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RESUMO

A intrusdo da dgua do mar em ambientes costeiros ¢ um fendomeno hidrologico natural
que caracteriza a dinamica estuarina. Esses sistemas sdo altamente sensiveis ao aos efeitos da
elevagdo do nivel do mar, constituindo uma das causas mais importantes da salinizagdo,
responsavel por alterar os padrdes ecologicos de distribui¢@o e estrutura das comunidades. Este
trabalho foi desenvolvido em um estuario de macromaré (rio Itapecuru), localizado na Regido
Hidrografica do Atlantico Nordeste Ocidental, que esta sob constante perturbagdo antropica e
salinizacdo de suas aguas. Assim, este estudo teve como objetivo avaliar a variabilidade
espaco-temporal da comunidade fitoplanctonica e do estado geral de eutrofizagdo em respostas
as alteragcOes ambientais promovidas pela intrusao salina. Para tanto, variaveis fisicas, quimicas
e biologicas foram coletadas ao longo do continuum rio-estudrio, e os dados foram analisados
usando duas abordagens. A primeira foi baseada nos indicadores ambientais, bioldgicos e em
seus tracos funcionais. A segunda abordagem utilizou modelos de avaliagdo do estado tréfico
estuarino (ASSETS e TRIX) baseados no framework Pressdo, Estado e Resposta (PSR),
técnicas de modelagem e métodos ndo lineares. Como resultados, foram selecionados 76
indicadores de fitoplancton, com base em suas caracteristicas funcionais especificas e no valor
do indicador (IndVal). Polymyxus coronalis foi selecionado como um bom indicador do limite
de intrusdo da agua do mar e analises multivariadas revelaram alta dispersao de espécies entre
os setores estuarinos governados por variacdes na salinidade, material particulado em
suspensao, tamanho das células e silicato. A distribui¢do das espécies de agua doce no setor
superior foi correlacionada com baixos valores de nutrientes e salinidade. As espécies marinhas
foram transportadas entre os setores médio e inferior em condi¢des opostas. O modelo de
Avaliacdo do Estado Tréfico Estuarino (ASSETS) indicou que a eutrofizacdo ¢ sazonal e
depende da variagdo climética. Os eventos de La Nifia (2019-2020) contribuiram para as
concentracgdes de clorofila a e ortofosfato, principalmente durante os periodos de baixa vazao
do rio. Os baixos niveis de oxigénio dissolvido e altas concentragdes de clorofila a na zona de
agua do mar indicam que a porcao inferior do estudrio foi a mais suscetivel. Além disso, o
modelo de floresta aleatdria selecionou a salinidade, DIP e Cl-a como os principais estressores
que intensificaram a eutrofizagdo nos sistemas de macromarés. De acordo com a classificagdo
final do ASSETS (pior-alto) para a proxima década (2021-2031), as principais estratégias
planejadas devem reduzir as contribui¢des antropicas e melhorar as condigdes troficas na IRE.

A partir desses resultados, as interacdes e previsdes de efeitos eco-hidrologicos podem facilitar



a caracterizacdo de riscos futuros e a gestdo de sistemas estuarinos de macromarés,

considerando que a intrusdo salina afetou negativamente a comunidade fitoplanctonica.

Palavras-chave: Polymyxus coronalis; ASSETS; modelos troficos; bioindicadores;

macromaré¢; gradiente de salinidade.



ABSTRACT

Seawater intrusion into coastal environments is a natural hydrological phenomenon that
characterizes estuarine dynamics. These systems are highly sensitive to the effects of sea level
rise, constituting one of the most important causes of salinization responsible for altering
ecological patterns of distribution and community structure. This work occurred in the
macrotidal estuary (Itapecuru River), located in the Hydrographic Region of the western
Northeast Atlantic, with constant anthropic disturbance and salinization of its waters. Thus, this
study aimed to evaluate the spatiotemporal variability of the phytoplankton community and the
general state of eutrophication in response to environmental changes promoted by saline
intrusion. To this end, physical, chemical, and biological variables were collected along the
river-estuary continuum, and the data were analyzed using two approaches. The first approach
is based on environmental and biological indicators and their functional traits. The second
approach used estuarine trophic state assessment models (ASSETS and TRIX) based on the
Pressure, State, and Response (PSR) framework, modeling techniques, and nonlinear methods.
As a result, 76 microalgae were selected as indicator species based on their specific functional
characteristics and indicator value (IndVal). Polymyxus coronalis is a good indicator of the limit
of seawater intrusion and multivariate analyses revealed high species dispersion across
estuarine sectors governed by variations in salinity, suspended particulate matter, cell size, and
silicate. The distribution of freshwater species in the upper sector was correlated with low
values of nutrients and salinity. Marine species were transported between the middle and lower
sectors under opposite conditions. The Estuarine Trophic State Assessment (ASSETS) model
indicated that eutrophication is seasonal and depends on climate variation. La Nifia events
(2019-2020) contributed to chlorophyll- a and orthophosphate concentrations, mainly during
periods of low river flow. Low levels of dissolved oxygen and high concentrations of
chlorophyll-a in the seawater zone indicate that the lower portion of the estuary was the most
susceptible. Furthermore, the random forest model selected salinity, DIP, and Chl-a as the main
stressors that intensified eutrophication in macrotidal systems. According to the final ASSETS
ranking (worst-high) for the next decade (2021-2031), the main planned strategies should be to
reduce anthropogenic contributions and improve trophic conditions in the IRE. From these
results, the interactions, and predictions of ecohydrological effects can facilitate the
characterization of future risks and the management of macrotidal estuarine systems,

considering that saline intrusion negatively affected the phytoplankton community.



Keywords: Polymyxus coronalis; ASSETS; bioindicators; trophic models; macrotidal;

salinity gradient.
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1 INTRODUCAO

Este documento de Tese de Doutorado esta estruturado no formato “artigo cientificos”
que avaliam a dinamica fitoplanctonica, eventos climaticos e eutrofizacdo estuarina em um
ecossistema de macromarés. Esta pesquisa foi realizada em parceria com o laboratdrio de ficologia
da Universidade Federal do Maranhao e com a Fundagdo de Amparo e Apoio a Pesquisa do Estado
do Maranhdo (FAPEMA). Esta secdo apresenta um referencial tedrico recente dos principais temas

abordados nesta tese.

1.1 Intrusdo da dgua do mar

Os estuarios sdo regides onde ha uma interagdo entre a descarga de 4gua do rio e a
entrada de agua oceanica forcada pelas marés (DYER, 1997; ELLIOTT e MCLUSKY, 2002;
DAME, 2008; DEVLING e PAN, 2018). A defini¢do de estuario mais utilizada ¢ de Pritchard
(1967), baseada na salinidade, em que “... Um estudrio ¢ um corpo de dgua costeiro semifechado
que tem uma conexado livre com o mar aberto e no qual a d4gua do mar ¢ mensuravelmente
diluida com 4gua doce derivada da drenagem continental”. Assim, um estudrio ¢ a area na foz
de um rio onde as salinidades variam de aproximadamente 0,1 a 30-35. Para Dalrymple et al.
(1992), os estuarios sdo ambientes controlados pela interagdo entre processos de ondas e mareés,

que geralmente diminuem de intensidade a montante, e processos fluviais, que diminuem de

intensidade a jusante (Figura 1).

Figura 1 - Representacdo esquematica das definicdes de estuario de acordo com Pritchard (1967) e

Dalrymple et al. (1992)
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Outras abordagens baseadas em aspectos geomorfologicos, fisicos, quimicos,
ecoldgicos e bioldgicos também sdo utilizadas para a composi¢ao da defini¢do de estuarios, tais
como: Fairbridge, 1980; Lincoln et al., 1982; Perillo, 1995; Allaby e Allaby, 1999; Bricker et
al., 2008; Muylaert et al., 2009; Potter et al., 2010. Lancelot e Muylaert (2011) definem
estuarios como sistemas abertos, rasos, fortemente influenciados por influxos, misturando-se
com o0 oceano costeiro e promovendo trocas entre as interfaces sedimento — atmosfera — e agua.
Os estuarios costumam estar intimamente associados a outras formas costeiras, como enseadas,
deltas, florestas pantanosas e manguezais. Eles fornecem o sistema de filtragem e exemplificam

a interdependéncia dos sistemas terrestres e marinhos (GOLTENBOTH e SCHOPPE, 2006).

A Diretiva Europeia de Habitats define o estudrio como um setor a jusante de um vale
fluvial, sujeito a maré e estendendo-se desde o limite das aguas salobras (DAUVIN e
RUELLET, 2009). Os estudrios também sdo definidos como dguas de transi¢do, um termo mais
abrangente, que incluem estuarios de planicie costeira, rias, fiordes, lagos e lagoas
intermitentemente fechadas e abertas (ICOLLs), que sdo caracterizados por um conjunto de

feicdes que se relacionam principalmente com ecotonos e gradientes (POTTER et al., 2010).

Esses ecossistemas sdo responsaveis por formar uma zona de transi¢do entre oceano e
terra, construindo varios gradientes ambientais (como salinidade, temperatura e turbidez) em
escalas espaciais ou temporais. Os gradientes espaciais de habitats de ecossistemas estuarinos
sao definidos pela extensdo da intrusdo de 4gua do mar (IAM) (NEUBAUER et al. 2013;
AZHIKODAN e YOKOYAMA, 2016). Em termos gerais, um estudrio ¢ onde o fluxo do rio
encontra a cheia da maré, formando uma zona de transicao entre os ecossistemas de dgua doce
interior e 0s ecossistemas marinhos costeiros. Essa zona possui propriedades unicas, portanto,
deve ser considerada como um ecossistema, em vez de apenas um ecotono (WHITFIELD e

ELLIOTT, 2011).

Dentro dessa caracterizagdo, a [AM ¢ um fendmeno natural, de natureza muito complexa
e altamente dinamica, que depende da presenca de linhas costeiras sinuosas, forma do estuario,
amplitude das marés e descarga de agua doce. As distribuigdes espaciais e temporais da
salinidade podem afetar significativamente o transporte residual de sedimentos, poluentes e
materiais aquaticos através de circulagdes gravitacionais e de marés em estuarios de

estratificacdo moderada a fraca (VEERAPAGA et al., 2019).
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Recentemente, a IAM foi considerada como uma questdo ambiental global, afetada por
multiplas forgas externas, que pode ser intensificada pela elevagao do nivel do mar, reducao da
vazao do rio e aprofundamento da batimetria estuarina (GONG et al., 2022). Esses processos
podem ser resultantes tanto de mudancas naturais quanto por interven¢des humanas (WERNER
etal., 2013; DHAL e SWAIN, 2022; GONG et al., 2022). Assim, a [AM torna-se uma questao
mais instigante, principalmente nas regides litoraneas que estdo sujeitas as pressdes produzidas

por atividades antropicas (DHAL e SWAIN, 2022).

Prevé-se que a mudanca climdtica afetara adversamente a disponibilidade de 4gua doce,
assim como o aumento da populacdo e a rapida industrializacdo (WETZ ¢ YOSKOWITZ,
2013). Em tais circunstancias, eventos climaticos extremos, também, podem agravar essa
problemadtica da IAM, uma vez que, as regides costeiras sdo particularmente vulnerdveis a
erosdo e subida do nivel do mar, promovido pelo aumento das temperaturas globais (REGO et
al., 2018). De acordo com Tweedley et al. 2019, as mudangas climéaticas nas proximas décadas
influenciardo potencialmente a extensao da salinidade em estuarios e lagoas costeiras, alterando

a frequéncia e magnitude das chuvas e a altura do nivel do mar.

Vale ressaltar que a IAM em habitats de dgua doce afetara a prestagdo de servigos
ecossistémicos no futuro, transformando drasticamente os ecossistemas costeiros, alterando a
vegetacdo, impactando a vida aqudtica e as comunidades humanas que dependem desses
recursos naturais (VISSCHERS et al., 2022). Portanto, prever e quantificar as mudangas na
salinidade ¢ uma das questdes-chave para a gestdo da dgua nas areas costeiras (KRVAVICA e
RUZIC, 2020). Assim como, entender o mecanismo de transporte de 4gua salgada ao longo dos
estuarios ¢ de grande importancia para a engenharia costeira, aquicultura, e seguranca hidrica

(VEERAPAGA et al., 2019), principalmente em estuarios tropicais e de macromaré.
1.2 Eutrofizacdo em estudrios tropicais

Os ecossistemas estuarinos estdo entre os sistemas naturais mais produtivos do planeta
(MCLUSKY e ELLIOTT, 2004, GUO e KILDOW, 2015; GLASPIE et al., 2018; CHANDER
et al., 2020), recebendo grandes quantidades de nutrientes e carbono organico da terra e dos
oceanos, por meio de entradas de rios, descarga de dguas subterraneas submersas e deposi¢ao

atmosférica, denominada como eutrofizacao natural (MEERSCHE e PINCKNEY, 2018).

Os estudrios tropicais destacam-se por serem considerados “hotspots” biogeoquimicos,

onde a produtividade, contida na biomassa fitoplanctonica, ¢ responsavel por suportar altas
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taxas de metabolismo, sendo base de apoio da transferéncia trofica de energia e producao de
matéria organica em niveis troficos superiores (CLOERN et al. 2014; WINDER et al., 2017).
De acordo com Lenborg et al., 2021, as dguas tropicais tornam-se mais produtivas ndo apenas
pela concentracao de nutrientes, mas também, devido a altas temperaturas (20 e 32°C) e maior

incidéncia solar permanente, quando comparadas as regides temperadas.

Esses ecossistemas, provavelmente experimentardo nas proximas décadas, o aumento
mais intenso de nutrientes, delimitando zonas de eutrofizacao que resultam da intensificagao
agricola e urbanizagdo (FORTUNE et al., 2020). A eutrofizagdo costeira passa a ser considerada
como artificial ou cultural, constituindo-se como uma ameaca ambiental futura aos
ecossistemas costeiros em todo o mundo (LE MOAL et al., 2019). Portanto, assim como a [AM,
a eutrofizacdo costeira, o enriquecimento excessivo da dgua com nutrientes, tornou-se um

problema ecologico global (ZHANG et al., 2022).

Conforme Paerl, (1998) e Paerl et al. (2014), o enriquecimento antropogénico de
nutrientes e outros poluentes das dguas costeiras esta causando mudangas sem precedentes na
estrutura e fun¢do da comunidade microbiana. Em estudrios tropicais urbanizados, os estagios
de eutrofizagdo sdo avancados, conduzindo a profundas alteracdes no metabolismo do
ecossistema e na ciclagem biogeoquimica, deteriorando a saude ecoldgica e a qualidade da 4gua

(PAERL e JUSTIC, 2011).

Além disso, os estuarios tém sido considerados como importantes fontes de emissao
global de gases do efeito estufa (GEE - CO; e CHy), responsaveis por mais de 80% do aumento
real da temperatura atmosférica média global (COTOVICZ-JUNIOR et al., 2021; NGUYEN et
al., 2022), promovendo uma relacdo direta entre mudangas climdticas, eutrofizagdo e intrusao

salina.

Entdo, os problemas enfrentados por metade da populacdo global que vive perto das
areas costeiras sdo desafios mundiais, tornando fundamental a compreensdo das restrigdes
biofisicas, especialmente ao longo do continuum do ecossistema bacia-rio-estudrio para poder
enfrentar esses desafios. O gerenciamento dessas areas garante a manutencao da estrutura e o
funcionamento ecologico, e a0 mesmo tempo permite que esses sistemas fornegam servicos que

produzam bens e beneficios sociais, agora e no futuro (ELLIOTT et al., 2019).

A eutrofizacao antropogénica de ecossistemas aquaticos continua sendo um dos maiores

problemas ambientais no Brasil (COTOVICZ-JUNIOR et al., 2012). Assim, indicadores de
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avaliagdo de eutrofizacdo e distribui¢do de frequéncias tém sido aplicados para desenvolver
escalas que definem o estado trofico dos ambientes aquaticos. O reconhecimento da
eutrofizagdo como um processo, em vez de um estado, que ¢ impulsionado pelo aumento da
carga antropogénica de nutrientes foi um passo fundamental na evolugdo da compreensao dessa

questdo global cada vez mais acelerada (LEMLEY e ADAMS, 2019).

Por outro lado, muita énfase tem sido colocada na resposta dos estuarios aos estressores
antropogénicos por meio do uso de programas de monitoramento. A chave para o sucesso
desses programas pode ser a utilizacdo de indicadores, pois eles transformam dados em
informagdes uteis (LEMLEY et al., 2015). Virios critérios de classificagdo foram
desenvolvidos para avaliar a condi¢do trofica dos ecossistemas costeiros por meio de indices

uni e multimétricos baseados em combinagdes aritméticas desses fatores ambientais

(CARLSON, 1977; VOLLENWEIDER et al., 1998; KARYDIS, 2009).

