theriot 

2013 

Trieres regia (M.Schultze) Ashworth &  

E.C.Theriot 2013 

Trieres chinensis (Greville) Ashworth &  

E.C.Theriot 2013 

Ordem Hemiaulales 

Família Hemiaulaceae 

Hemiaulus hauckii Grunow ex Van Heurck 1882 

Ordem Lithodesmiales 

Família Lithodesmiaceae 

Ditylum brightwellii (T.West) Grunow 1885 

Helicotheca tamesis (Shrubsole) M.Ricard 1987 

Lithodesmium undulatum Ehrenberg 1839 

Ordem Probosciales 

Família Probosciaceae 

Proboscia alata (Brightwell) Sundström 1986 

Ordem Stephanodiscales 
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Família Stephanodiscaceae 

Cyclotella delicatula Hustedt 1952 

Cyclotella litoralis Lange & Syvertsen 1989 

Cyclotella meneghiniana Kützing 1844 

Cyclotella striata (Kützing) Grunow 1880 

Cyclotella stylorum Brightwell 1860 

Cyclotella sp. 

Ordem Thalassiosirales 

Família Lauderiaceae 

Lauderia annulata Cleve 1873 

Família Skeletonemataceae 

Skeletonema costatum (Greville) Cleve 1873 

Família Thalassiosiraceae 

Conticribra weissflogii (Grunow) Stachura-Suchoples 

& D.M.Williams 2009 

Thalassiosira delicatula Ostenfeld 1908 

Thalassiosira leptopus (Grunow) Hasle & G.Fryxell 

1977 

Thalassiosira lineata Jousé 1968 

Thalassiosira eccentrica (Ehrenberg) Cleve 1904 

Shionodiscus oestrupii (Ostenfeld) A.J.Alverson, S.-

H.Kang & E.C.Theriot 2006= 

Thalassiosira oestrupii (Ostenfeld) Proshkina-

Lavrenko ex Hasle 1960 

Thalassiosira pacifica Gran & Angst 1931 

Thalassiosira plicata H.J.Schrader 1974 

Thalassiosira gravida Cleve 1896 

Thalassiosira simonsenii Hasle & G.Fryxell 1977 

Thalassiosira subtilis (Ostenfeld) Gran 1900 

Thalassiosira sp1   

Thalassiosira sp2   

Thalassiosira sp3 

Ordem Toxariales 

Família Ardissoneaceae 

Ardissonea crystallina (C.Agardh) Grunow 1880 

 

MIOZOA  

Classe Dinophyceae 

Ordem Dinophysales 

Família Dinophysaceae 

Dinophysis caudata Kent 1881 

Dinophysis norvegica Claparède & Lachmann 1859 

Dinophysis tripos Gourret 1883 

Ordem Gymnodiniales 

Família Gymnodiniaceae 

Gymnodinium mitratum J.Schiller 1932 

Gymnodinium sp1 

Gymnodinium sp2 

Ordem Gonyaulacales 

Família Ceratiaceae 

Tripos furca (Ehrenberg) F.Gómez 2013=Neoceratium 

furca (Ehrenberg) F.Gómez, D.Moreira & P.López-

Garcia 2010 

Tripos lineatus (Ehrenberg) F.Gómez 2021= 

Neoceratium lineatum (Ehrenberg) F.Gómez, 

D.Moreira & P.López-Garcia 2010 

Família Gonyaulacaceae 

Gonyaulax spinifera (Claparède & Lachmann) Diesing 

1866= Peridinium spiniferum Claparède & Lachmann 

1859 

Gonyaulax sp. 

Família Pyrocystaceae 

Pyrophacus steinii (Schiller) Wall & Dale 1971= 

Pyrophacus horologium var. steinii J.Schiller 1935

  

Ordem Peridiniales 

Família Heterocapsaceae 

Heterocapsa psammophila M.Tamura, M.Iwataki & 

M.Horiguchi 2006 

Heterocapsa rotundata (Lohmann) Gert Hansen 

1995 

Heterocapsa sp. 

Família Oxytoxaceae 

Oxytoxum crassum J.Schiller 1937 

Família Peridiniaceae 

Peridinium sp. 

Família Protoperidiniaceae 

Protoperidinium crassipes (Kofoid) Balech 1974= 

Peridinium crassipes Kofoid 1907 

Protoperidinium pyriforme (Paulsen) Balech 1974= 

Peridinium pyriforme Paulsen 1907 

Protoperidinium trochoideum (Stein) Lemmermann, 

1910 

Archaeperidinium minutum (Kofoid) Jørgensen 

1912= Protoperidinium minutum (Kofoid) 

A.R.Loeblich 1970 

Protoperidinium sp. 