Os indices unimétricos consideram variaveis utilizadas no monitoramento da qualidade
da dgua por meio de algoritmos ou com referéncia a um nivel troéfico estabelecido. Ja os indices
multimétricos, consideram o enriquecimento por nutrientes, a produ¢ao de biomassa e as
concentragdes de oxigénio como variaveis que refletem as principais causas e efeitos da

eutrofizagdo (BRUGNOLI et al., 2019).

O numero de varidveis necessarias para essa avaliacdo da eutrofizagdo ¢ bastante
limitado, incluem: azoto inorganico (nitrato, nitrito e ion amonio), fosforo inorganico
(ortofosfatos) e produ¢do de matéria organica (clorofila a, densidade fitoplanctonica e biomassa
de macrofitas). Estas tém sido as varidveis mais adequadas na avaliacdo da eutrofizag¢do

(KITSIOU e KARYDIS, 2011).

Dentre as inimeras ferramentas utilizadas para avaliar o “status” de eutrofizacdo de
ecossistemas costeiros, destaca-se o indice trofico (TRIX) de Vollenweider et al. (1998) e
Giovanardi e Vollenweider (2004). Esse indice multimétrico foi originalmente testado para
avaliar areas costeiras do mar Adriatico, e € uma combinagdo linear de indicadores quimicos
(Nitrogénio e Fosforo) e biologicos (Clorofila a e Oxigénio Dissolvido) que expressam a
producao primaria. No Brasil, foi adaptado as aguas costeiras do Complexo Estuarino-Lagunar

Mundat-Manguaba por Cotovicz-Junior et al. (2013).

Um outro exemplo, ¢ o modelo multiparamétrico de avaliagdo do estado trofico

estuarino (ASSETS) desenvolvido pela NEEA (US National Estuarine Eutrophication
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Assessment), utilizado para classificar o estado geral de eutrofizagdo de estuarios e areas
costeiras, e para abordar opgdes de gestdo ambiental. O modelo utiliza componentes
semiquantitativos e quantitativos para geracao de indicadores de pressdo, estado e resposta

(PER) (BRICKER et al., 2003) (Figura 2).

Figura 2 - Fluxograma da metodologia do modelo ASSETS, adaptado de Bricker et al. (2003). Onde:

OD - oxigénio dissolvido e NTB — Bloom de Algas Nocivas e Toxicas
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Fonte: O Autor (2022).

Esta ferramenta diagnoéstica tem sido comumente utilizada para regular novas pressdes
ou minimizar as pressdes atuais, além de aprimorar a politica de gerenciamento dos
ecossistemas aquaticos (SOUSA-FELIX et al., 2017). A PER foi desenvolvida pela
Organizacdo de Cooperacdo e Desenvolvimento Econdmico (Organization of Economic
Cooperation and Development - OECD, 1993) e pela Agéncia Europeia do Meio Ambiente
(European Environment Agency - EEA, 1995) para a gestdo adaptativa de Sistemas
Socioecologicos (SESs), que sdo sistemas ecoldgicos intimamente ligados e afetados por um

ou mais sistemas sociais. A metodologia do ASSETS se baseia em trés ferramentas de
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diagnoéstico: um indice heuristico de pressao (Influéncia Humana Geral - OHI), uma avalia¢ao
de estado baseada em sintomas (Condi¢des Eutroficas Gerais - OEC) e um indicador de resposta
de gerenciamento (Definicdo de Perspectivas Futuras-DFO) que inclui métricas de

suscetibilidade (FERREIRA et al., 2007; NEEA/ASSETS, 2021).

No Brasil, existe uma lacuna de conhecimento na compreensdo de como as pressoes
antropicas influenciam o processo de eutrofizagcdo dos ecossistemas aquaticos. A avaliagdo do
estado trofico utilizando indices multimétricos ainda € incipiente, poucos estudos avaliaram o
processo de eutrofizacdo da zona costeira norte-nordeste brasileira (Tabela 1). A falta de
medig¢des in situ sistematicas de cargas, vazdes e concentracdes de nutrientes constituem como
o principal problema nessas areas altamente sensiveis a impactos ambientais relacionados as

atividades humanas (PAULA-FILHO et al., 2015).

Tabela 1 - Aplicagdo de indice de estado trofico (TRIX) e modelo ASSETS nos ultimos 10 anos em

estuarios tropicais (norte e nordeste do Brasil)

indices Ano  Autores Local Estado Tréfico
TRIX/ASSETS 2012  Cotovicz-Junior et al. Complexo estuarino — AL Mesotrofico
TRIX/ASSETS 2013 Alvesetal. Estudrio do Complexo Portuario Mesotrofico
de Suape — PE
Batista e Flores- Estuarios dos rios Ipojucae . .
TRIX 2014 Montes Merepe - PE Hipereutréfico
TRIX 2014 Tavares et al. Estuario do rio Potengi - RN Mes’otroﬁco-
eutrofico
TRIX 2015  Guenther et al. Porto do Recife - PE Hipereutrofico
Rio Pirapama, Jaboatdo, Tejipio,
TRIX 2019 Noriega et al. Capibaribe, Beberibe e Timbo - Eutrofico
PE
TRIX 2019  Cutrim et al. Lagoa costeira da Jansen — MA Hipereutréfico
TRIX 2020  Paula-Filho et al. Delta do rio Parnaiba — PI Mesotrofico-
eutrofico
TRIX 2020 Mourdo et al. Estuario do Curuga - PA Eu troﬁco:
hipereutréfico
TRIX 2021 Saetal. Estuario do rio Bacanga — MA Hipereutrofico
TRIX 2022  Cavalcanti et al. Estuario do rio Paciéncia — MA MesS)troﬁco-
eutrofico
TRIX 2022 Silva et al. Lagoa recifal - AL Me sotrf)ﬁco-
oligotrofico

Fonte: O Autor (2022).

1.3 Fitoplancton como indicador da intrusdo salina

O fitoplancton ¢ um indicador de mudanga ecoldgica muito eficiente e facilmente
detectavel (TAS et al., 2009). Ele representa um amplo conjunto de microrganismos foto-
autotroficos que sdo componentes essenciais para manter o equilibrio e a integridade do

ecossistema como produtores primdrios, servindo como bons indicadores do estado trofico e



26

tensdes ambientais (ROSHITH et al., 2018). A biodiversidade dessa comunidade tem sido
amplamente utilizada para compreender o funcionamento dos ecossistemas aquaticos, bem

como, os impactos das atividades humanas nesses ecossistemas (LERUSTE et al., 2018).

A comunidade fitoplanctonica responde eficazmente a gradientes de salinidade espacial,
pois espécies e grupos variam consideravelmente em sua tolerancia a salinidade (OLOFSSON
et al., 2020). O gradiente de salinidade, por sua vez, ¢ um aspecto hidrolégico unico dos
estuarios, responsavel por impulsionar o desenvolvimento ¢ dominancia de espécies do
fitoplancton a partir de uma interacdo complexa entre 0s processos que ocorrem nas bacias
ocednicas regionais ¢ dentro das bacias hidrograficas. Sob condi¢des intermedidrias de
salinidade, espécies marinhas e de 4gua doce podem desaparecer devido ao estresse osmotico,
ou ao fato dessa regido funcionar como um ambiente de transi¢do de uma comunidade de dgua

doce para marinha ao longo do gradiente de salinidade (LANCELOT e MUYLAERT, 2011).

Mudangas nesse padrao de salinidade, como o avango da IAM, podem afetar a dindmica
das comunidades aquaticas, aumentando o estresse ou a mortalidade de organismos, além de
modificar os padrdes de dispersdao e a selegdo de caracteristicas das espécies-chave menos
tolerantes. Assim, a IAM pode impactar severamente as comunidades aquaticas dos sistemas
oligohalinos naturais, levando a uma perda de diversidade e/ou funcionalidade desses
ambientes, bem como, dos servigos e beneficios para as sociedades locais (CUNILLERA-

MONTCUSI et al., 2022).

Além disso, variagdes temporais desse gradiente de salinidade devem ser consideradas,
uma vez que, a maior extensdo da IAM pode ser observada em estuérios tropicais durante o
periodo de menor descarga dos rios, devido a reducdo das chuvas. Durante esse periodo, a
mistura das marés € responsavel por mudancas significativas na salinidade, turbidez e
composicdo de nutrientes, que atuam como fatores-chave para regular a comunidade
fitoplanctonica em escalas espaco-temporais (AZHIKODAN e YOKOYAMA, 2016;
BHARATHI et al., 2022; NWE et al., 2022). Compreender essas interagdes bidticas ou
associacoes entre diferentes espécies de fitoplancton sdo cruciais para avaliar o efeito de
mudangas nas condigdes ambientais nas fun¢des do ecossistema (TARAFDAR et al., 2022).
Recentemente, muitos pesquisadores investigaram a influéncia das variagdes hidrologicas do
gradiente de salinidade sob a composicao, abundancia e biomassa fitoplanctonica em estuarios
tropicais (KASAI et al, 2010; NCHE-FAMBO et al., 2015; AZHIKODAN ¢ YOKOYAMA,
2016; OLLI et al., 2019; BHARATHI et al., 2022; NIVEDITHA et al., 2022).
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No Brasil, poucos estudos utilizam essa abordagem para avaliar os efeitos da intrusdo

salina (LELES et al., 2014; SILVA et al., 2017; CONCEICAO et al., 2021; SILVA et al., 2021),

com destaque para Santos et al. (2017), Cavalcanti et al., (2020) e Costa e Cutrim (2021), como

trabalhos pioneiros para o estado do Maranhao (Tabela 2).

Tabela 2 - Sumadrio de publicagdes sobre espécies indicadoras do fitoplancton na costa norte e nordeste

do Brasil (2010-2022)

Regido

Estuarios

Ano

Gradiente de

Espécies-chave

Referéncia

Salinidade
Rio Capibaribe — PE 2005 21-36 Helicotheca tamesis, Santiago et al.
Bacia do Pina — PE Coscinodiscus centralis, (2010)
Coscinodiscus sp., Aulacoseira
granulata
Rio Ilha Grande — PE 2012 25,98-31,8 Leptocylindrus minimus, Leles et al.
Leptocylindrus danicus, (2014)
Dactyliosolen fragilissimus,
E Skeletonema costatum
%)
5 Rio Paraguagu — BA 2018-2019 0,2-31,9 Cyclotella meneghiniana, Conceigdo et al.
) Scrippsiella acuminata, (2021)
z Planktothrix isothrix
Rio Jaboatdo — PE 1999-2011 0,04-27,54 Microcystis aeruginosa Silva et al.
(2017)
Rio Beberibe — PE 2011 12,4-28.4 Cylindrotheca closterium, Borges et al.
Rio Capibaribe — PE Nitzschia longissima, (2020)
Porto do Recife — PE Planktothrix isothrix
Rio Beberibe — PE 2015 10,73-31,77 Thalassiosira sp., Melosira sp.  Silva et al.
Rio Capibaribe — PE Chroococcus sp. (2021)
Rio Bacanga — MA 2012-2013 7,16-25,78 Skeletonema costatum, Santos et al.
Euglena gracilis, (2017)
Chlamydomonas sp.
Rio Curuga — PA 2011 8,47-30,55 Diploneis bombus, Ribeiro et al.
Coscinodiscus concinnus (2019)
Rio Caruperé-PA 2015 0-40 Cylindrotheca closterium, Reis et al., 2019
Yonedaella sp., Navicula
gregaria
= Rio Arienga - PA 2009 0 - Polymyxus coronalis Sena et al.
E Coscinodiscus sp. (2015)
=]
z Rio Paciéncia — MA 2017 8,91-35,2 Trieres sinensis, Nitzschia Cavalcanti et al.
reversa, Protoperidinium sp., (2020)
Thalassiosira subitilis
Rio Bom Gosto—-MA  2018-2019 0,11-33,78 Cyclotella meneghiniana Costa e Cutrim
(2021)
Rio Mocajuba - PA 2019 0-18 Aulacoseira granulata, Vilhena et al.
Rio Tijoca - PA Coscinodiscus rothii, (2021)
Rio Para - PA Polymyxus coronalis
Rio Taperagu - PA 2013-2014 6,44-38,55 Hobaniella longicruris, Oliveira et al.

Odontella aurita, Zygoceros
rhombus e espécies de Trieres

(2022)

Fonte: O Autor (2022).
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2 DESCRICAO DA AREA

Nesta secdo, foi fornecida a descricao da area abordando uma visao geral da Zona
Costeira Amazodnica Brasileira, Golfao Maranhense e do Estudrio do Rio Itapecuru, onde os

dados amostrais foram coletados e analisados.
2.1 Zona Costeira AmazoOnica Brasileira

O Brasil ocupa 47% da area da América do Sul apresentando uma linha de costa de,
9.200 km de extensdo, com diversos ecossistemas tropicais e subtropicais (LARA, 2003;
Gomes et al., 2009). A regido costeira do norte do Brasil esta delimitada entre o Cabo Orange
(Amapd) e o Rio Parnaiba (Piaui), entre as latitudes 4°N e 3°S. A largura da plataforma
continental (4area = 285.000 km?) varia entre 80 e 320 km e a quebra da plataforma ocorre na
isobata de 100 m. Essa regido estd sobre influéncia da Corrente Norte do Brasil (CNB) e
apresenta fluxo hidrolégico de 7,8 milhdes de km? da bacia de drenagem, com descarga média

de 200.00 m?. s "' (NICOLODI et al., 2009).

A Zona Costeira Amazonica Brasileira (ZCAB) inclui os estados do Amapa (57.858
km?, 40% da 4rea total do estado), Para (43.659 km?, 3,5% da 4rea total do Para) e Maranhdo
(66.790 km?, 20% da 4rea total do estado) (SZLAFSZTEIN, 2012). Essa regido abriga 85% dos
manguezais brasileiros (4rea=10.713 km?), ocorrendo ao longo de 1.800 km do Litoral Norte
do Brasil (SCHAEFFER-NOVELLI et al., 1990; VANNUCCI, 1999; KJERFVE et al., 2002;
VISSCHERS et al., 2022). O setor entre Belém (Pard) e Sao Luis (Maranhao) representam 83%
da area total de manguezais desses trés estados amazonicos e ¢ considerada como uma das mais
extensas areas continuas de manguezal do mundo (4rea=8.900 km?) (KJERFVE e LACERDA,
1993).

A ZCAB representa, cerca de 35% dessa faixa costeira do Brasil (~2.500 km de
extensdo), compreendida entre o Rio Oiapoque no Amapa (5°N, 51°W) e nela esta inserida a
Baia de Sao Marcos no Maranhdo (2°S, 44°W), local, onde estdo diversos ambientes, por
exemplo, praias, planicies de marés, pantanos salinos e doces, estudrios, manguezais, floresta
de varzea, florestas tropicais, lagoas, lagunas, ilhas, rias, deltas, dunas, etc. (PEREIRA et al.,

2009) (Figura 3).
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Figura 3 - Zona Costeira da Amazonia Brasileira com énfase nos estados do Maranhdo, Para e Amapa

indicando municipios legalmente definidos
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A ZCAB esta inserida no contexto das regides tropicais umidas (sitios Ramsar),

situadas entre 4°N e 4°S, formando uma das areas litordneas mais extensas ¢ bem preservadas

do mundo (Souza-Filho et al., 2005; Pereira et al., 2018). Nesta faixa territorial encontram-se

ainda as regides metropolitanas de Macapa-Santana (AP), Belém (PA) e Sao Luis (MA). Nos

trés grandes centros urbanos estdo concentrados, aproximadamente, 2,8 milhdes de habitantes

€ a economia esta baseada, principalmente, nas atividades industriais, portudrias, metalurgicas,

imobilidrias, pesqueiras, turisticas, comerciais, extrativistas e pecuaristas (Figura 3) (Pereira et

al., 2009).

Os processos costeiros na ZCAB resultam de uma combinagdao de macromarés locais

(faixa de maré de 4 a 12 m durante as marés vivas), ondas de energia moderada (Hs até 2 m),

fortes correntes de maré (normalmente acima de 1,0 m.s™), e altos niveis de precipitacio (~

2000-3000 mm) (Pereira et al., 2018). Ao longo da costa de manguezais do nordeste do Para

e noroeste do Maranhdo desemboca uma série de estuarios que promovem o aumento da

turbidez, associada também a processos frontais de maré e a variagdes sazonais (Souza-Filho
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et al., 2005). Nesse contexto encontra-se a Zona Costeira Maranhense (ZCM), que cobre 640
km de linha de costa, dividida em litoral ocidental (reentrancias maranhenses), oriental (baias,

praias e lencdes maranhenses), e entre eles, o golfao maranhense (AZEVEDO et al., 2008).
2.2 Golfao Maranhense

O golfao maranhense ¢ considerado como um recorte da ZCAB que inclui inimeros
ecossistemas (estuarios, estreitos, muitas ilhas) e uma grande floresta de mangue que margeiam
os canais estuarinos, ocupando uma area de 1.622,91 km? (SOUZA-FILHO, 2005). A Tlha do
Maranhio, onde estd localizada a cidade de Sao Luis (capital do Maranhao), ocupa a parte
central desse sistema estuarino. A Ilha ¢ separada do continente pelo Estreito dos Mosquitos
que junto com o Estreito dos Coqueiros ligam as massas d'agua da Baia Arraial/ S3o José com

as da Baia de Sao Marcos (SEREJO et al., 2020) (Figura 4).

Figura 4 - Localiagdo do Golfao Maranhense indicando a Baia de Cuma, Baia de Sdo Marcos (SMEC)

e Baia do Arraial/Sdo José
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Fonte: O Autor (2022).
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O golfao maranhense apresenta um litoral irregular, com entrada de 115 km de largura
e comprimento maximo de 173 km no Complexo Estuarino de Sdo Marcos, o maior canal do
golfao (Figura 4). Esta area recebe descargas de dgua doce de trés rios principais: Rio Pericuma
na Baia de Cuma, Rio Mearim no Complexo Estuarino Sao Marcos e Rio Itapecuru na Baia de

Arraial/Sao José (CZIZEWESKI et al., 2020).

A Baia de S3o Marcos é uma vasta zona estuarina ativa (2.250 km? de extensdo), com
largura de ~55 km e canal central bem definido (~15 km; 97 m de profundidade) dominado por
correntes de vazante. Esse canal serve de hidrovia para as principais instalagdes portuarias do
Maranhio: Porto de Sao Luis, Porto do Itaqui, terminal Ponta da Madeira e terminal da Alumar,
considerado o canal mais profundo, largo e longo do Brasil (LIMA et al., 2021). Essa regiao
conta com usinas siderurgicas e de aluminio, e a exportacdo de minério de ferro ¢ a maior
for¢a motriz da regido (235 milhdes de toneladas anuais) (GONZALEZ-GORBENA et al.,
2015).

A Baia do Arraial/Sdo José apresenta extensio de 665 km? (18 m de profundidade),
sendo formada principalmente pelos aportes fluviais dos rios Itapecuru € Munim, nao
apresentado um canal de maré desenvolvido como a Baia de Sdo Marcos (MACEDO, 1989).
A Baia do Arraial/S3o José ¢ uma continuacao do estudrio do rio Itapecuru, que atravessa
regides geologicas, as quais refletem tanto na morfologia como na distribui¢do das faceis

sedimentares (COUTINHO e MORALIS, 1976).

As amplitudes de maré (>6 m) e fortes correntes (>3 m.s™!) classificam o golfio
maranhense como um sistema de macromaré a hipermaré semidiurnas. O prisma de maré varia
entre 3,194 x 10'° m? para a sizigia e 1,517 x 10'° m? para a quadratura (CZIZEWESKI et al.,
2020). O clima dessa regido ¢ tropical umido do tipo Am, segundo o sistema de classificagao
climatica de Koppen, com regime de ventos predominante de NE e velocidade média anual de
3,5 m.s!. Os periodos sazonais sdo bem definidos (estiagem - julho a dezembro; chuvoso -
janeiro a junho) (TEIXEIRA e SOUZA-FILHO, 2009) e a precipitagdo pluviométrica é superior
a 2.000 mm anuais e temperaturas médias superiores a 25°C (LEFEVRE et al., 2017; SANTOS
et al., 2020).

Esse regime de chuvas e de ventos ¢ influenciado pelo posicionamento da Zona de
Convergéncia Intertropical (ZCIT) e linhas de instabilidade, que varia sua posi¢ao ao longo do

ano, penetrando no Sul do continente americano durante o verao e outono, € movendo-se para
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o norte, afastando-se da costa, durante o inverno e a primavera austral. Maior precipitacdo e

velocidades de vento reduzidas estdo associadas a ZCIT (DOMINGUEZ, 2009).
2.3 Estuério do Rio Itapecuru

O estuario do rio Itapecuru (ERI) esta inserido na Regido Hidrografica do Atlantico
Nordeste Ocidental, delimitando a ZCAB e a regido semidrida do Maranhao. Essa regido possui
4rea de 274.000 km? que compreende 3,2% da regidio hidrografica do Brasil e aproximadamente
90% das suas sub-bacias hidrograficas estdo concentradas no Maranhdo (ABREU et al., 2020).
O ERI esta localizado dentro do dominio da Margem Equatorial Brasileira e sobre influéncia
da Corrente Norte do Brasil, responsavel por transportar 4guas quentes e salinas em direcao

noroeste (STRAMMA et al., 2003).

Situado ao leste da ilha de Sdo Luis, o ERI representa a segunda maior bacia hidrografica
do estado do Maranhdo com area de 53.216,84 km? e extensdo de 1.050 km desde a montante
até a foz do rio. O ERI desagua no Complexo Estuarino de Sao José (CESJ), sendo o seu
principal contribuinte de 4gua doce e sedimentos, que em conjunto com o Complexo Estuarino
Sdo Marcos (CESM) formam o golfdo maranhense (FEITOSA, 1983; ALCANTARA, 2004).
Esse vasto sistema estuarino ¢ conectado por um canal estreito (Estreito dos Mosquitos)
responsavel por fazer a troca de dgua entre as duas baias (COUTINHO e MORAIS, 1976; EL-
ROBRINI et al., 1992) (Figura 5).

A bacia hidrografica do rio Itapecuru (BHI) envolve 56 municipios do Maranhao, entre
esses 39 possuem a sede localizada na bacia e 11 destas sdo localizadas as margens do rio,
destacando: Mirador, Colinas, Caxias, Cod6, Timbiras, Coroatd, Pirapemas, Cantanhede,
Itapecuru-Mirim, Santa Rita e Rosario. Nessa bacia, contabiliza-se mais de 1,2 milhdes de
habitantes, o que representa 17,5% da populagdo do estado. Através do sistema de
abastecimento ITALUIS, aproximadamente 2,00 m*. s da 4dgua da BHI ¢ captada para o
fornecimento de mais de 1,6 milhdes de pessoas da regido metropolitana da grande Sao Luis

(MASULLO et al., 2019).
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Figura 5 - Localiagdo do estuario do Rio Itapecuru e rios adjascentes, Golfio Maranhense, Brasil
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Fonte: O Autor (2022).

No estuario do rio Itapecuru existe pouca variacao da intensidade das correntes na coluna
d’agua. A circulagdo horizontal apresenta um comportamento semelhante ao observado na
superficie e no fundo, com defasagem significativa na inversdo do sentido da corrente e na
elevacdo do nivel da maré. Os perfis durante o estdgio de maré enchente registram fluxo de

correntes caracteristico de maré vazante e sentido Montante — Jusante.

A distribuicao vertical na coluna d’4gua ¢ praticamente homogénea com pequenas
variagdes de salinidade, temperatura e densidade, limitadas apenas ao primeiro metro de
profundidade. Esse perfil enquadra o estuario como do tipo bem misturado na vertical,
resultante principalmente da difusdo de turbuléncia gerada na camada-limite de fundo do rio.
A distribuicdo de salinidade obtida a partir dos levantamentos verticais e longitudinais no

estuario do rio Itapecuru estdo descritos na Figura 6.
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Figura 6 - Distribuigdes verticais e longitudinais de salinidade do estuario do Rio Itapecuru durante maré

de enchente
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Fonte: O Autor (2022).

A partir dos perfis verticais, os valores mensurados in situ pela CTD durante o estudo,
apontaram para um estudrio bem misturado. Sazonalmente, observou-se um gradiente
longitudinal de salinidade, com maior intrusdo salina com alcance de 25 km durante a estiagem.

No periodo chuvoso, o alcance da mar¢ € limitado a aproximadamente 16 km.

Dados pretéritos indicam que a forcante astrondmica (maré dindmica) se propaga cerca
de 16 km a montante do municipio de Rosério e a inversdo de sentido de correntes alcanga esta
posicdo durante o estagio de enchente. A variacdo do nivel d’dgua indica a existéncia de
defasagens significativas entre o estofo de maré (PM e BM), em relagdo as previsdes para o
Porto de Sao Luis (01h40) e para o Terminal da Alumar (01h10). A curva de maré a partir do
municipio de Rosério possui periodo de vazante maior que o periodo de enchente, com 08h50

vazando e 03h50 enchendo, totalizando 12:40h para completar um ciclo de maré semidiurna.
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Assim, o estudrio do rio Itapecuru ¢ considerado como um grande exportador de sedimentos

para a zona costeira maranhense.

Estudos pretéritos e de monitoramento da qualidade da dgua, realizado pelo CEERMA,
indicam que a variabilidade astronomica (marés de sizigia ou quadratura) ndo exerce influéncia
significativa sobre a distribui¢do longitudinal dos dados ambientais no trecho estuarino do
Itapecuru. Essa caracterizagdao foi baseada nos dados nao oficiais do Relatério Técnico do
Centro de Estudos e Ensaios em Risco e Modelagem Ambiental da Universidade Federal de

Pernambuco — CEERMA.

A Formagdo Itapecuru, representa o Cretaceo mais jovem da Bacia do Parnaiba e ¢
composta por sedimentos clasticos depositados em planicies aluviais costeiras (MENEZES et
al., 2019). Constituida por arenitos e lutitos (siltitos, argilas e folhelhos), conglomerados e por
calcério, a bacia do Itapecuru esta dividida em trés membros (inferior, médio e superior) com
base em sec¢oes sismicas e perfis de pogos (FERREIRA et al., 2016; BATISTA et al., 2020;
FERREIRA et al., 2020).

Os paleoambientes deposicionais sdo: estuarino-lagunar, leques aluvial-deltaicos,
fluviais e costeiros, fluvial-lacustre e marinho restrito, frente delta, frente delta retrabalhada de
onda, barras distais e ambientes de baixa energia, possivelmente relacionados ao prodelta e
plataforma restrita (FERREIRA et al., 2021). A Formacgao Itapecuru preserva um importante
registro fossil, composto principalmente por restos vegetais (angiospermas), bivalves de agua
doce, fragmentos de ossos de dinossauros, escamas de peixes e conchostracans (MENEZES et

al., 2019).
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3 OBJETIVOS

Os objetivos gerais e objetivos especificos serdo apresentados na proxima secao,

compreendendo os objetivos aplicados em cada capitulo publicado.

3.1 Objetivo Geral

Avaliar a variabilidade espago-temporal da comunidade fitoplanctonica e do estado
geral de eutrofizagdo em resposta as alteragdes ambientais promovidas pela intrusdo salina e

pelas mudangas climaticas (El Nifio/ La Nifia) no estuério do Rio Itapecuru (ERI).

3.2 Objetivos Especificos

e Determinar as implicacdes ecoldgicas da intrusdo salina nos principais indicadores de
fitoplancton e selecionar os fatores hidrologicos que melhor explicam a variabilidade na

comunidade fitoplanctonica;

¢ Quantificar a magnitude das multiplas pressdes antropicas no ERI e o efeito de

multiplos estressores sobre o estado trofico;

o C(lassificar as variaveis que atuam direta e indiretamente na explicagcdo de interacdes

troficas no ERI.
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4 HIPOTESES

e A intrusdao salina ao alterar os gradientes ambientais espaco-temporal promove
mudangas abruptas ou graduais na estrutura e dinamica da comunidade fitoplanctonica do

estuario do Rio Itapecuru.

e As pressdes antropicas e multiplos estressores quando associados ao fendmeno da
intrusdo salina em um estudrio de macromarés aumentam o estado geral de eutrofizacdo e

comprometem a qualidade de suas aguas.
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S ESTRUTURA DA TESE

De acordo com os objetivos e resultados obtidos ao longo da realizacdo do presente
estudo, os resultados da tese estdo organizados em dois capitulos. Os capitulos 3 e 4
correspondem aos artigos cientificos (Original Articles e/ou Research Papers) publicados nas

revistas Hydrobiologia (artigo 1) e Journal of Sea Research (artigo 2), respectivamente.

ARTIGO 1 - Phytoplankton community dynamics in response to seawater intrusion in a
tropical macrotidal river-estuary continuum. Dindmica da comunidade fitoplanctonica em
resposta a intrusdo de agua do mar em um continuo rio-estuario tropical de macromarés. Este
estudo gerou importantes informagdes sobre os efeitos da intrusdo da agua do mar na variagao
espaco-temporal da comunidade fitoplanctonica e forneceu uma ferramenta para o manejo
sustentavel de estudrios tropicais baseada nos indicadores ambientais, bioldgicos e seus tracos

funcionais (Figura 7).

Figura 7 - Diagrama de fluxo do procedimento de pesquisa de coleta e analise de dados referentes ao

capitulo 3
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ARTIGO 2 - Multiple stressors influencing the general eutrophication status of
transitional waters of the Brazilian tropical coast: An approach utilizing the pressure,
state, and response (PSR) framework. Multiplos estressores influenciando o estado geral de
eutrofizagdo das dguas transicionais da costa tropical brasileira: uma abordagem utilizando o
framework Pressdo, Estado e Resposta (PSR). Este estudo utilizou modelos de avaliagdao do
estado trofico estuarino (ASSETS e TRIX) aplicando a abordagem Pressao, Estado e Resposta
(PER) a fim de indicar o grau de eutrofizacdo do estuario do Rio Itapecuru, associando as
mudangas climaticas globais. O cenario futuro do IRE foi construido para a préxima década
(2021-2031) baseado na suscetibilidade natural do sistema a eutrofizagdo e mudancas

previsiveis no uso da terra e tratamento de efluentes (Figura 8).

Figura 8 - Diagrama de fluxo do procedimento de pesquisa de coleta e analise de dados referentes ao

capitulo 4
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6 ARTIGO 1 - PHYTOPLANKTON COMMUNITY DYNAMICS
IN RESPONSE TO SEAWATER INTRUSION IN A

TROPICAL MACROTIDAL RIVER-ESTUARY
CONTINUUM
Manuscript published in Hydrobiologia
Published: 05 May 2022
Special Issues: Effects of changes in salinity *
https://doi.org/10.1007/s10750-022-04851-7
Abstract

Coastal environments are at the frontline of sea-level rise effects, and seawater intrusion
constitutes one of the most important causes of salinization, changing the ecological patterns.
Hence, we hypothesized that seawater intrusion would alter environmental gradients, causing
either abrupt or gradual changes in the phytoplankton of Itapecuru River estuary. Physical and
chemical and biological variables were collected bimonthly at six sites between 2019 and 2020.
Seventy-six phytoplankton indicators were selected based on their specific functional traits and
indicator value. Polymyxus coronalis was a good indicator of the limit of seawater intrusion.
Multivariate analyses revealed high species dispersion among the estuarine sectors governed
by variations in salinity, suspended particulate matter, cell size, and silicate. The distribution of
freshwater species in the upper sector was correlated with low nutrient values and salinity. The
marine species were transported between the middle and lower sectors under the opposite
conditions. The seawater intrusion negatively affected the community, primarily in the dry
season when the displacement of the turbidity maximum zone estuarine altered the structure,
reducing its density, diversity, and biomass. The present study generated important information
about seawater intrusion effects on the spatiotemporal variation in the phytoplankton

community and provided a tool for the sustainable management of tropical estuaries.

Keywords: Diatoms - Macrotides - Bioindicators - Seasonal changes - Salinity gradient -

Polymyxus coronalis

Introduction

Seawater intrusion (SWI) into coastal environments is a natural, hydrological
phenomenon characterizing estuarine dynamics, which determines the transport of sediments,

nutrients, and contaminants as driven by the interactions of tides, river flows, and coastal
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currents (Lu & Gan, 2015; Wang et al., 2019; Onalube et al., 2020). Climate change, deepening
river beds, and sediment resuspension are the primary mechanisms altering salt transport and
are thus responsible for controlling the baroclinic circulation, the longitudinal and transverse

density gradient of the estuary, sediment dynamics, and water quality (Liu et al., 2019a, b).