Ordem Prorocentrales 

Família Prorocentraceae 

Prorocentrum micans Ehrenberg 1834 

Prorocentrum gracile F.Schütt 1895 

Ordem Thoracosphaerales 

Família Thoracosphaeraceae 

Scrippsiella acuminata (Ehrenberg) Kretschmann, 

Elbrächter, Zinssmeister, S.Soehner, Kirsch, Kusber 

& Gottschling 2015 

Classe Noctilucophyceae 

Ordem Noctilucales 

Família Noctilucaceae 

Noctiluca scintillans (Macartney) Kofoid & Swezy 

1921 

 

CHLOROPHYTA 

Classe Chlorophyceae 

Ordem Sphaeropleales 

Família Hydrodictyaceae 

Pediastrum boryanum (Turpin) Meneghini 1840 

 

CHAROPHYTA 

Classe Zygnematophyceae 

Ordem Desmidiales 

Família Desmidiaceae 

Bambusina borreri (Ralfs) Cleve 1864 

 

OCHROPHYTA 

Classe Chrysophyceae 

Ordem Chromulinales 

Família Chromulinaceae 

Chromulina sp. 

 
Fonte: Autoria própria (2023). 
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APÊNDICE C – DISTRIBUIÇÃO E IMPLICAÇÕES ECOLÓGICAS DO FITOPLÂNCTON NA BAÍA DE CUMA E PLATAFORMA 

CONTINENTAL MARANHENSE 

CATEGORIA TAXONÔMICA 
Baía 
ZIF 

Baía 
ZIM 

Pluma 
Plat. 

 externa 
Abund.  

(x103 cel L-1) 
PAT 
(%) 

Freq. 
(%) 

Índice  

Const. 
Ecologia 

Bacillariophyta          

Actinocyclus octonarius Ehrenberg 1837 + - - - 0,12 0,01 1,64 Acidental Marinha 

Actinoptychus annulatus (Wallich) Grunow 1883 + + - - 0,08 0,01 3,28 Acidental Estuarina 

Actinoptychus splendens (Shadbolt) Ralfs 1861 - + - - 0,04 0,00 1,64 Acidental Marinha 

Actinoptychus campanulifer Schmidt 1875 + - - - 0,08 0,01 1,64 Acidental Marinha 

Actinoptychus minutus Greville 1866 + - - - 0,28 0,03 4,92 Acidental Marinha 

Actinoptychus senarius (Ehrenberg) Ehrenberg 1843 + + - - 0,39 0,05 9,84 Acidental Marinha 

Actinoptychus sp. + + + - 0,67 0,08 11,48 Acidental Outro 

Alveus marinus (Grunow) Kaczmarska & Fryxell 1996 + + - - 0,63 0,08 4,92 Acidental Marinha 

Amphora sp. + + - - 0,43 0,05 14,75 Acidental Outro 

Ardissonea crystallina (C.Agardh) Grunow 1880 - + - - 0,04 0,00 1,64 Acidental Estuarina 

Asterionellopsis glacialis (Castracane) Round 1990 - + - - 1,54 0,19 4,92 Acidental Marinha 

Bacillaria paxillifera (O.F.Müller) T.Marsson 1901 + + - + 1,18 0,14 8,20 Acidental Estuarina 

Bacteriastrum hyalinum Lauder 1864 - + - - 0,12 0,01 1,64 Acidental Marinha 

Bellerochea malleus (Brightwell) Van Heurck 1885 - + + - 0,50 0,06 3,28 Acidental Marinha 

Biddulphia sp. + + - - 0,08 0,01 3,28 Acidental Outro 

Caloneis permagna (Bailey) Cleve 1894 + + - - 0,32 0,04 9,84 Acidental Estuarina 

Campylosira cymbelliformis (A.W.F.Schmidt) Grunow ex Van Heurck 1885 + + - - 1,10 0,14 9,84 Acidental Marinha 

Chaetoceros abnormis Proshkina-Lavrenko 1953 + + + + 2,35 0,29 24,59 Acidental Marinha 

Chaetoceros atlanticus Cleve 1873 - + - - 0,08 0,01 3,28 Acidental Marinha 

Chaetoceros affinis Lauder 1864 - + - - 0,12 0,01 1,64 Acidental Marinha 

Chaetoceros compressus Lauder 1864 - + + - 0,95 0,12 4,92 Acidental Marinha 

Chaetoceros curvisetus Cleve 1889 - - + - 0,43 0,05 3,28 Acidental Marinha 

Chaetoceros debilis Cleve 1894 - + - - 0,04 0,00 1,64 Acidental Marinha 

Chaetoceros lorenzianus Grunow 1863 - + - - 0,95 0,12 8,20 Acidental Marinha 

Chaetoceros pendulus Karsten 1905 - + - - 0,04 0,00 1,64 Acidental Marinha 

Chaetoceros peruvianus Brightwell 1856 - - + - 0,08 0,01 1,64 Acidental Marinha 
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CATEGORIA TAXONÔMICA 
Baía 
ZIF 

Baía 
ZIM 

Pluma 
Plat. 

 externa 
Abund.  