Coastal environments represent the frontline of sea-level rise vulnerability (Chang et
al., 2011; Werner et al., 2013), and as 80% of the world’s population lives along the coast and
uses local aquifers for water supply (Long et al., 2013). Advances in SWI constitute one of the
most important causes of surface and groundwater salinization (Wang et al., 2019; Gomes et
al., 2019; Prusty & Farooq, 2020), and they have the potential to change the ecological
distribution patterns, as well as the structure of faunal and floral communities (Rice et al., 2012;

Tian, 2019; Da Silva et al., 2020).

Phytoplankton communities act as indicators of this impact and play a key role in
quickly responding to any ecological changes affecting coastal ecosystems, reflecting
environmental health and water quality conditions (Srichandan et al.,2015; Lemley et
al., 2019). Thus, understanding the interactions regulating community growth, as well as the
distribution patterns associated with river discharge and longitudinal salinity gradients is of
particular importance in affected tropical estuaries (Kasai et al., 2010; Watanabe et al., 2014;

Azhikodan & Yokoyama, 2016; Krvavica & Ruzi¢, 2020).

Most research on SWI in Brazil (De Miranda et al., 2005, 2012; Sanders et al., 2012;
Melo et al., 2014; Cary et al., 2015; Gomes et al., 2019; da Silva et al., 2020) has assessed SWI
and mixing processes in subtropical and tropical estuaries using hydrodynamic models, isotopic
approaches, and characterization of physical processes. In contrast, analyses of the distribution
and structure of the phytoplankton communities in tropical macrotidal estuaries in Brazil remain
scarce and restricted to the subtropical estuaries (Abreu et al., 1995; Fujita & Odebrech, 2007,
Da Silva et al., 2017). To narrow this knowledge gap, and considering that SWI modifications

are a global issue, this study was conducted in the Itapecuru River Estuary.

The IRE is a coastal system of the Brazilian Equatorial Margin, with a seasonal pattern
controlled by the latitudinal displacement of the Intertropical Convergence Zone (ITCZ; Souza-
Junior et al., 2013). This macrotidal estuary maintains a tidal excursion of ~40 km upstream

from the river mouth and has a water supply system 27 km from the penetration limit of the
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saltwedge. The Itapecuru River is also the principal water source for ~ 1.6 million people on

the Island of Sdo Luis, in addition to numerous riverside municipalities (Masullo et al., 2019).

The Itapecuru basin is an area of constant anthropogenic disturbance (e.g., urbanization
and domestic sewage input; Santos et al., 2019). Some of these disturbances stem from
activities such as the provision of water supply for human use, agricultural activity, and an
industrial sector in the Metropolitan Area of the Sao Luis Island. These activities add to other
anthropogenic pressures from the growth of urban centers, deforestation, the rapid growth of
agricultural activities, pollution from the release of fresh domestic sewage, and products
resulting from industrial expansion (e.g., metallurgical complexes, mining, and port
operations). These impacts in the lower course of the Itapecuru River are more severe due to

the salinity increase, siltation of the bed, and destruction of riparian forests (Porto et al., 2017).

Accordingly, we hypothesized that SWI would alter environmental gradients
spatiotemporally, causing either abrupt or gradual changes in the IRE phytoplankton
community. This study thus attempted to (1) identify the spatial and temporal variability of
environmental variables, (2) define the concentrations of chlorophyll-a in the river-estuary
continuum, (3) determine the ecological implications of SWI on the principal phytoplankton
indicators, and (4) select the hydrological factors that best explain the observed variability in
the phytoplankton community. The biological interactions and environmental variables
observed in this macrotidal estuary can provide an ecologically predictive dataset for use in

managing environmental quality.
Materials and methods
Study area

The IRE (02°51-6°56S and 43°02-43°58 W) is located in the western Northeast
Atlantic Hydrographic Region (area, 274,000 km?), east of the island of Sdo Luis, and
comprises the second largest hydrographic basin in Maranhdo (area, 53,216.84 km?). The
estuary is strongly influenced by the tidal ranges of the western Atlantic Ocean, as well as the
freshwater flow of the Itapecuru River, the longest river in Maranhdo (length, 1050 km;
Stramma et al., 2003; Abreu et al., 2020). Extensive industrial and urban areas are located

around and at the mouth of the Itapecuru River, primarily associated with the urban centers of
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Sdo Luis and Rosério (Fig. 1).

Fig. 1 Geographical locations of the sampling and study area in Itapecuru River Estuary (IRE),

Maranhdo—Brazil
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Source: The author (2022).

Notably, the IRE flows into the Arraial-Sdo José Estuarine Complex (ASJEC),
contributing to a discharge of river water and sediment. The ASJEC and the Sdao Marcos
Estuarine Complex (SMEC) form the Maranhense Gulf, an estuarine-wide system into which
the tributaries of the Mearim and Munim rivers also flow (Santos et al., 2020). The SMEC has
a well-developed central channel dominated by ebb currents, and sandy banks extend its mouth
to the interior. By contrast, the ASJEC does not have a well-developed tidal channel due to
constant sediment migration. In addition, there are asymmetrical banks at its mouth, which
move from ENE to WSW, oblique to the coast, and are separated by narrow channels that

change position seasonally (Coutinho & Morais, 1976).

According to the Koppen-Geiger classification, the local climate is tropical humid (Am)
with predominantly northeasterly winds averaging 3.5 m s~! (Alvares et al., 2013). The fluvial

regime is controlled by the position of the ITCZ, the primary controlling mechanism of seasonal
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patterns, with substantial rainy (January—June) and dry seasons (July—December). Rainfall
is>2,000 mm year ', and the average temperature is>25 °C (Lefévre et al., 2017). The
Itapecuru River is an estuary of a coastal plain with a Cretaceous formation and eastern Amazon
coast attributes (Coutinho & Morais, 1976), alternating between extensive floodplains and
lakes. This region also has sandbanks and thin mangrove fringes. Rhizophora mangle Linnaeus
is the dominant species, and together with R. harrisonii Leechm, R. racemosa G.
Mey, Avicennia germinans (L.) Linnaeus., A. schaueriana Stapf & Leechm, Laguncularia
racemosa C. F. Gaertn, and Conocarpus erectus Linnaeus. constitute the Upaon-Agu

Environmental Protection Area as per Decree 12,428 (Masullo et al., 2019).
Sampling design

An~28 km length of the study area was demarcated and divided into three sectors
based on their salinity range. A total of six sampling points, two sampling points in each sector,
placed longitudinally, were selected for the study (McLusky, 1993; Fig. 1; Table 1). Samples
were collected bimonthly for seasonal monitoring of physical and chemical (e.g., salinity, light,
nutrients) and biological (chlorophyll-a, phytoplankton density) variables comprising an
annual cycle, collected in the rainy (May 2019, March, June 2020) and dry (August, October,
December 2019) periods. In addition, the sampling considered the astronomical cycle (spring
tide) and daily tidal cycle (flood tide). Water quality samples were collected using a Van Dorn
bottle (5 1) in the subsurface layer (c. 0.3 m; average estuary depth, 5.37 m), totaling 36 samples.

Tab. 1 Description of sampling sites in the Itapecuru River Estuary

) Geographical cordinates .. Depth  Venice
Sectors Station Latitude Longitude Salinity (m) system
Upper P1 2°56'28,14" 44°14'38,992"  0.03-0.05 5.70 Lir.nnetic'
P2 2°56'28,14" 44°14'38,992"  0.03-0.54 6.11 Oligohaline
Middle P3 2°53'41,12" 44°14'14,76"  6.51-24.44 6.50 Mesoha}ine
P4 2°50'50,04" 44°1221,17" 12.20-29.31  7.72 Polyhaline
Lower P5 2°48'40,93" 44°12'15,25" 16.48-30.54  7.28 Euhaline
P6 2°44'44 25" 44°1029,32" 17.67-30.43  9.28 Euhaline

Source: The author (2022).

The total precipitation in 2019 and 2020 was well above the historical average (2,730.65

mm) of the last 40 years. The peak of precipitation was recorded in March of 2019 and 2020
with 818.2 mm and 658.8 mm, respectively (National Institute of Meteorology—INMET,

portal.inmet.gov.br). The minimum and maximum daily precipitation values recorded during
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field observation were 2.1 mm in the dry season and 226.70 mm in the rainy season. The
resulting average discharge of the IRE was 130.78 m*s™! in 2019 and 145.55 m* s™! in 2020,
with 76.32% of this total annual discharge occurring during the rainy season (average, 121.98
m® s'; National Water Agency—ANA, ana.gov.br). Over the sampling period, the wind
velocities ranged from 0.78—2.68 ms ' in 2019 to 0.76-2.63 m s ' in 2020, with higher values
recorded in September and October (Fig. 2).

Fig. 2 a Historical average rainfall and b river discharge (based on the 40 years) showing records for

2019 and 2020 and ¢ wind speed for the sampling months
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The local circulation pattern is generally well-mixed, and the regional tides are

semidiurnal. The sea reaches up to 7 m, with water-current speeds of 2.5 m s

, influencing up
to 150 km off the coast of Maranhdo. The IRE presents a significant difference between the
durations of flood and ebb (3:50-8:50), although current flows between tidal scenarios were
similar, with reduced vertical variations in intensity and direction. The average interval is
0.02<[0|<0.75 m s~! (average, 0.42 m s !). The influence of the dynamic tide occurs 16 km
upstream, and that of the saline tide 4 km downstream of the larger of the two urban centers in
the estuary, the municipality of Rosario. The tidal height during the study period ranged from
5.7 m (December 2019) to 6.7 m (March 2020), with an amplitude of 2.54 m (Brazilian Navy's

Directorate of Hydrography and Navigation—DHN, marinha.mil.br).
Hydrological conditions in surface waters

Salinity (resolution = 0.01; accuracy = + 0.1), temperature (resolution = 0.01; accuracy
=+ (.05 °C), and pressure (resolution = 0.01 m; accuracy = +0.25% scale) were measured in
situ in the middle channel of the estuary with a CTD probe ([Conductivity, Temperature, and
Depth] - Castway, Sontek Instrument Company, USA), maintaining a data acquisition
frequency of 5 Hz, with a descending speed of 1 m s™!. Total dissolved solids (TDS) and pH
data were obtained using a multiparameter probe (HANNA-9878, Italy). Dissolved oxygen
(DO) was determined using the chemical method of Winkler, as modified by Golterman et al.

(1978).
Light, nutrients, and chlorophyll-a conditions

Atmospheric and sub-aquatic photosynthetically active solar radiation (PAR; superficial
and 1 m depth) were recorded with the aid of LI-COR Quanta Meter (LI-1500-USA) connected
to a spherical sensor (Li-193). Turbidity was measured using a turbidimeter (Lamotte 2020,
USA), and suspended particulate matter (SPM) was assessed using the gravimetric analysis
described by Strickland and Parsons (1972). From the weighed SPM samples, particulate
inorganic matter (PIM) and particulate organic matter (POM) levels were determined by heating
the filters at 450 °C for 4 h. The determination of ammonium ions followed the methodology
described by Koroleff (1983). The nitrite and nitrate concentrations were based on Strickland
and Parsons (1972), whereas orthophosphate and silicate measurements were derived according
to Grasshoff et al. (1983). The detection limits were 0.1, 0.01, 0.05, 0.006 and 0.1 pg 17!,

respectively.
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To determine the chlorophyll-a concentrations, samples were vacuumed (0.05-0.50 I)
through fiberglass filters (Whatman GF/F, UK; pore diameter = 0.7 pm). Photosynthetic
pigments were extracted with 90% acetone after 24 h in the dark at —18 °C. Chlorophyll
concentrations were determined using the spectrophotometric method (UNESCO, 1966)
through a Spectronic 200 spectrophotometer (Thermo Fisher Scientific, USA; Strickland &
Parsons, 1972). The fractionation of samples by a 20 um mesh allowed for the evaluation of
microphytoplankton (> 20 pum) and nano-(2-20 um) and picophytoplankton (0.2—2 pm)

fractional contributions in the phytoplankton biomass.
Phytoplankton analysis

Samples for phytoplankton analysis were fixed with Lugol’s acid solution (1%) and
deposited in sedimentation chambers (2.5-25 ml) for 24 h in the laboratory for further
phytoplankton cell counts (20-200 um cell size). A systematic analysis was carried out in
illuminated fields following the Utermohl technique (Utermdhl, 1958) using an inverted
microscope (Zeiss Axiovert 100, Germany) at 400 x magnification to count nano-(10— 20 pm)
and microphytoplankton (20-200 pum). Phytoplankton density was calculated according to
Villafafie and Reid (1995), expressed in cells 1"!. The synonyms and ecology of the taxa were
updated via the international database AlgaeBase (www.algaebase.org). The ecological
conditions of the phytoplankton were evaluated using the following indices: Shannon diversity
(H’; 1948), Margalef richness (D; 1958), and Pielou evenness (J; 1966). The equations of the

diversity indexes are defined as follows:

S
Ni
Shannon index: H' = — ZPilogz X Pi Pi =X (D
i=1
Margalef richness index: D = S~ 2 (2
argalefrichness index: D = ; —— (2)
Piel index:] = —— (3
ielou evenness index: | log2S (3)

where Ni is the number of individuals of one particular species found, N is the total

number of individuals found, and S is the total number of species at any sampling point.

Indicator phytoplankton and functional traits
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The indicator value method (IndVal) was used to select the indicator species, combining
phytoplankton density with the relative frequency of occurrence, as expressed by the product
of the fidelity and specificity of each taxon with the spatial factor (sectors). The IndVal of

species 1 for class j was obtained according to Eq. (4):
IndVal = Al] X Bl] x 100

where Ajj corresponds to specificity, and Bijj to fidelity (Dufréne & Legendre, 1997).

Species with IndVal >30% 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 (Kruk et al., 2010).
Statistical analysis

To choose between the parametric and non-parametric techniques, the normality and
homoscedasticity of the variances were verified by the Shapiro—Wilk and Levene tests,
respectively (IBM SPSS Statistics v.24). Multivariate data analyses were performed using the
PRIMER—6 extensions + PERMANOVA package (Clarke et al., 2014). All non-normally
distributed environmental data were transformed to log scale (x + 1) and biological data to
square roots. For the multivariate permutational analysis of variance (PERMANOVA;
permutations, n = 9999), a Euclidean distance similarity matrix was considered together with
fixed spatiotemporal factors to determine environmental variable heterogeneity (P < 0.05),

followed by a two-way ANOVA.

Similarity profiles (SIMPROF) were compared in the cluster analysis to assess the
grouping significance of the functional indicator communities, and the connectivity of these
phytoplankton groups (Bray-Curtis similarity) was represented using non-metric
multidimensional scaling (NMDS) with a stress of 0.2. Analysis of similarity (ANOSIM) was
used to examine the significance of spatial and temporal similarities, and the index of
multivariate dispersion (IMD) tested the variability of the phytoplankton community as a
function of SWI. The RELATE routine in PRIMER - 6 extensions + PERMANOVA package
identified significant correlations between environmental and biological variables, followed by
the best correspondence analysis (BEST) in the Biota and/or Environment matching (BIO-

ENV) submodule. The distance-based multiple linear regression model (DistLM), with
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selection criterion R?, identified the combinations of predictor variables that best explained the
observed structure of phytoplankton communities, whereas the Draftsman plot from the
Spearman correlation was used for evaluating variable collinearity (R?> > 0.7). The
complementary analysis of distance-based redundancy (dbRDA) assessed the representation of
the revealed relationships, with overlapping vectors of environmental and biological variables

(R2 =0.4).
Results

The PERMANOVA analysis revealed that the water quality and photosynthetic data
had a significant spatio-temporal heterogeneity (P<0.001). There was also a significant
interaction between spatial and temporal factors (P < 0.001). The differences between the
estuarine sectors were evident from the pairwise test. Regarding spatiotemporal variations as
a function of time, both the middle and lower sectors expressed significant variability.
However, spatially, the upper and middle sectors were similar during the rainy season, and the

middle and lower sectors were similar during the dry season (Table 2).

Tab. 2 PERMANOVA analysis results from the environmental data matrix and pairwise test of the
spatial term vs. temporal for the pairs of “temporal” and “spatial” factor levels. Significant results (P =

*<0.05; ** <0.01; *** <0.001)

Source df SS MS Pseudo-F P (perm)
Spatial 2 180.52 90.262 13.137 0.001***
Temporal 1 115.43 115.43 16.801 0.001%**
Spatial vs. Temporal 2 50.193 25.096 3.6528 0.001***
Res 30 206.12 6.8705
Total 35 552.27
Level Groups t P (perm)
Upper 0.8666 0.621
Middle Rainy vs. Dry 3.3344 0.005**
Lower 2.7208 0.006**
Level Groups t P (perm)
Upper vs.Middle 0.866 0.621
Rainy Upper vs. Lower 3.334 0.005**
Middle vs. Lower 2.720 0.006**
Upper vs. Middle 3.978 0.004**
Dry Upper vs. Lower 3.962 0.005**
Middle vs. Lower 1.168 0.235

Source: The author (2022).

Environmental gradients

The environmental gradients of the IRE were expressed in terms of the hydrological

variation, which resulted from the marked spatial variability of salinity, TDS, and SPM.
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Salinity, water temperature, TDS, and pH also varied temporally. When spatiotemporal factors
interacted, only salinity, TDS, and pH were significantly altered. Salinity and TDS were the
main variables characterizing SWIin the estuary, with adjusted R* values of 0.72 and 0.86
(Bonferroni correction), respectively (Fig. 3). The hydrological characteristics and

photosynthetic properties of the IRE are summarized in Table 3.

Fig. 3 Temporal and spatial changes of salinity (a, b); total dissolved solids (¢, d); pH (e, f); and
dissolved oxygen (g, h) in Itapecuru River Estuary (IRE)
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Tab. 3 Mean values and standard deviation (Average + SD) of environmental variables in surface waters in the upper, middle, and lower sectors. Repeated

measure ANOVA two-way. Significant values (P = * <0.05; ** <0.01; *** <0.001)
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Upper Middle Lower p <0.05
En:/l;:;rsl?sltal Unity Rainy Dry Rainy Dry Rainy Dry Temporal Spatial Interaction
Salinity - 0.04 £0.02 1.25+2.50 3.08 £3.90 21.82+9.36 10.22 £ 6.51 26.71 £8.25 0.001***  0.001***  0.002**
Temperature °C 29.16 £3.24  32.01+1.13 29.20+3.32 31.24+£0.93 29.57+3.29 31.12+ 0.94 0.01%* 0.93 0.80
TDS gLt 0.04 +£0.01 0.33+0.36 0.06 +£0.06 13.38+5.03 7.81+4.82 18.42£5.10 0.001***  0.001***  0.001***
DO mg L} 4.66+ 142 4.77+1.02 4.69+1.56 3.77+0.83 451+1.57 3.57+0.84 0.16 0.40 0.51
DO % 58.28 + 1391 65.74+ 14.93 59.95+13.93  56.65+ 13.26 59.04 +19.24 55.35+12.36 0.97 0.70 0.58
pH - 6.73 £0.44 7.65+0.46 7.14+£0.43 7.15+£0.31 7.46 +0.26 7.38+0.18 0.02* 0.15 0.003**
Turbidity NTU 38.53+£22.95 70.33+39.24 75.58 £87.35  100.02 + 77.63 35.78 £23.55 68.83 +£27.32 0.04* 0.20 0.57
SPM mg L! 50.05+12.75  77.53 +£46.07 116.95+118.93 140.84 £92.13 144.45 + 68.65 167.84 £43.35 0.31 0.01** 0.99
PAR pmol m?s™! 9;?;;‘; 540.70 £327.39  592.71 £813.63 915.44 +£426.11 113?}52955 1211.51+906.15 0.84 0.23 0.59
Nitrate pumol L 4.25+1.90 1.79 £ 0.98 395+£2.15 548 +£2.11 3.99+£2.95 513+1.78 0.91 0.10 0.04**
Nitrite pumol L 0.05+0.02 0.05+0.01 0.06 £0.05 0.10+0.05 0.09 +0.03 0.09+0.03 0.27 0.05% 0.53
Ammonium ion  pmol L! 0.56 +£0.25 0.27+0.13 0.58+0.19 0.36+0.21 0.44+0.14 0.85+1.22 0.86 0.55 0.21
Orthophosphate ~ pmol L*! 0.38+0.14 0.78 £0.27 0.40+0.22 1.46 +0.58 0.56 +0.28 1.27+0.11 0.001***  0.01%* 0.04*
Silicate umol L' 27.7+16.96 39.31+21.17 40.90 + 26.31 55.66 + 18.27 34.22 £21.50 44.54 £11.28 0.07 0.20 0.96
5:’:?5;;:: Unity Rainy Dry Rainy Dry Rainy Dry Temporal Spatial Interaction
Chl-a Total pg Lt 9.86+12.48 41.64+33.87 9.06 £5.94 17.67 £12.28 14.03 +4.36 50.46 +48.23 0.01%* 0.31 0.26
Chl-a (<20) pg Lt 321+2.17 11.09 + 5.53 4.84+385 9.57+6.13 8.89+5.29 23.19+20.74 0.005**  0.03** 0.52
Chl-a (>20) pg Lt 6.66+10.42 30.55+32.92 4.22 +3.09 8.10 £ 8.16 5.14+5.47 27.27 +31.29 0.04%* 0.51 0.23
Density 10%cells L' 27.17+31.47 37.68+36.18 25.98 £ 44.00 13.08 +£5.73 41.85+27.21 17.33 £ 14.44 0.36 0.53 0.34
Diversity Index  bits cells™ 1.81 £0.66 2.30 +0.18 2.22+0.86 2.35+0.33 2.14+£0.52 2.36 £0.36 0.12 0.54 0.69
Richness Index - 4.11+1.87 491+0.79 4.53 +3.00 4.36+0.86 5.16+1.75 436+ 1.06 0.92 0.89 0.52
Eveness Index - 0.68 +0.25 0.72 £0.08 0.80+0.11 0.83 +£0.08 0.67+0.14 0.82+0.11 0.92 0.89 0.53

Source: The author (2022).
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The pairwise test comparisons (temporal vs. spatial) revealed that only significant
variations in pH and TDS were recorded in the upper sector (e.g., P1 and P2) of the estuary.
In this sector, higher variability of pH was found in the rainy season (Fig. 3e—f), while TDS
displayed a wide seasonal variation, with a notable ionic increase during the dry season (Fig.
3c—d). The middle (e.g., P3 and P4) and lower (e.g., PS5 and P6) sectors were marked by
temporal variations in TDS and salinity, with higher values recorded during the dry period (Fig.
3d, f).

Pairwise (spatial vs. temporal) comparisons of salinity and TDS showed significant
variations between the upper and lower sectors and similarities between the upper and middle
sectors during the rainy season. The similarity interactions were evident between the middle
and lower sectors in the dry season. Indeed, TDS values exhibited strongly heterogeneous
distributions, clearly defining the three sectors of the estuary in each season. Indeed, TDS
was the hydrological tracer of the estuarine regions (Fig. 3c—d). Dissolved oxygen (DO)
concentrations did not vary significantly in time or space; however, states of hypoxia

were observed during the dry period (2.27 mg 1'!; Fig. 3g-h).
Light conditions, nutrients, and chlorophyll-a

The light conditions characterized the IRE as a turbid system, where the average PAR
presented a homogeneous profile, the maximum recorded in the lower sectors during the dry
season and the minimum in the upper sectors during the rainy season (Fig. 4a, b). Vertically,
the average incident light absorption was 34.41 + 26.63%, delimiting the euphotic zone
(Zey) to 1 m depth. The water turbidity presented significant seasonal variability, doubling

the values in the dry season (Fig. 4c—d). The middle sector was identified as the most turbid
(100.02 + 77.63 NTU), characterizing this region as the turbidity maximum zone estuarine
(TMZE), peaking in both seasons. SPM values an increased longitudinally toward the river
mouth, with higher values recorded in the lower sector (156.15 + 56.09 mg 1"!; Fig. 4e—f). Of
all the SPM transported by the estuarine waters, POM represented 81.67 =+ 16.34% and PIM,
18.33+16.34%.

The nutrient analysis did not indicate significant spatiotemporal variations, except
for NO;~ and PO4>~ with higher values in the middle and lower sectors, revealing a flow toward
the river mouth following the salinity gradient (Table 3; Fig. 4g—h; k-1). In the IRE, the

interactions between the spatiotemporal factors were responsible for the maximum levels of
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NOs~ (Fig. 4i—j) and (in particular) PO4>~, contributing to the enrichment of the middle sector
during the dry period (Fig. 4k—1). The low DIN:DIP ratios at~ 91% of the sites indicated that
the IRE was nitrogen-limited, and NO3;~ was the predominant form of DIN at 84.4% of the

sampling sites.

Total chlorophyll-a concentrations showed significant temporal variability, with a
maximum mean value observed in the dry season upper sector five times greater than the
overall mean (10.13+£10.99 pg 1" !; Fig. 5a-b), and the minimum recorded in the rainy season
TMZE (Fig. 5a). For fractionation, microphytoplankton (> 20 um) varied seasonally, with
higher values recorded in the dry season upper sector (Fig. 5d). Nano/picophytoplankton (<20
um) showed significant spatial and temporal variations, the maximum values observed in the
lower sector during the dry season, and the minimum observed in the upper sector during
the rainy season (Fig. Se—f). Microphytoplankton were predominant in the upper sector
(56.2%) and nano/picophytoplankton in the lower sector (56.1%). The microphytoplankton
community was the most sensitive to the hydrological conditions established in TMZE,

accounting for 46.2% of total biomass.
Phytoplankton community structure

A total of 187 taxa were identified: 154 during the rainy season and 113 in the dry
season. Diatoms (Bacillariophyta) dominated the phytoplankton community (49.7% of the total
density), followed by chlorophytes (Chlorophyta, 18.1%), cyanobacteria (Cyanophyta, 15.5%),
phytoflagellates (Euglenophyta, 10.7%; Myozoa, 5.3%), and ochrophytes (Ochrophyta, 0.5%).
Diatoms dominated the lower sector (85.5%) and were also dominant during the period of

higher SWI (58.4%).

Chlorophytes were abundant in the upper sector (33.3%) and rainy seasons (20.1%).
Cyanobacteria peaked during the dry season (19.4%) and were restricted to the upper (26.3%)
and middle sectors (10.7%). The ochrophytes were less diverse, represented only by

Mallomonas acaroides Perty, a taxon exclusive to the rainy season upper and middle sectors.
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Fig. 4 Temporal and spatial changes of photosynthetically active radiation (PAR) (a, b); turbidity (c, d);

suspended particulate matter (e, f); nitrite (g, h); nitrate (i, j); and orthophosphate (k, 1) in Itapecuru
River Estuary (IRE)
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Total phytoplankton density presented mean values ranging from 2.22 +1.56 x 10* to

2.89+4.05 x 10* cells I'! in the dry and rainy seasons, respectively (Fig. Sg-h). This slight dry
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season density reduction was likely in response to SWI, which trapped freshwater diatoms in
the upper sector, thus increasing their density in Aug 2019 (1.24 x 10* cells 1'!). The driest
months of this period (Oct 2019 [L02]; Dec 2019 [L03]) showed a decrease in overlapping
phytoplankton groups in the lower sector (Fig. 6).

Fig. 5 Temporal and spatial changes of chlorophyll-a (a, b); microphytoplankton (c, d);
nano/picophytoplankton (e, f); phytoplankton density (g, h); Shannon diversity (H’ index) (i, j); and
Margalef richness (D Index) (k, 1) in Itapecuru River Estuary (IRE)
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Conversely, there was a substantial overlap between groups recorded during the rainy
season. In the upper sector (May 2019 [U01]), euglenophytes, chlorophytes, and cyanobacteria
competed for similar hydrological conditions. In the middle sector (Jun 2020 [MO03]), this
overlap occurred between euglenophytes, chlorophytes, and dinoflagellates, with a
predominance of the diatom Nitzschia palea (Kiitzing) W.Smith (11.55 x 10* cells 1) in
TMZE. Finally, in the lower sector, overlapping occurred between euglenophytes and
chlorophytes (May 2019 [LO1]), chlorophytes and cyanobacteria (Mar 2020 [L02]), and
dinoflagellates, cyanobacteria, and euglenophytes (Jun 2020 [L03]; Fig. 6).

The ecological status of the IRE, defined by the application of diversity indices, was
defined by low diversity (H’), with significant temporal variance. In the rainy season, the
abundance of species diversity and richness (D) occurred in the lower sector (Fig. 5i—j, k-1),
whereas during the dry season, a transition area with reduced diversity and richness was
observed between the middle and lower sectors (Fig. 5j, 1). Regarding the species
distribution in the IRE, the phytoplankton community was relatively homogeneous, with a
reduced balance between species in the upper sector during the rainy season. This result was
probably due to the dominance of Polymyxus coronalis L.W Bailey (18.38 x 10* cells I'!)

and Aulacoseira granulata var. angustissima (O.Miiller) Simonsen (93.66 x 10* cells I'").

Other dominant species must also to be mentioned. These include Aphanocapsa
delicatissima West & G.S.West (9.46 x 10* cells 1Y), Microcystis aeruginosa (Kiitzing)
Kiitzing (11.71 x 10* cells 1Y), Craticula ambigua (Ehrenberg) D.G.Mann (55.74 x 10* cells
1Y, P. coronalis (60.76 x 10* cells 1Y), and 4. granulata var. angustissima (99.85 x 10* cells
1"y dominated the upper sector. The lower sector was dominated by chain-forming marine
diatoms, such as Skeletonema costatum (Greville) Cleve (89.36 x 10* cells 1'!) and
Thalassiosira gravida Cleve (51.63 x 10* cells I'!), while N. palea (18.26 x 10* cells I"!) was
predominant in the TMZE (Table 4).
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Fig. 6 Temporal and spatial distribution of total phytoplankton density (bar) and taxonomic groups

(circles) in logarithmic scale for each sampled period (U-upper; M-middle; L-lower)
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Tab. 4 Value Indicator (IndVal), total density, and functional traits of phytoplankton in the upper, middle and lower sectors of the Itapecuru River Estuary
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(IRE)