(x103 cel L-1) 
PAT 
(%) 

Freq. 
(%) 

Índice  

Const. 
Ecologia 

Chaetoceros socialis H.S.Lauder 1864 + + - - 3,71 0,46 14,75 Acidental Marinha 

Chaetoceros subtilis Cleve 1896 + + - - 0,24 0,03 3,28 Acidental Marinha 

Chaetoceros teres Cleve 1896 - - + - 0,24 0,03 3,28 Acidental Marinha 

Chaetoceros sp. + + - - 0,16 0,02 4,92 Acidental Outro 

Cocconeis fluminensis (Grunow) H.Peragallo & M.Peragallo 1897 - + - - 0,04 0,00 1,64 Acidental Marinha 

Cocconeis placentula Ehrenberg 1838 - + - - 0,83 0,10 6,56 Acidental Dulcícola 

Cocconeis sp. + + - + 0,80 0,10 19,67 Acidental Outro 

Conticribra weissflogii (Grunow) Stachura-Suchoples & D.M.Williams 2009 + + + - 6,15 0,76 55,74 Constante Estuarina 

Coscinodiscus centralis Ehrenberg 1839 + + - - 0,39 0,05 13,11 Acidental Marinha 

Coscinodiscus concinnus W.Smith 1856 + + - + 0,38 0,05 9,84 Acidental Estuarina 

Coscinodiscus granii L.F.Gough 1905 + + - - 0,51 0,06 14,75 Acidental Marinha 

Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg 1840 + + - - 0,71 0,09 14,75 Acidental Marinha 

Coscinodiscus radiatus Ehrenberg 1840 - + - + 0,13 0,02 4,92 Acidental Marinha 

Coscinodiscus rothii (Ehrenberg) Grunow 1878 + + - - 0,24 0,03 9,84 Acidental Marinha 

Coscinodiscus sp. + - - - 0,24 0,03 6,56 Acidental Outro 

Craticula cuspidata (Kutzing) D.G.Mann 1990 + + - - 0,20 0,02 6,56 Acidental Dulcícola 

Cyclotella sp. + + - - 4,30 0,53 49,18 Acessória Outro 

Cyclotella delicatula Hustedt 1952 + - - - 0,47 0,06 1,64 Acidental Dulcícola 

Cyclotella litoralis Lange & Syvertsen 1989 + + + - 13,14 1,62 55,74 Constante Estuarina 

Cyclotella meneghiniana Kützing 1844 + + - - 0,59 0,07 11,48 Acidental Estuarina 

Cyclotella striata (Kützing) Grunow 1880 + + + - 4,34 0,53 59,02 Constante Dulcícola 

Cyclotella stylorum Brightwell 1860 + + - - 2,72 0,34 36,07 Acessória Marinha 

Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin 1964 + + + - 1,14 0,14 21,31 Acidental Marinha 

Cymatosira lorenziana Grunow 1862 + + + - 8,44 1,04 47,54 Acessória Marinha 

Cymbella sp. - + - - 0,08 0,01 3,28 Acidental Outro 

Dactyliosolen mediterraneus (H.Peragallo) H.Peragallo 1892 - - - + 0,09 0,01 1,64 Acidental Marinha 

Diploneis weissflogii (A.W.F.Schmidt) Cleve 1894 + + - - 2,96 0,36 34,43 Acessória Marinha 

Diploneis bombus (Ehrenberg) Ehrenberg 1853 + + - - 2,09 0,26 40,98 Acessória Marinha 

Diploneis decipiens A.Cleve 1915 + + - - 0,12 0,01 3,28 Acidental Estuarina 
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CATEGORIA TAXONÔMICA 
Baía 
ZIF 

Baía 
ZIM 

Pluma 
Plat. 

 externa 
Abund.  

(x103 cel L-1) 
PAT 
(%) 

Freq. 
(%) 

Índice  

Const. 
Ecologia 

Diploneis ovalis (Hilse) Cleve 1891 + + - - 0,20 0,02 6,56 Acidental Dulcícola 

Diploneis splendida Cleve 1894 + + - - 0,91 0,11 21,31 Acidental Marinha 

Diploneis vacillans (A.W.F.Schmidt) Cleve 1894 + + - - 0,24 0,03 8,20 Acidental Marinha 

Diploneis sp. + + - - 0,39 0,05 13,11 Acidental Outro 

Ditylum brightwellii (T.West) Grunow 1885 + + + + 1,56 0,19 39,34 Acessória Marinha 

Entomoneis alata (Ehrenberg) Ehrenberg 1845 + + - - 0,12 0,01 4,92 Acidental Marinha 

Frustulia interposita (Lewis) De Toni 1891 + + - - 0,16 0,02 4,92 Acidental Dulcícola 

Guinardia flaccida (Castracane) H.Peragallo 1892 + + + - 2,60 0,32 16,39 Acidental Marinha 

Guinardia striata (Stolterfoth) Hasle 1996 + + + + 2,19 0,27 16,39 Acidental Marinha 

Gyrosigma attenuatum (Kützing) Rabenhorst 1853 - + - - 0,16 0,02 6,56 Acidental Dulcícola 

Gyrosigma balticum (Ehrenberg) Rabenhorst 1853 + + - - 0,32 0,04 11,48 Acidental Marinha 

Gyrosigma eximium (Thwaites) Boyer 1927 + - - - 0,04 0,00 1,64 Acidental Estuarina 

Gyrosigma tenuissimum (W.Smith) J.W.Griffith & Henfrey 1856 - + - - 0,08 0,01 1,64 Acidental Marinha 

Helicotheca tamesis (Shrubsole) M.Ricard 1987 - + - - 0,08 0,01 3,28 Acidental Marinha 

Hemiaulus hauckii Grunow ex Van Heurck 1882 - - + - 0,09 0,01 1,64 Acidental Marinha 

Lauderia annulata Cleve 1873 - + - - 0,04 0,00 1,64 Acidental Marinha 

Leptocylindrus danicus Cleve 1889 + + + - 2,80 0,35 9,84 Acidental Marinha 

Leptocylindrus minimus Gran 1915 + + + - 6,15 0,76 26,23 Acessória Marinha 

Lithodesmium undulatum Ehrenberg 1839 + + - - 0,55 0,07 14,75 Acidental Marinha 

Lyrella clavata var. subconstricta (Hustedt) Moreno 1996 + - - - 0,04 0,00 1,64 Acidental Marinha 

Melchersiella hexagonalis C. Teixeira 1958 + - - - 0,04 0,00 1,64 Acidental Marinha 

Melosira nummuloides C.Agardh 1824 + + - - 0,63 0,08 8,20 Acidental Marinha 

Navicula gottlandica Grunow 1880 + + - - 0,39 0,05 6,56 Acidental Dulcícola 

Navicula lanceolata Ehrenberg 1838 + + - - 0,71 0,09 9,84 Acidental Dulcícola 

Navicula polae Heiden 1903 - + - - 0,08 0,01 1,64 Acidental Marinha 

Navicula sp1 + + - - 0,51 0,06 9,84 Acidental Outro 

Navicula sp2 - + - - 0,04 0,00 1,64 Acidental Outro 

Neocalyptrella robusta (G.Norman ex Ralfs) Hernández-Becerril & Meave 1997 - - + - 0,02 0,00 1,64 Acidental Marinha 

Nitzschia acicularis (Kützing) W.Smith 1853 + + - - 0,36 0,04 6,56 Acidental Estuarina 

Nitzschia dissipata (Kützing) Rabenhorst 1860 - + - - 0,04 0,00 1,64 Acidental Dulcícola 
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CATEGORIA TAXONÔMICA 
Baía 
ZIF 

Baía 
ZIM 

Pluma 
Plat. 

 externa 
Abund.  

(x103 cel L-1) 
PAT 
(%) 

Freq. 
(%) 

Índice  

Const. 
Ecologia 

Nitzschia frustulum (Kützing) Grunow 1880 + + - - 0,20 0,02 4,92 Acidental Estuarina 

Nitzschia granulata Grunow 1880 + + - - 0,32 0,04 6,56 Acidental Dulcícola 

Nitzschia grossestriata Hustedt 1955 + - - - 0,08 0,01 1,64 Acidental Marinha 

Nitzschia linearis W.Smith 1853 + + - - 0,12 0,01 3,28 Acidental Estuarina 

Nitzschia longa Grunow 1880 + + - - 0,36 0,04 8,20 Acidental Marinha 

Nitzschia longissima (Brébisson) Ralfs 1861 + + - + 2,77 0,34 21,31 Acidental Marinha 

Nitzschia obtusa W.Smith 1853 + - - - 0,12 0,01 3,28 Acidental Dulcícola 

Nitzschia pacifica Cupp 1943 + + - - 0,20 0,02 4,92 Acidental Marinha 

Nitzschia palea (Kützing) W.Smith 1856 - + - - 0,08 0,01 1,64 Acidental Dulcícola 