GROUP/PHYTOPLANKTON INDICATOR Indicator Value Index Density

Code Upper Middle Lower dval% Py 10X Life Form MLD pm Ecolo
Cyanobacteria U0l U02Z _ MO3 MO04 L05 _ L06 ° Lt a d
Aphanocapsa incerta (Lemmermann) G.Cronberg & Komarek, 1994 Aphinc 57 34 3579 299 0 0 67 0.0002 12.86 colonial 1.93 freshwater
Chroococcus minutus(Kiitzing) Négel, 1849 Chrmin 24 0 0 0 0 9.25 33 0.0052 0.87 colonial 5.00 freshwater
Geitlerinema sp. Geisp 0 19.05 1429 0 0 0 33 0.0035 0.56 Filamentous 91.75 others
Leptolyngbya sp. Lepsp 26 6.87 0 0 0 0 33 0.0019 4.24 Filamentous 59.00 others
Lynbya sp. Lynsp 26 7.24 0 0 0 0 33 0.0019 0.92 Filamentous 110.24 others
Merismopedia tenuissima Lemmerman, 1898 Mertenu 24 2222 0 3.70 0 0 50 0.0141 1.30 colonial 2.50 estuarine
Microcystis aeruginosa (Kiitzing) Kiitzing, 1846 Micaerug 38 532 0 0 0 7.05 50 0.0028 13.64 colonial 5.73 estuarine
Microcystis wesenbergii (Komarek) Komarek ex Komarek in Joosen, 2006 Micwes 29 1.02 20.43 0 0 0 50 0.0075 4.71 colonial 5.18 freshwater
Oscillatoria sp. Oscsp 17 0 16.67 0 0 0 33 0.0014 0.48 Filamentous - others
Planktolyngbya limnetica (Lemmermann) Komarkova-Legnerova & Cronberg, 1992 Plalim 29 0 0 4.67 0 0 33 0.0003 1.37 Filamentous 4.22 freshwater
Planktothrix agardhii (Gomont) Anagnostidis & Komdrek, 1988 Plaaga 47 23.16  6.57 3.67 2.62 0 83 0.0471 7.63 Filamentous 74.80 freshwater
Pseudanabaena acicularis (Nygaard) Anagnostidis & Komarek, 1988 Psesp 8.3 25 0 0 0 0 33 0.0029 0.88 Filamentous 309.97 freshwater
Spirulina sp. Spisp 33 10.4 0 0 0 6.60 50 0.022 1.82 Filamentous 42.33 others
Synecocystis aquatilis Sauvageau, 1892 Synaquatilis 0 0 26.62 0 6.71 0 33 0.0026 4.78 colonial 3.75 freshwater
Chlorophyta
Actinotaenium globosum (Bulnheim) Kurt Forster ex Compére, 1976 Actglo 25 8.33 0 0 0 0 33 0.0031 0.39 solitary 27.83 freshwater
Ankistrodesmus falcatus (Corda) Ralfs, 1848 Ankfalcatus 29 3.92 0 0 0 0 33 0.0004 0.82 colonial 57.20 freshwater
Closterium setaceum Ehrenberg ex Ralfs, 1848 Closet 61 0.81 4.99 0.25 0 0 67 0.0001 25.68 solitary 38.00 freshwater
Cosmarium speciosum P.Lundell, 1871 Cosspe 36 6.75 7.43 0 0 0 50 0.0056 1.62 solitary 13.41 freshwater
Desmodesmus flavescens (Chodat) E.Hegewald, 2000 Desflav 7.1 2.04 40.82 0 0 0 50 0.0009 2.36 coenobium 13.33 freshwater
Desmodesmus lunatus (West & G.S.West) E.Hegewald, 2000 Deslun 22 11.11 0 0 0 0 33 0.0065 0.29 coenobium 18.67 freshwater
Desmodesmus serratus (Corda) S.S.An, Friedl & E.Hegewald, 1999 Desserr 13 20.83 0 0 0 0 33 0.0061 0.26 coenobium 3.75 freshwater
Monoraphidium griffithii (Berkeley) Komarkova-Legnerova, 1969 Mongriffithii 0 9.52 0 23.81 0 0 33 0.0041 0.34 solitary 38.00 freshwater
Mucidosphaerium pulchellum (H.C.Wood) C.Bock, Proschold & Krienitz, 2011 Mucpulc 35 4.40 24.77 2.20 0 0 67 0.0378 5.83 colonial 4.09 freshwater
Scenedesmus obtusus Meyen, 1829 Scenobtu 11 2222 0 0 0 0 33 0.0062 0.29 coenobium 9.17 freshwater
Scenedesmus quadricauda (Turpin) Brébisson, 1835 Scenquad 26 19.25 0 4.27 0 0 50 0.033 2.82 coenobium 14.14 freshwater
Staurastrum elongatum J.Barker, 1869 Staelon 24 9.52 0 0 0 0 33 0.005 0.34 solitary 29.08 freshwater
Bacillariophyta
Aulacoseira granulata (Ehrenberg) Simonsen, 1979 Aulgran 13 4361 0 8.73 0 1.21 67 0.0264 7.35 chain-forming 95.77 freshwater
Aulacoseira granulata var. angustissima (O.Miiller) Simonsen 1979 Aulangu 41 37.66  3.03 1.478 0.19 0 83 0.0066 105.83 chain-forming 78.73 freshwater
Caloneis permagna (Bailey) Cleve, 1894 Calperm 0 0 1875 0 18.75 12,5 50 0.0409 0.64 solitary - tychoplankton
Chaetoceros lorenzianus Grunow, 1863 Chalor 0 0 0 4.54 36.36  9.09 50 0.0065 2.65 chain-forming 34.00 marine oceanic
Chaetoceros sp. Chasp 0 5.28 0 5.81 5233  3.23 67 0.0008 2.76 chain-forming - others
Chaetoceros subtilis var. abnormis Prosckina-Lavrenko, 1961 Chaabnormis 0 0 0 22.22 20.83  6.94 50 0.0401 3.47 chain-forming 90.00 marine neritic
Cocconeis placentula Ehrenberg, 1838 Cocpla 0 0 0 18.18 1515 0 33 0.004 0.53 solitary 15.83 freshwater
Cocconeis sp. Cocsp 0 0 32.52 0.81 0 0 33 0.0001 3.95 solitary 15.33 others
Coscinodiscus radiatus Ehrenberg, 1840 Cosrad 0 0 0 0 30 3.33 33 0.0002 1.60 solitary 43.00 marine neritic
Craticula ambigua (Ehrenberg) D.G.Mann in Round, R.M.Crawford & D.G.Mann,1990 Cratamb 51 14.69 1046 298 11.77  8.72 100 0.0065 91.99 solitary 36.242125 freshwater
Cyclotella stylorum Brightwell, 1860 Cycstyl 0 7.80 68.66 1.14 2.86 2.86 83 0.0003 7.01 solitary 18.38 tychoplankton
Cymbela sp. Cymsp 41 6.48 6.66 8.55 10.7 2694 100 0.0448 6.75 solitary 29.61 others
Diploneis ovalis (Hilse) Cleve, 1891 Dipova 0 2457 0 0 4.76 20.66 50 0.0278 2.52 solitary 11.88 freshwater
Discostella stelligera (Cleve & Grunow) Houk & Klee, 2004 Cycste 0 1.39 6.99 0 3.49 5478 67 0.0007 4.59 solitary 15.88 freshwater
Ditylum brightwellii (T.West) Grunow, 1885 Ditbrig 0 0 15.5 0 0 17.83 33 0.0034 0.90 solitary 86.50 marine neritic
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Continue...
Indicator Value Index Densi
GROUP/PHYTOPLANKTON INDICATOR Code Upper Middle Lower IndVal% P MC) 10% cgs Life Form MLD pm Ecology
Bacillariophyta Uo1 uo02 MO03 Mo04 L05 L06 L!
Frustulia interposita (Lewis) De Toni, 1891 Fruint 0 0 31.75 1.58 0 0 33 0.0001 2.02 solitary 63.17 freshwater
Guinardia flaccida (Castracane) H.Peragallo, 1892 Guiflac 0 0 0 9.57 9.57 30.85 50 0.0315 1.26 chain-forming 112.33 marine neritic
Leptocylindrus danicus Cleve, 1889 Lepdan 0 0 0 0 2647  6.86 33 0.0012 1.82 chain-forming 77.25 marine neritic
Lithodesmium undulatum Ehrenberg, 1839 Litund 0 0 0 5.55 2778 0 33 0.0003 0.58 chain-forming 27.00 marine neritic
Melosira nummuloides C.Agardh, 1824 Melnum 0 0 36.04 0 3.39 10.57 50 0.006 3.54 chain-forming 30.25 marine
Navicula sp. Navsp 20 1672 0 14.45 16.05 16.05 83 0.0104 5.00 solitary 21.90 others
Nitzschia palea (Kiitzing) W.Smith,1856 Nitpal 9 2.30 56.92 9.03 18.25 453 100 0.0136 27.70 solitary 42.49 tychoplankton
Nitzschia sp. Nitsp 0 0 3462 3.84 11.54 0 50 0.0124 8.34 solitary 36.13 others
Odontella regia (M.Schultze) Simonsen, 1974 Odoreg 0 0 4.96 4.57 28.56  28.56 67 0.0237 2.81 solitary 98.33 marine neritic
Opephora marina (W.Gregory) Petit, 1888 Opemar 0 0 0 20.51 1282 0 33 0.0067 0.63 solitary 18.00 marine
Opephora pacifica (Grunow) Petit, 1888 Opepac 10 0 0 0 10 30 50 0.0416 1.20 solitary - tychoplankton
Pleurosigma spi Plesp; 3.1 6.28 65.71  5.92 4.80 14.14 100 0.001 10.02 solitary 115.01 others
Pleurosigma sp2 Plesp: 0 9.52 0 0 0 2381 33 0.0046 0.34 solitary 134.00 others
Polymyxus coronalis L.W.Bailey, 1862 Polcoronalis 77 12.86  4.09 2.13 3.85 0.51 100 0.001 62.36 solitary 72.38 marine
Rhizosolenia setigera Brightwell, 1858 Rhiseti 0 0 0 0 3.48 29.84 33 0.0001 2.30 solitary 134.00 marine neritic
Skeletonema costatum (Greville) Cleve, 1873 Skecost 0 0 0.58 3.61 42.56 1991 67 0.0212 95.37 chain-forming 161.95 marine neritic
Thalassiosira eccentrica (Ehrenberg) Cleve, 1904 Thaecc 0 4.06 43.23 0 0 2.70 50 0.0002 2.47 solitary 27.63 marine oceanic
Thalassiosira gravida Cleve, 1896 Thagrav 0 0.92 7.82 1.91 5453 18.14 83 0.0192 59.22 chain-forming 49.29 marine
Thalassiosira leptopus (Grunow) Hasle & G.Fryxell, 1977 Thalep 4.7 0 0 0 4.68 40.63 50 0.0004 2.57 solitary 25.50 marine oceanic
Thalassiosira nanolineata (A.Mann) Fryxell & Hasle, 1977 Thanan 0 3.14 30.19 0 0 0 33 0.0001 2.13 solitary 15.00 marine oceanic
Thalassiosira subtilis (Ostenfeld) Gran, 1900 Thasubt 0 0 6.94 2.77 4028 0 50 0.0013 8.66 colonial 22.75 marine oceanic
Triceratium favus Ehrenberg, 1839 Trifavus 0 0 32 0 0 1.33 33 0.0001 4.01 solitary 43.00 tychoplankton
Tryblioptychus cocconeiformis (Grunow) Hendey, 1958 Trycocc 0 2.34 67.64 1.12 2.81 9.39 83 0.0005 7.12 solitary 18.08 marine
Ulnaria ulna (Nitzsch) Compere, 2001 Ulnuin 36 8.82 0 0 S.11 0 50 0.0074 4.71 solitary 170.12 freshwater
Dinophyta
Dinophysis caudata W.S.Kent, 1881 Dincaud 0 0 0 9.524 2381 0 33 0.0051 0.34 solitary 36.50 marine oceanic
Heterocapsa rotundata (Lohmann) Gert Hansen, 1995 Hetrotu 11 2457 0 0 2222 0 33 0.007 0.72 solitary 6.25 marine oceanic
Prorocentrum micans Ehrenberg, 1834 Promic 0 0 26.67 0 6.66 0 33 0.0013 4.81 solitary 20.50 marine oceanic
Scrippsiella trochoidea (F.Stein) A.R.Loeblich III, 1976 Scrtroch 17 16.67 0 0 16.67 0 50 0.0047 1.44 solitary 12.50 marine oceanic
Eugleophyta
Euglena acus (O.F.Miiller) Ehrenberg, 1830 Eugacus 5.8 5.76 4038 0 0 1474 67 0.0375 2.78 solitary 42.00 freshwater
Euglena sp. Eugsp 0 7.01 26.32 0 0 0 33 0.0015 0.76 solitary 11.25 others
Phacus longicauda (Ehrenberg) Dujardin, 1841 Phalong 0 13.33 20 0 0 0 33 0.0071 0.40 solitary 29.00 freshwater
Strombomonas verrucosa (E.Daday) Deflandre, 1930 Strver 0 0 27.16 0 6.17 0 33 0.002 6.50 solitary 11.67 freshwater
Trachelomonas armata (Ehrenberg) F.Stein, 1878 Traarm 38 12.6 22.81 8.74 9.36 8.32 100 0.0475 10.28 solitary 19.31 freshwater
Trachelomonas hispida (Perty) F.Stein, 1878 Trahisp 0 6.52 64.18 244 6.12 4.07 83 0.0001 3.28 solitary 22.33 freshwater
Ochrophyta
Mallomonas acaroides Perty, 1852 Malaca 0 16.67 0 16.67 0 0 33 0.0016 0.39 solitary - freshwater
Conclusion

Source: The author (2022).
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Phytoplankton indicators as a function of salinity

Based on the IndVal of the 187 species identified: 76 taxa were selected as key
indicators. The best phytoplankton indicators (IndVal = 100%, P < 0.05) were C. ambigua
(91.99 x 10* cells 1Y), N. palea (27.69 x 10* cells I'!), P. coronalis (62.35 x 10* cells 1"!), and
Trachelomonas armata (Ehrenberg) F.Stein (10.27 x 10 cells 1"!; Fig. 7). The phytoplankton
community of the upper sector contained species that preferred limnetic conditions—
Aphanocapsa incerta (Lemmermann) G.Cronberg & Komarek, Planktothrix agardhii
(Gomont) Anagnostidis & Komarek, Closterium scetaceum Ehrenberg ex Ralfs, A. granulata
(Ehrenberg) Simonsen, C. ambigua, and T. armata— occurred during the rainy season with a
salinity range of 0.05-6.33. Whereas Mucidosphaerium pulchellum (H.C.Wood) C.Bock,
Proschold & Krienitz, A. granulata var. angustissima, and P. coronalis preferred salinities of
0.03-0.09 in the dry season. Most of the middle sector indicators existed under salinity
conditions ranging from 0.03 to 9.12 during the rainy period—Desmodesmus flavescens
(Chodat) E. Hegewald, Cyclotella stylorum Brightwell, Tryblioptychus cocconeiformis
(Grunow) Hendey, N. palea, and Trachelomonas hispida (Perty) F.Stein. Only Euglena acus
(O.F.Miiller) Ehrenberg, found in the salinity ranges of 9.15-30.13 during the dry season, was

selected as an indicator of mesohaline/polyhaline waters.

The lower sector was characterized by diatoms, where Discostella stelligera (Cleve &
Grunow) Houk & Klee and Opephora pacifica (Grunow) Petit were restricted to mesohaline
conditions (0.09—17.62) in the rainy season. On the other hand, Guinardia flaccida
(Castracane) H.Peragallo, S. costatum, and T. gravida were specific to mesohaline/euryhaline
conditions (13.20-33.43) in the dry season. Based on ecological preferences, 76.31% of the
indicators comprised planktonic freshwater (43.42%) and marine (30.26%) species, whereas
the remainder consisted of tychoplankton (6.57%) and estuarine (2.63%) species. Most diatoms

were marine neritic (25.00%) and oceanic (27.77%) species (Table 4).
Functional traits of indicator phytoplankton

Regarding the maximum linear dimension (MLD) functional trait of indicator
phytoplankton, 46.06% showed MLD >20 pum, with diatoms comprising the largest percentage
of this class (23.68%; 18 taxa). The size class <20 pm comprised 26% (20 taxa) of the indicator
taxa, of which 9.21% were cyanobacteria, 7.89% chlorophytes, and 3.94% diatoms. During the

dry season, 21 taxa of the indicator phytoplankton increased in size, primarily diatoms such as
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C. ambigua, N. palea, P. coronalis, and S. costatum.

Based on the morphology of the 39 indicator diatoms, 74.36% were centric, and
25.64% were penates, while 69.23% were primarily solitary, and 30.77% formed chains.
Filamentous indicator cyanobacteria (57.14%) were more abundant than mucilaginous
(42.86%). Within the cyanobacteria, 85.71% were classified as CyanoHab, potentially harmful
and bloom-forming species. Chlorophytes constituted 58.33% of the colonial species, of which
41.67% formed coenobium. Phytoflagellates (dinoflagellates, euglenophytes, and

ochrophytes) are solitary, with no distinction in the percent representation of cell size.

Figure 8 shows the similarity in the indicator group composition. The dendrogram
is divided into three groups (cut: 26.48%; Pi=2.07, P =0.02): Cluster I (upper sector),
Cluster II (middle sector), and Cluster III (lower sector), with similarities of 36.02%, 50.35%,
and 44.30%, respectively. This functional phytoplankton community grouping, as confirmed
by NMDS (stress 0.2), reflected solitary diatoms (> 20 um) as the cosmopolitan indicators
with dominant species in each sector. Filamentous cyanobacteria and coenobial chlorophytes
(<20 um) were restricted to a group of rare species from the upper sector. The middle sector
was characterized by solitary and occasional euglenophytes (<20 um), together with solitary
and dominant diatoms (>20 um). The euglenoid phytoflagellates moved toward the middle
and upper sectors during the rainy season, while the dinoflagellates moved between the middle

and lower sectors during the dry season.

Effects of environmental variables on the phytoplankton indicator

ANOSIM revealed significant spatial differences (Global R = 0.208; P = 0.001),
indicating heterogeneity of the indicator phytoplankton between the upper and middle
sectors (R=0.190, P=0.014), as well as the upper and lower sectors (R=0.432, P =
0.001). The average IMD value was 1, showing a high dispersion of species among the
estuarine sectors. The highest community variability occurred in the middle sector (IMD =
1.178), whereas high stability occurred between the upper and middle sectors (IMD =-0.250).
These dispersion patterns were evident during both the rainy (IMD =1.111) and dry seasons
(IMD = 0.889) (Table 5).
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Fig. 7 Plot of the main phytoplankton indicator (cells 1"") of seawater intrusion in Itapecuru River

Estuary (IRE). Taxa were selected according to IndVal = 100%, P < 0.05
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Tab. S Biota-environmental (BIO-ENV) analysis registering 10 best combinations of environmental
variables with spatial variations in phytoplankton indicator in Itapecuru River Estuary (IRE). Significant

values (P =* <0.05; ** <0.01; *** <0.001).