Nitzschia sigma (Kützing) W.Smith 1853 + + - - 0,51 0,06 13,11 Acidental Estuarina 

Nitzschia vidovichii (Grunow) Grunow 1881 + + - - 0,36 0,04 9,84 Acidental Marinha 

Nitzschia sp1 + + - - 1,93 0,24 27,87 Acessória Outro 

Nitzschia sp2 + + - - 0,08 0,01 3,28 Acidental Outro 

Odontella minuta (Greville) Andrews 1990 + + - - 0,39 0,05 4,92 Acidental Marinha 

Odontella turgida (Ehrenberg) Kützing 1844 + + - - 0,16 0,02 4,92 Acidental Marinha 

Odontella aurita (Lyngbye) C.Agardh 1832 + + + - 5,76 0,71 45,90 Acessória Marinha 

Odontella sp. + + - - 0,16 0,02 3,28 Acidental Outro 

Opephora sp. - + - - 0,04 0,00 1,64 Acidental Outro 

Paralia sulcata (Ehrenberg) Cleve 1873 + + - - 5,96 0,73 52,46 Constante Marinha 

Petrodictyon gemma (Ehrenberg) D.G.Mann 1990 + + - - 0,12 0,01 3,28 Acidental Marinha 

Pinnularia sp. - + - - 0,04 0,00 1,64 Acidental Outro 

Pleurosigma normanii Ralfs 1861 + + - - 0,32 0,04 8,20 Acidental Marinha 

Pleurosigma acutum Norman ex Ralfs 1861 + - - - 0,16 0,02 3,28 Acidental Marinha 

Pleurosigma angulatum (J.T.Quekett) W.Smith 1852 + + - - 0,75 0,09 18,03 Acidental Marinha 

Pleurosigma elongatum W.Smith 1852 + - - - 0,12 0,01 3,28 Acidental Marinha 

Pleurosigma formosum W.Smith 1852 + - - - 0,20 0,02 4,92 Acidental Marinha 

Pleurosigma sp. + + - - 0,47 0,06 11,48 Acidental Outro 

Prestauroneis crucicula (W.Smith) Genkal & Yarushina 2017 + + + - 2,09 0,26 29,51 Acessória Estuarina 

Proboscia alata (Brightwell) Sundström 1986 - - + + 0,15 0,02 6,56 Acidental Marinha 

Pseudo-nitzschia delicatissima (Cleve) Heiden 1928 - - + - 0,83 0,10 1,64 Acidental Marinha 
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CATEGORIA TAXONÔMICA 
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ZIF 

Baía 
ZIM 

Pluma 
Plat. 

 externa 
Abund.  

(x103 cel L-1) 
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(%) 

Freq. 
(%) 

Índice  
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Ecologia 

Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle 1993 + + + + 5,58 0,69 26,23 Acessória Marinha 

Pseudo-nitzschia seriata (Cleve) H.Peragallo 1899 + + + - 0,40 0,05 6,56 Acidental Marinha 

Pseudosolenia calcar-avis (Schultze) B.G.Sundström 1986 - + + - 0,20 0,02 6,56 Acidental Marinha 

Rhaphoneis amphiceros (Ehrenberg) Ehrenberg 1844 + + - - 0,91 0,11 27,87 Acessória Marinha 

Rhizosolenia hebetata J.W.Bailey 1856 + + - - 0,55 0,07 8,20 Acidental Marinha 

Rhizosolenia striata Greville 1865 - + - - 0,08 0,01 1,64 Acidental Marinha 

Shionodiscus oestrupii (Ostenfeld) A.J.Alverson, S.-H.Kang & E.C.Theriot 2006 + + - - 0,28 0,03 8,20 Acidental Marinha 

Skeletonema costatum (Greville) Cleve 1873 + + + + 535,81 66,02 62,30 Constante Marinha 

Sundstroemia setigera (Brightwell) Medlin 2021 + + + + 1,61 0,20 27,87 Acessória Marinha 

Synedra ulna (Nitzsch) Ehrenberg 1832 + + - - 1,42 0,18 36,07 Acessória Marinha 

Synedra sp1 + + - - 0,63 0,08 14,75 Acidental Outro 

Synedra sp2 + + - - 0,28 0,03 8,20 Acidental Outro 

Thalassionema frauenfeldii (Grunow) Tempère & Peragallo 1910 + + + - 6,14 0,76 54,10 Constante Marinha 

Thalassionema nitzschioides (Grunow) Mereschkowsky 1902 + + + - 6,92 0,85 54,10 Constante Marinha 

Thalassionema sp. + + - - 1,50 0,18 26,23 Acessória Outro 

Thalassiosira subtilis (Ostenfeld) Gran 1900 + + - - 34,25 4,22 78,69 Constante Marinha 

Thalassiosira delicatula Ostenfeld 1908 + - - - 0,04 0,00 1,64 Acidental Marinha 

Thalassiosira eccentrica (Ehrenberg) Cleve 1904 + + - + 1,78 0,22 34,43 Acessória Marinha 

Thalassiosira gravida Cleve 1896 + + + - 58,71 7,23 62,30 Constante Marinha 

Thalassiosira leptopus (Grunow) Hasle & G.Fryxell 1977 + + - - 1,34 0,17 36,07 Acessória Marinha 

Thalassiosira lineata Jousé 1968 + + - - 0,12 0,01 4,92 Acidental Marinha 

Thalassiosira minuscula Krasske 1941 - - + + 0,45 0,06 8,20 Acidental Outro 

Thalassiosira oceanica Hasle 1983 - - + + 2,00 0,25 9,84 Acidental Outro 

Thalassiosira pacifica Gran & Angst 1931 - + - - 0,20 0,02 4,92 Acidental Marinha 

Thalassiosira plicata H.J.Schrader 1974 + + - - 0,24 0,03 8,20 Acidental Marinha 

Thalassiosira simonsenii Hasle & G.Fryxell 1977 - + - - 0,20 0,02 4,92 Acidental Marinha 

Thalassiosira sp1 + + - - 2,60 0,32 21,31 Acidental Outro 

Thalassiothrix longissima Cleve & Grunow 1880 + + - - 0,39 0,05 9,84 Acidental Marinha 

Triceratium favus Ehrenberg 1839 - + - - 0,08 0,01 3,28 Acidental Marinha 

Trieres chinensis (Greville) Ashworth & E.C.Theriot 2013 + + + - 5,12 0,63 47,54 Acessória Marinha 
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Trieres mobiliensis (Bailey) Ashworth & E.C.Theriot 2013 + + - - 0,75 0,09 26,23 Acessória Marinha 

Trieres regia (M.Schultze) Ashworth & E.C.Theriot 2013 + + + + 10,64 1,31 59,02 Constante Marinha 

Tryblionella hantzschiana Grunow 1862 - + - - 0,04 0,00 1,64 Acidental Estuarina 

Tryblionella compressa (Bailey) Poulin 1990 + + - - 0,87 0,11 4,92 Acidental Marinha 

Tryblionella granulata (Grunow) D.G.Mann 1990 + + - - 0,16 0,02 4,92 Acidental Marinha 

Tryblionella punctata W.Smith 1853 + - - - 0,04 0,00 1,64 Acidental Estuarina 

Tryblioptychus cocconeiformis (Grunow) Hendey 1958 + + - - 3,24 0,40 40,98 Acessória Marinha 

Miozoa          

Archaeperidinium minutum (Kofoid) Jørgensen 1912 - + - - 0,08 0,01 1,64 Acidental Marinha 

Dinophysis caudata Kent 1881 - + - - 0,04 0,00 1,64 Acidental Marinha 

Dinophysis norvegica Claparède & Lachmann 1859 + + - - 1,14 0,14 14,75 Acidental Marinha 

Dinophysis tripos Gourret 1883 + - - - 0,04 0,00 1,64 Acidental Marinha 

Gonyaulax sp. - + - - 0,08 0,01 3,28 Acidental Outro 

Gonyaulax spinifera (Claparède & Lachmann) Diesing 1866 - + - - 0,04 0,00 1,64 Acidental Estuarina 

Gymnodinium mitratum J.Schiller 1932 + + - - 0,39 0,05 6,56 Acidental Dulcícola 

Gymnodinium sp1 - + - - 0,16 0,02 3,28 Acidental Outro 

Gymnodinium sp2 - + - - 0,08 0,01 3,28 Acidental Outro 

Heterocapsa psammophila M.Tamura, M.Iwataki & M.Horiguchi 2006 + + - - 2,01 0,25 19,67 Acidental Marinha 

Heterocapsa rotundata (Lohmann) Gert Hansen 1995 + + - - 0,67 0,08 8,20 Acidental Marinha 

Heterocapsa sp. + + - - 0,83 0,10 6,56 Acidental Outro 

Noctiluca scintillans (Macartney) Kofoid & Swezy 1921 - + - - 0,04 0,00 1,64 Acidental Marinha 