Rank Environmental variables R value P value
1 Sal, SPM, <20pm, >20um, Silicate 0.331 0.01
2 Sal, Turbidity, SPM, >20um, Silicate 0.330 0.01
3 Sal, DO, SPM, >20um, Silicate 0.329 0.01
4 Sal, SPM, >20um, Orthophosphate, Silicate 0.328 0.01
5 Sal, pH, SPM, >20um, Silicate 0.327 0.01
6 Sal, SPM, >20um, Nitrite, Silicate 0.327 0.01
7 Sal, SPM, >20um, Silicate 0.327 0.01
8 Sal, Temp., SPM, >20um, Silicate 0.327 0.01
9 Sal, SPM, Chla, >20um, Silicate 0.326 0.01
10 Sal, SPM, PAR, >20um, Silicate 0.325 0.01

Source: The author (2022).

According to the BIO-ENYV analysis, this dispersion heterogeneity of the phytoplankton
community was driven by variations in salinity, SPM, cell size (nano/picophytoplankton and
microphytoplankton), and silicate, collectively equating to a maximum Spearman correlation
value (R=0.331); however, the lowest correlation coefficient (R =0.325) also included PAR.
DistLM (stepwise selection) revealed a significant correlation (P < 0.001) between
phytoplankton and salinity, SPM, nano/picophytoplankton, nitrite, and orthophosphates
according to the marginal tests. The sequential results indicate that salinity and SPM parameters
play a central role in the phytoplankton community structure, creating deterministic

distributions of phytoplankton indicators (Table 6).

The model explained 74.35% of the adjusted variation in the first three axes, and the
dbRDA was represented by axes 1 (40.80%) and 2 (18.60%). Salinity, SPM, nitrite, and
nano/picophytoplankton concentrations showed direct relationships in the lower and middle
sectors, with higher values corresponding to periods of higher wind intensity, lower river
discharge, and lower precipitation. In contrast, the concentrations of orthophosphate and
microphytoplankton were most strongly correlated with the upper sector and decreased during

periods of lower wind intensity, higher river discharge, and higher precipitation (Fig. 9a).
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Tab. 6 Marginal and sequential tests according to the distance-based linear model (DistLM) of
environmental variables and phytoplankton indicators from the Itapecuru River Estuary (IRE)

indicators. Significant values (P = * < 0.05; ** <0.01; *** <0.001)

MARGINAL TESTS

Variables Sum of Squares Pseudo-F p
Salinity 11214 3.6628 0.001***
SPM 7170.1 2.2543 0.001***
Chl-a (<20) 5262.7 1.6259 0.043%*
Chl-a(>20) 4013.2 1.226 0.205
Nitrite 7885.1 2.4956 0.001***
Orthophosphate 6539.8 2.0442 0.008**
Temperature 3690.3 1.1241 0.311
TDS 10110 3.2675 0.001***
DO 4745 1.4591 0.074
pH 3677.5 1.12 0.313
Turbidity 3674.6 1.1191 0.317
PAR 37124 1.131 0.317
Chla Total 4520.9 1.3874 0.121
Ammonium 3370.1 1.0236 0.467
Nitrate 4001.4 1.2222 0.217
Silicate 4151.4 1.2697 0.206
SEQUENTIAL TESTS

Variables Sum of Squares Pseudo-F p
Salinity 11214 3.6628 0.001***
SPM 7170.1 2.2543 0.001***

Source: The author (2022).

These relationships ultimately led to a clear spatial separation of indicator species (R >
0.4; Fig. 9b). Freshwater species (chlorophytes, cyanobacteria, and pennate diatoms) were
distributed in the upper sector under nutrient-poor (NO2~ and PO+*") conditions, low salinity,
and low SPM. Marine and estuarine species (e.g., dinoflagellates, centric diatoms, and chain-
forming species) were transported between the middle and lower sectors under the opposite
conditions. In addition, from the linear regression analysis between the indicator phytoplankton
and the selected variables in the dbRDA, only the chain-forming diatoms Ditylum brightwellii
(T.West) Grunow, Chaetoceros subtilis var. abnormis Prosckina-Lavrenko, and Rhizosolenia
setigera Brightwel were correlated directly with salinity, with an increasing trend toward the
estuarine mouth. In contrast, P. coronalis showed a reduction in cell density as a function of
salinity and increasing SPM, which can be considered an indicator of SWI in this study (R >

0.40, P <0.05).
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Fig. 8 Hierarchical cluster analysis (SIMPROF test) and two-dimensional non-metric multidimensional
scaling (NMDS) of taxonomic groups of phytoplankton indicator, functional traits and phytoplankton
density in Itapecuru River Estuary (IRE)
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Furthermore, the sudden increase in nutrient load (nitrite) in the lower sector favored

an increase in cell density of C. subtilis var. abnormis (R=0.35, P=0.03). In contrast, the
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upper sector, with a lower concentration of this nutrient, promoted an increasing abundance
of Scenedesmus quadricauda (Turpin) Brébisson (R =0.38, P=0.02). For the phytoplankton
fractions, P. coronalis (R=0.40, P=0.01), Cosmarium speciosum P. Lundell (R=0.48, P
=0.002), Ankistrodesmus falcatus (Corda) Ralfs (R=0.63, P <0.001) were the main species
which represented the microphytoplankton (> 20 um).

Fig. 9 Distance-based on Redundancy Analysis (dIbRDA) of the variables that best describe the indicator
phytoplankton community of the Itapecuru River Estuary (IRE). a Vectors representing the
environmental variables selected in DistLM and b vectors representing the indicator phytoplankton

community
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Discussion
Weather patterns and salinity gradients

The IRE is a tropical system governed by the climatic variations associated with the
ITCZ and macrotidal dynamics (> 7 m); therefore, these two conditions act synergistically
upon the distribution and abundance of local biological communities (Barros et al., 2011;
Porto et al., 2017; Santos et al., 2019). The climatological and river discharge data obtained
over the research period (2019-2020) were atypical in relation to the historical average. The
rainy seasons during these years were more intense, and the increase in the estuary river
discharge probably limited the advance of SWI during this period. This scenario differs from
other recent research on regional estuaries (Cavalcanti et al., 2020; Santos et al., 2020; Sa

et al., 2021).

Unimodal rainfall patterns can define the heterogeneity of environmental gradients
in the IRE, particularly the variations in salinity, TDS, and SPM. These variables indicated
SWI to the upper sector, with greater penetration during the dry season (up to~20 km of
excursion). This greater tidal penetration and wind migration to the northeast strengthened the
SWI and shifted the saltwater to the upper sector, as noted by Liu et al. (2019a, b) in the Pearl
River estuary, the second largest estuary in China by freshwater discharge. Thus, even during
periods of heavy river discharge, the IRE showed changes in salinity between the middle and
lower sectors. Accordingly, the middle estuary revealed itself as a floating sector, while the
upper sector was stable to the hydrological tracers of SWI. Similar results have been observed
in other northern Brazilian estuaries (Costa et al., 2013; Pamplona et al., 2013; Monteiro et al.,
2016; Vilhena et al., 2016). These authors attributed the period of lower precipitation,
decreased dilution of urban effluents, and lower Amazon flow as favorable for the increase in

salinity and extension of the SWI into the upper sectors.

Notably, during the transition period (July—August), there is an intensification of the
North Current of Brazil (i.e., western border current), which renews the waters of the
Maranhense Gulf, due to the presence of stronger trade winds that blow toward the ITCZ and
push a greater volume of seawater toward coastal areas (Lefévre et al., 2017; Santos et al. 2020).
Therefore, the ITCZ migration and wind patterns were consistent with variations in salinity
(Magalhaes et al., 2011; Guenther et al., 2015; Aragjo et al., 2017), and rainfall was the primary

factor controlling the dynamics and structure of estuarine phytoplankton communities in
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Maranhdo, including the IRE (Azevedo et al., 2008; Duarte-dos-Santos et al., 2017;
Cavalcanti et al., 2020; Costa and Cutrim, 2021).

Chlorophyll-a concentrations as a function of light and nutrient conditions

Seawater intrusion and rainfall are key drivers of the photosynthetic patterns and
productivity of tropical estuaries (Magalhaes et al., 2011; Karthik et al., 2020; Navas-Parejo
et al., 2020; Niu et al., 2020). In the IRE, light conditions were homogeneous, with limited
incident light in the water column, resulting in a dark and turbid water environment (Morais
and Coutinho, 1976; Teixeira et al., 1988). The greatest light penetration occurred in the lower
sector, absorbing <50% of PAR in the underwater layer (~ 1 m depth) and coinciding with the
lowest tidal height (5.7 m) during data sampling.

Like the IRE, most estuaries dominated by macrotides are subject to a constant
resuspension of sediments from the bottom, ultimately transported to the continent (Lancelot
and Muylaert, 2011). However, when extreme rainfall regimes dominate these systems, the
input SPM is directed toward the sea, promoting an increase in the lower sector turbidity of
estuarine waters (Mitchell, 2013; Shi et al., 2017; Onabule et al., 2020). This form of
suspended solid export directly affects phytoplankton productivity due to nutrient dynamics

and pollutant transport into the coastal ocean (Doxaran et al., 2009).

This accounts for the SPM and turbidity we recorded in the IRE, with high values
throughout the year, increasingly so downstream, implying that the freshwater flow had
minimal influence on the SPM input; notably different results from those of Bharathi and
Sarma (2019). These authors observed that the highest SPM values occurred during the period
of higher river discharge, explaining the reduction in light penetration, abundance, and
biomass of phytoplankton. According to Santos et al. (2020), resuspension of sediments on the
north coast of Brazil reached estuaries regardless of river volume, suggesting the formation of
a hydraulic barrier from the inversion of the baroclinic pressure gradient, thus resulting in the

retention of water, particulate matter, and nutrients inside the IRE.

As a response to this process, the turbidity of the water in Itapecuru was proportional
to the SWI in the estuary, clearly delimiting the medium sector as the TMZE. The macrotidal
estuaries of the Amazon coast, commonly present in the middle estuarine sector, have a greater

convergence of sediments during the dry season, with an increase in turbidity proportional to
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the decrease in river flow (Asp et al., 2018). The heavy fluvial discharge during the rainy season
drives the nutrient-rich river plume to the sea, providing a more stable and transparent upper
sector water column, as has been seen in other tropical estuaries around the world (Gong et al.,

2014; Lu and Gan, 2015; Bharathi and Sarma, 2019; Onabule et al., 2020).

Based on this, the phytoplankton response followed PAR, with an increase in the
chlorophyll-a concentrations during the dry period, as corroborated by Pamplona et al. (2013),
Machado et al. (2017), and Da Silva et al. (2019). Light heterogeneity was marked by lower
values of chlorophyll-a in the TMZE (Azevedo et al., 2008; Jyothibabu et al., 2018; Cutrim et
al., 2019), as well as a reduction in the euphotic zone and the rapid attenuation of light energy,
thereby reducing light absorption by phytoplankton (Teixeira et al., 1988; Azhikodan and
Yokoyama, 2016; Costa and Cutrim, 2021).

Nutrient distribution patterns (NO2~, NOs~, and PO4*") followed the saline intrusion
gradient, and nitrogen limitations were responsible for controlling phytoplankton variability,
indicative of a heavy marine influence in the estuary and a low fluvial input during the dry
season. The SWI causes sediment resuspension and nutrient release into the water, which can
be absorbed by phytoplankton or adsorbed onto sediment particles, where higher salinities
reflect strong tidal dynamics and vertical mixing (Niu et al., 2020). Further, nitrogen is an
essential component of photosynthetic pigments, and its limitation directly affects

phytoplankton growth and productivity (Yang and Tan, 2019; Tao et al., 2020).

In the present study, it was observed that saline intrusion promoted nutrient retention in
the middle and lower sectors of the estuary. The joint action of external factors—tides, wind,
and (to a lesser extent) river discharge, and precipitation—created the fundamental conditions
for nutrient availability within the water column. Thus, these conditions controlled the
dispersion of marine phytoplankton and were responsible for structuring the corresponding

communities of the IRE.

Accordingly, phytoplankton, predominantly nano-(2-20 um) and pico-(0.2—2 pm)
phytoplankton biomass, increased in the upper sector. Microphytoplankton were associated
with the marine influx and ultimately increased chlorophyll-a concentrations in the upper
sector. Similar findings were made by Zhou et al. (2016) and Carrasco Navas-Parrejo et al.
(2020). Therefore, it was observed that phytoplankton fractions were sensitive to the

established TMZE conditions, favoring less turbid and saline waters. Similar spatial variability



70

of chlorophyll-a concentrations is common in severely disturbed estuaries, where
phytoplankton biomass levels can exhibit a wide range (£1->100 ug 1I"'; Tao et al., 2020).
Nano/picophytoplankton are typically more efficient than microphytoplankton at exploiting

lower light intensities and nutrient concentrations (Madhu et al., 2009).

This photosynthetic efficiency is maximized in coastal waters, and microphytoplankton
are limited to limnetic and transparent waters (Watanabe et al., 2014; Zhou et al., 2016), as
observed in the IRE. Increased water column turbidity, low residence time, and high freshwater
inflow may also be significant environmental factors that drive phytoplankton size classes, such
as microphytoplankton growth (Paul et al., 2021). This set of hydrological characteristics act
directly on the distribution of the phytoplankton community and may favor the growth of some
taxonomic groups. Diatoms, for example, are dominant in tropical estuaries and cyanobacteria
in brackish and stagnant waters, which can be a strong indicator of SWI (Bharathi and Sarma,

2019).
Phytoplankton indicators and environmental dispersion gradients

The IRE’s phytoplankton community was typical of tropical estuaries (Paiva et al.,
2006; Ribeiro et al., 2010; Lancelot and Muylaert, 2011; Oseji et al., 2018; Affe et al., 2019;
Riberio et al. 2019; Karthik et al., 2020). Diatoms were predominant in the lower sector, under
the significant influence of environmental gradients governed by SWI and rainfall, varying
spatiotemporally, ultimately affecting physiology and biomass (Azhikodan and Yokoyama,
2016; Chai et al., 2016; da Silva et al., 2017).

The lower levels of rainy season SWI (~ 10 km) led to increased cell density and
diversity of taxonomic groups in the upper and lower sectors, with overlapping and enhanced
interspecific competition for light. This scenario was reversed during the dry period, with
increased density restricted to the upper sector only, revealing a stronger balance between the
other estuarine sectors. Previously, phytoplankton density and diversity have been shown to
increase under heterogeneous drivers in response to greater levels of competition and
ecological adaptation (Silva et al., 2009; Santiago et al., 2010; Nunes et al., 2018). Increased
SWI excursion has also resulted in eco-environmental effects that generate osmotic stress on
phytoplankton, ultimately altering the corresponding community in favor of diatoms with

greater ecological plasticity (Kasai et al., 2010; Long et al., 2013; Li et al., 2019).
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The densities of marine diatoms and cyanobacteria were positively correlated with SWI,
whereas all other groups were selected against, corroborating the findings of Bharathi et al.
(2018) and Lemley et al. (2019). The intense fluvial flow induced the coexistence of freshwater
diatoms (> 20 pum) with chlorophytes, cyanobacteria, and phytoflagellates (< 20 um);
therefore, salinity promoted community reorganization, changing the physiological structure
of the phytoplankton, and preventing the proliferation of freshwater diatoms. Furthermore, low
precipitation enables adapted species to grow in the absence of competition. In addition, waters
enriched with SPM are an ideal medium for phytoplankton succession (Guenter et al., 2015;

Nche-Fambo & Tirok, 2015; Saifullah et al., 2016; Oseji et al., 2018; Dursun and Tas, 2019).

Given this variability, the best phytoplankton indicators—C. ambigua, N. palea, P.
coronalis, and T. armata—recorded well-defined temporal dispersion and ecological
preferences and were reliable under low salinity and SPM conditions in the upper sector. An
exception was N. palea, which preferred mesohaline and more turbid conditions. Diatoms
commonly constitute maximum populations comprised of species with different optimal
salinity concentrations and restricted tolerances, as has also been observed by Muylaert et al.

(2009).

Among these indicators, P. coronalis density increased under low salinity, turbidity,
and water temperature, constituting the first citation for Maranhao. This centric and planktonic
diatom 1s abundant in the brackish waters of South America and is often regarded as an
indicator of Amazonian estuaries (Navarro and Peribonio, 1993; Paiva et al., 2006; Ribeiro et
al., 2008; Ribeiro et al., 2010; Sena et al., 2015). It is also intolerant of salinity levels > 30. In
the present study, the identification of P. coronalis as a good indicator of the seawater intrusion

limit in the IRE was an important finding.