Oxytoxum crassum J.Schiller 1937 - + - - 0,16 0,02 3,28 Acidental Marinha 

Peridinium sp. + + - - 0,28 0,03 4,92 Acidental Outro 

Prorocentrum gracile F.Schütt 1895 + - - - 0,08 0,01 3,28 Acidental Marinha 

Prorocentrum micans Ehrenberg 1834 + + - - 0,43 0,05 11,48 Acidental Marinha 

Protoperidinium crassipes (Kofoid) Balech 1974 - + - - 0,08 0,01 1,64 Acidental Marinha 

Protoperidinium trochoideum (Stein) Lemmermann, 1910 - + - - 0,04 0,00 1,64 Acidental Marinha 

Protoperidinium pyriforme (Paulsen) Balech 1974 + - - - 0,08 0,01 1,64 Acidental Marinha 

Protoperidinium sp. + + - + 0,28 0,04 11,48 Acidental Outro 

Pyrophacus steinii (Schiller) Wall & Dale 1971 - - - + 0,02 0,00 1,64 Acidental Marinha 

Continuação  
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CATEGORIA TAXONÔMICA 
Baía 
ZIF 

Baía 
ZIM 

Pluma 
Plat. 

 externa 
Abund.  

(x103 cel L-1) 
PAT 
(%) 

Freq. 
(%) 

Índice  

Const. 
Ecologia 

Scrippsiella acuminata (Ehrenberg) Kretschmann, Elbrächter, Zinssmeister, 

S.Soehner, Kirsch, Kusber & Gottschling 2015 
- + - - 0,04 0,00 1,64 Acidental Marinha 

Tripos furca (Ehrenberg) F.Gómez 2013 + + - - 0,16 0,02 4,92 Acidental Marinha 

Tripos lineatus (Ehrenberg) F.Gómez 2021 + + - - 0,36 0,04 8,20 Acidental Marinha 

Ochrophyta          

Chromulina sp. + + - - 0,12 0,01 3,28 Acidental Dulcícola 

Cyanobacteria          

Aphanocapsa incerta (Lemmermann) G.Cronberg & Komárek 1994 - + - - 0,16 0,02 1,64 Acidental Dulcícola 

Dolichospermum sp. - + - - 0,12 0,01 1,64 Acidental Outro 

Microcystis aeruginosa (Kützing) Kützing 1846 + + - - 0,08 0,01 3,28 Acidental Estuarina 

Microcystis sp. - + - - 0,04 0,00 1,64 Acidental Outro 

Oscillatoria sp. - + - - 0,04 0,00 1,64 Acidental Outro 

Synechocystis aquatilis Sauvageau 1892 + + - - 0,59 0,07 3,28 Acidental Dulcícola 

Trichodesmium erythraeum Ehrenberg ex Gomont 1892 - - + + 1,37 0,17 3,28 Acidental Marinha 

Euglenozoa          

Trachelomonas volvocina (Ehrenberg) Ehrenberg 1834 + + - - 1,38 0,17 14,75 Acidental Dulcícola 

Trachelomonas sp. - + - - 0,04 0,00 1,64 Acidental Outro 

Chlorophyta          

Pediastrum boryanum (Turpin) Meneghini 1840 + - - - 0,04 0,00 1,64 Acidental Dulcícola 

Charophyta          

Bambusina borreri (Ralfs) Cleve 1864 - + - - 0,04 0,00 1,64 Acidental Dulcícola 
 

   Fonte: Autoria própria (2023). 

Nota: ZIF – Zona de maior influência fluvial; ZIM – Zona de maior influência marinha; Plat. Externa – Plataforma externa; Abund. – Abundância fitoplanctônica média; 

PAT – Porcentagem da Abundância Total; Freq. – Frequência de ocorrência; Índice Const. - Índice de Constância.     

Conclusão  
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APÊNDICE D – ARTIGO 1 

Drivers of phytoplankton biomass and diversity in a macrotidal bay of the Amazon 

Mangrove Coast, a Ramsar site 

Supplementary Material 

 

Supplementary Fig. 1. Olmstead and Tukey (O-T) diagram based on the correlation between 

phytoplankton abundance (log cell L-1) and frequency (%) in Cumã Bay during the seasonal periods: (a) 

rainy season and (c) dry season. Note: The arrows represent the mean values of phytoplankton abundance 

and frequency.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                 

Fonte: Autoria própria (2023). 
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Supplementary Fig. 2. Abundance-Biomass comparison (ABC) curve by ranked species during the rainy 

(a) and dry (c) seasons and cell abundance of the most dominant species (S. costatum) (b, d) in Cumã Bay, 

Amazon Macrotidal Mangrove Coast. 

 

 

 

 

Fonte: Autoria própria (2023). 
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Supplementary Fig. 3. Principal Components Analysis (PCA) plot of hydrological variables and 

chlorophyll a for rainy (a) and dry (b) seasons in Cumã Bay, Amazon Macrotidal Mangrove Coast. Note: 

Sal = Salinity, Temp. = Temperature, Turb = Turbidity, Chla = Chlorophyll a.  

 

 

Fonte: Autoria própria (2023). 
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Supplementary Fig. A. Changes in Shannon (H’), Simpson (λ), Berger-Parker (BP) and Brillouin (HB) 

indices along phytoplankton richness and evenness by linear regression equations in Cumã Bay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fonte: Autoria própria (2023). 
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APÊNDICE E - ARTIGO 2 

Effects of climate, spatial and hydrological processes on shaping phytoplankton 

community structure and β-diversity in an estuary-ocean continuum (Amazon 

continental shelf, Brazil) 

Supplementary Material 

 

Supplementary Material. Fig. S1.  Phytoplankton succession of dominant species at Cumã Bay (a) and 

along the estuary-ocean continuum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fonte: Autoria própria (2023). 
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Supplementary Material. Table S1. Summary of exclusive and shared phytoplankton species (%) in each 

group defined by cluster analysis. *Shared species that occurred in at least 3 groups.  

 

 Temporal Spatial 

 
Taxonomic 

groups 
A1 A2 A3 A4 C Rainy Dry 

Bay 
(A5) 

Plume 

(B1) 
Outer 
(B2) 

E
X

C
L

U
S

IV
E

 (
%

) 

Bacillariophyta 1.73 1.73 14.45 1.16 1.73 20.57 7.43 41.54 12.31 1.54 

Miozoa -- 1.16 3.47 0.58 1.16 4.57 2.29 1.54 -- 3.08 

Euglenozoa -- -- 0.58 -- -- 0.57 -- -- -- -- 

Ochrophyta -- -- -- -- -- -- -- -- -- -- 

Cyanobacteria 0.58 0.58 1.16 0.58 -- 1.14 1.71 -- 1.54 -- 

Chlorophyta -- -- -- 0.58 -- -- 0.57 -- -- -- 

Charophyta -- -- 0.58 -- -- 0.57 -- -- -- -- 

Total 2.31 3.47 20.23 2.89 2.89 27.43 12.00 43.08 13.85 4.62 
            

 Taxonomic 

groups 

C A3 A5 B1/ 

B2 A3 A4 A2 A1 A4 A2 A1 B1 B2 

S
H

A
R

E
D

 (
%

) 

Bacillariophyta 4.05 1.73 1.16 -- 4.05 1.73 2.89 27.69 1.54 6.15 

Miozoa -- 0.58 -- -- 1.73 -- -- -- -- -- 

Euglenozoa -- -- -- -- -- -- 0.58 -- -- -- 

Ochrophyta -- -- -- -- -- -- 0.58 -- -- -- 

Cyanobacteria -- -- -- -- -- 0.58 -- -- -- -- 

Chlorophyta -- -- -- -- -- -- -- -- -- -- 

Charophyta -- -- -- -- -- -- -- -- -- -- 

Total 4.05 2.31 1.16 -- 5.78 2.31 4.05 24.62 1.54 6.15 
           

Taxonomic 

groups 

A4 A2/ 

A1 

A1/A2/A3/ 

A4/C* 
Rainy/ Dry A5/B1/ B2 

A2 A1 

Bacillariophyta 2.31 -- 1.16 40.46 52.57 6.15 

Miozoa -- -- 0.58 4.05 6.29 -- 

Euglenozoa -- -- -- -- 0.57 -- 

Ochrophyta -- -- 
-- -- 

0.57 
-- 

 

Cyanobacteria -- -- 
-- -- 

0.57 
-- 

 

Chlorophyta -- -- -- -- -- -- 

Charophyta -- -- -- -- -- -- 

Total 2.31 -- 1.73 44.51 60.57 6.15 

Fonte: Autoria própria (2023). 
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Supplementary Material. Table S2. Environmental (Env), climatic (Cli), spatial (Spa) variables and local 

hydrodynamic factors (Hyd) selected by forward selection for explaining variation in phytoplankton β-

diversity and community structure.   

  Variables 

Env Cli Spa Hyd 

β-diversity Cumã Bay Salinity, 

SPM, 

DO 

Precipitation, 

wind 

-- River discharge 

 Estuary-ocean 

continuum 

Salinity, 

PO4
3- 

-- AEM1, 

AEM2, 

AEM4 

-- 

Community 

structure 

Cumã Bay Salinity, 

SPM, 

DO, Temp. 

Precipitation, 

wind 

-- River discharge, 

tides 

 Estuary-ocean 

continuum 

Salinity, 

SiO2
- 

-- AEM1, 

AEM2, 

AEM3 

-- 

   Fonte: Autoria própria (2023). 
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