The gradual changes promoted by SWI during the dry period were the primary causes
of trapped salinity, SPM, and nutrients inside the estuary, ultimately contributing to the
dominance of N. palea in the TMZE. This effect created a barrier to the dispersion of marine
phytoplankton, reducing the growth of planktonic species and modifying the succession
patterns of non-adapted organisms (Lancelot and Muylaert, 2011; Nche-Fambo and Tirok,
2015). Thus, it was evident that the community composition changed due to the spatial
heterogeneity promoted by the tracers of the SWI: salinity, SPM, and nitrogen limitation
(Costa et al., 2013; Srichandan et al., 2015; Affe et al., 2019; Karthik et al. 2020). Diatoms—

C. ambigua, N. palea, P. coronalis, and S. costatum—expressed the strongest levels of
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ecological plasticity, with the ability to change cell size to > 20 pm as SWI intensified
(Muylaert et al., 2009; Barroso et al., 2016; Santana et al., 2018).

This ability to change cell size can be considered an adaptation to SWI. Large
phytoplankton tend to grow in nutrient-rich coastal waters and mostly include larger (> 20
um) diatoms and dinoflagellates (Madhu et al., 2021). Diatoms, for example, have a higher
sedimentation rate than other phytoplanktonic groups. This feature is advantageous in
reducing grazing pressure and improving buoyancy in marine waters (Santana et al., 2018). In
addition, the cell-size change provides greater tolerance to the limiting light conditions caused

by SWI (Kruk et al., 2010).

Such an adaptive ability enables the phytoplankton to tolerate stressors affecting
successional patterns and promotes competitive advantage, ultimately increasing species
dispersion and community diversity. Thus, the dispersal system of the diatoms functionally
adapted to the IRE’s heterogeneity was revealed and was particularly evident in the rainy

season due to the unique functional traits.

Accordingly, a clear separation of populations among the estuarine sectors was
observed. Marine, centric, and chain-forming diatoms are favored in the dynamic regions,
while limnetic, pennate, and solitary diatoms dominate under more stable conditions.
Therefore, changes in the estuary’s climatic and circulation patterns can impact sediment
transport and the water quality of the IRE, resulting in substantial changes to the structure and
distribution of phytoplankton communities and ultimately affecting the ecological balance. A
representation of the effects of saltwater intrusion on the phytoplankton community is given

in Fig. 10.
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Fig. 10 Conceptual model representing the seawater intrusion and the phytoplankton community with

environmental factors of the Itapecuru River Estuary (IRE)
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These changes in environmental variables affecting the phytoplankton community
can extend to the entire trophic web, leading to a succession of dominant species and the
occurrence of potentially harmful algal blooms that inhibit the growth and diversity of
zooplankton. On the other hand, there is the tropical ascending cascade effect, in which
herbivorous zooplankton favored by SWI reduce phytoplankton diversity (Xiang et al., 2021).

In addition, algal blooms also reduce water quality which can affect organisms at higher
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trophic levels (e.g., fish). These potential changes are expected under different global change
scenarios (warming, increased nutrient load, and sea-level rise). Moreover, possible toxic
cyanobacteria proliferation should be considered, given that the seasonal conditions of the IRE
favor such occurrences. From this, it is clear that time-series observations are essential for

understanding possible modifications related to SWI in the IRE in the future.
Conclusion

The SWI revealed spatiotemporal heterogeneity in salinity, TDS, and SPM, variables
that clearly define the three estuarine sectors of the IRE. The magnitude of SWI was greater
during the dry season, increasing the similarity between the middle and lower sectors, where
SWI contributes to an increase in nutrient concentration and marine species dispersion. As a
result, the freshwater species became confined to the upper sector. Variations in salinity, SPM,
cell size, and silicate influenced this dispersion. SW1 is responsible for the displacement of the
TMZE during the dry season, constituting a turbid and unfavorable environment for the
development of phytoplankton, as demonstrated by the lower density, diversity, and biomass.
The upper sector registered increased chlorophyll-a concentrations, with higher hydrological
stability. Microphytoplankton comprised the fractional majority in this sector, while
nano/picophytoplankton were dominant in the lower sector. Centric diatoms and species > 20
um— C. ambigua, N. palea, P. coronalis, and S. costatum—constitute the most expressive
indicator group, all of which increase their cell density with SWI. Thus, the advance of SWI
during the dry period reduces phytoplankton diversity and increases the cyanobacteria fraction,
favoring the predominance of CyanoHab, a potentially harmful and bloom-forming species in
the IRE. During the rainy season, an opposite pattern of community structure was observed
with species overlap. In this sense, SPM and salinity are considered to be hydrological tracers
of SWI and deterministic parameters of the indicator phytoplankton species distribution in
the IRE. In conclusion, the study findings proved that the phytoplankton community was
affected by SWL

Lack of environmental management will result in biodiversity loss. The control of land-
based emissions and sewage disposal, a major form of coastal pollution, is critical for
maintaining water quality in this coastal ecosystem. The current scenario results from a set of
anthropogenic actions and climate changes that may be taking place in this estuary. Thus,
well-structured environmental management is needed, with monitoring of the effects of the

advance of saline intrusion, including phytoplankton community changes and possible toxic
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cyanobacterial blooms. We also suggest using the Polymyxus coronalis indicator as a tool to

assess the SWI advance in tropical estuaries of South Atlantic macrotides.
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ABSTRACT

Modeling approaches are useful tools for assessing the general state of eutrophication and
understanding the effects of multiple stressors on coastal ecosystems. Thus, we hypothesized
that anthropogenic pressures and multiple stressors would increase the trophic state of
macrotidal estuaries. Datasets from long-term (2012-2020) environmental and biological
monitoring in the Itapecuru River estuary (IRE) were analyzed using the pressure- state-
response (PSR) approach and nonlinear methods. Our results indicated a low dilution of
nutrients and a moderate flushing potential of urban effluent (2150.94 ton year™!) in the estuary.
The estuary was consequently classified as being in a high trophic state, being susceptible to
and suffering high estuarine pressure to develop eutrophic symptoms. The Assessment of
estuarine trophic status (ASSETS) model indicates that eutrophication is seasonal and depends
on climatic variation. La Nifia events (2019-2020) contributed to chlorophyll-a (>40 pug L)
and orthophosphate (0.04 mg L") concentrations, principally during periods of low river
discharge. Ac- cording to the GAM’s model, brackish waters (salinity>10) with high
temperatures (> 30 °C) and high dissolved oxygen (>4 mg L) have more intense trophic
conditions, especially in the mixing zone. The low dissolved oxygen (DO) levels (DO<3 mg
L") and high concentrations of chlorophyll-a in the seawater zone indicate that the lower
portion of the estuary was the most susceptible. In addition, the random forest model selected
salinity, DIP and Chl-a as the principal stressors that intensified eutrophication in the
macrotidal systems. According to the ASSETS final ranking (worsen-high) for the next decade
(2021-2031), the primary planned strategies should be to reduce anthropogenic contributions
and improve trophic conditions in the IRE. From these results, the interactions and predictions
of ecohydrological effects could facilitate the characterization of future risks and the

management of macrotidal estuarine systems.
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1. Introduction

Globally, estuaries are subject to intense environmental stress resulting from
anthropogenic pressures (dredging, sewage, mining runoff, loss of habitat, and fishing) that
affect the ecosystem structure and functioning (Xiao et al., 2007; Wu et al., 2016). These factors
lead to eutrophication in transitional environments through the excessive enrichment of water
with nutrients. This has become a global ecological problem in recent decades (Liu et al., 2018;
Xie et al., 2021). In addition, climate change and seasonal periodicity of rainfall have

contrasting effects on tropical estuarine communities (Andrades et al., 2021).

Consequently, the eutrophication of a watershed is influenced by multiple stressors that
incorporate a wide variety of factors including land management, population growth, and
climatic effects (Hutchins and Hitt, 2019). These multiple effects associated with
anthropogenic pressures cause the loss of biodiversity and ecosystem integrity, forcing new
challenges in its management and restoration. Nutrient criteria are recommended to provide
reference conditions for the environment (Liu et al., 2018; Yang et al., 2019). Evidence of
changing trophic states and the creation of these nutrient criteria are considered essential for
controlling coastal eutrophication (Xie et al., 2021). Likewise, understanding the effects of
multiple stressors is necessary for managing coastal waters and related ecosystems (Feld et al.,

2016).

Numerous well-known eutrophication assessment methodologies have been developed
worldwide (e.g., Assessment of estuarine trophic status [ASSETS], United Kingdom Water
Framework Directive [UK- WFD], French Research Institute for the Exploitation of the Sea
[IFREMER], HELCOM Eutrophication Assessment Tool [HEAT], Transitional Water Quality
Index [TWQI], etc.) to analyze water quality in the context of multiple stressors. Among them,
ASSETS is a sophisticated and integrated method considered a promising tool to classify the
general eutrophication status of estuaries and coastal areas and to address environmental
management options. It has been applied successfully in systems from different ecoregions
representing all sizes in the U.S. and Europe to monitor estuarine ecosystems (see

http://www.eutro.org/sys list.aspx) (Ferreira et al., 2007; Xiao et al., 2007; Borja et al., 2008;
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Nobre et al., 2011; Garmendia et al., 2012; Wang et al., 2012; Wu et al., 2016; Kong et al.,
2017).

ASSETS combines essential components of pressure (overall human influence [OHI]),
state (overall eutrophic conditions [OEC]), and response (Definition of Future Outlook [DFO]),
including susceptibility metrics (Ferreira et al., 2007), estuary-specific characteristics and
spatiotemporal variability. These quantitative and semiquantitative components comprise a set
of eutrophication indicators that support the precise characterization of trophic conditions,

which can be performed and compared among highly varied systems (Bricker et al., 2003).

In addition, the ASSETS approach is based on pressure-state-response (PSR) indicators
that address the assessment of coastal waters by tracking sustainable relationships and the direct
effect of drivers. ASSETS and the slightly more elaborate PSR method provide multifaceted,
nationally, or regionally consistent classifications of coastal ecosystem health (Hagy et al.,
2022). In PSR, a stressor is a measurable environmental variable resulting from pressure that
can affect the biological and ecological integrity of an ecosystem. The approach of multiple
stressors is fundamental for the interpretation of anthropogenic effects on estuarine biotic
communities. This is because the analysis combines adequate pressure and stressor variables

(Feld et al., 2016).

The use of tools to evaluate eutrophication processes provides a simplified method to
assess nutrient-related water quality conditions, linking sources that may cause degradation to
future situations, serving as a means of prevention and information for the development of
successful management measures (Bricker et al., 2014). The water quality and ecological
integrity of estuaries reflect human activities upstream of the basin. The use of monitoring
programs emphasizes human stressors, and indicators ensure success in the assessment of

estuaries, transforming data into useful information (Lemley et al., 2015; Lemley et al., 2017).

Recently, several sets of legislation in different countries (Oceans Act in the USA,
Australia, and Canada; Water Framework Directive or Marine Strategy in Europe, National
Water Act in South Africa, etc.) have addressed the quality and ecological integrity of estuarine
and coastal systems (Borja et al., 2008). In Brazil, although there is a resolution for defining
water quality, CONAMA 357/2005 (Resolution National Environment Council), there remains
a void in the integrated approach regarding trophic conditions and the construction of

eutrophication scenarios. These tools are essential for monitoring these ecosystems and
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establishing watershed management plans. CONAMA Resolution 357/ 2005 only provides
classification and environmental guidelines for the framework of surface water bodies,
establishing conditions and standards for discharging effluents in an unrelated manner. This
scenario contributes to the lack of implemented systems that assess and monitor the ecological
status of Brazilian transitional aquatic ecosystems, especially tropical and macrotidal

ecosystems.

However, there is a lack of robust analytical frameworks and guidance to analyze these
data in the context of multiple stressors (Feld et al., 2016). Multivariate trophic indices provide
an efficient way to assess and classify the eutrophication level and ecological status of a given
water body, but the use of only traditional methods that are based on a nutrient index has led
to overestimated results and ambiguous interpretations (Xiao et al., 2007; Béjaoui et al., 2018).
Machine learning (ML) has recently contributed to defining the nonlinear and complex
relationships between input and output data and has recently been recognized as a powerful
model in predicted complicated nonlinear systems (Latif et al., 2022). In this context, there is
a need to use an advanced modeling approach that could tackle all of these features. Here, we
aim to bridge this gap and present an approach to analyze multiple stressor effects based on

modeling techniques nonlinear (GAM’s model) and machine learning (ML) modeling.

The random forest model (RF) is a ML efficient technique that has been applied in many
studies (Béjaoui et al., 2016; Béjaoui et al., 2018; Hadid et al., 2021; Hagy et al., 2022). RF is
well suited for biological statistical models because they can be trained even on small datasets.
The predictions are also highly reliable and do not assume any probability distribution for
variables. It can also manage many predictors, choosing among them the most useful within

the given scope (Béjaoui et al., 2018).

Hence, this study is the first to apply numerical tools to assist coastal management in
protecting the environmental quality of transitional waters and estuarine environments on the
Brazilian tropical Amazon coast. Due to the importance and dynamic nature of Brazilian
estuarine ecosystems, we understand the urgent need to use sensitive and widely applicable
indicators to detect changes in water quality and the general ecological condition of a tidal-

dominated estuary.

In this study, we start from the idea that transitional waters dominated by the macrotidal

regime present their eutrophication state intensified more by the physical dynamics than by the
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chemical and nutritional parameters. Therefore, we hypothesized that anthropogenic pressures
and multiple stressors, when associated with the phenomenon of saline intrusion in a macrotidal
estuary of the tropical coast, increase the general state of eutrophication and compromise water
quality. To assess the marine environmental impact, we intend to examine this question through
an integrated approach that includes multimetric analyses. This methodology is used to
accomplish the following: i) define nutrient criteria that provide a basis for determining trophic
conditions, ii) quantify the magnitude of multiple anthropogenic pressures, iii) estimate the
effect of multiple stressors on the trophic state, and iv) rank the variables that act directly and

indirectly in the explanation of trophic interactions in the tropical macrotidal systems.

2. Materials and methods

2.1 Study area, data collection and sample processing

The study area was located on the Amazon macrotidal mangrove coast within the
coastal zone of Maranhdo. This coastal sector has a highly indented shoreline consisting of
bays, associated tidal creeks, and their tributaries, which form funnel-shaped estuaries (de
Sousa et al., 2017). The Itapecuru River has an area of 53,216.84 km?” and is the largest river in
Maranhdo, with an average annual rainfall of >2000 mm yr ', Its basin has a volume of
45.57 m® s7!. It is a water supply for ~1.6 million people and receives waste from 1,759,871
inhabitants (Masullo et al., 2019; Almeida et al., 2022) (Fig. 1; Table 1). The IRE is located in
the Amazon—semiarid interface and has the characteristics of a humid regime that includes
prevailing intense rains controlled by the Intertropical Convergence Zone (ITCZ), with average

temperatures above 25 °C (Lefévre et al., 2017).

The estuary is dominated by macrotides. The tidal excursion occurs approximately
40 km upstream of the river mouth. It has a large water catchment system 27 km from the limit
of salt wedge penetration (Fig. 1). The maximum estuarine turbidity zone (ZMTE) is located
downstream of the saline intrusion and moves according to the local seasonal period. The
circulation pattern was of the well-mixed type, and the regional tides were semidiurnal, with
measured daily amplitudes from 0 to 7 m and current speeds of 2. 5m s . Its influence is
present up to 150 km off the coast of Maranhdo. The IRE covers a surface area of 487.75 km?,
and the average depth of the estuary is 5.37 m (S4 et al., 2022). The estuarine volume during

spring tide varies from 20 x 10% m?® at low tide to 36 x 10% m? at high tide, while during the neap


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mangrove
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tide it varies from 22 x 10° m? at low tide to 33 x 10°® m® at high tide. The tidal prism during

the spring tide was 15 x 10® m®, and at the neap tide, it was 11 x 10° m?,

Fig. 1. Map of the Itapecuru River estuary, showing the location of the sampling site, anthropogenic

activities, and main urban centers.
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Table. 1 Summary of the physical characteristics of the Itapecuru River estuary.

Location
Latitude S 2°35'
Longitude W 44°12.9'
Salinity zones
Tidal freshwater (<0.5) km 31.8
Mixing (0.5-25) km 13.3
Seawater (>25) km 20.1
At= 65.2
System Features
Surface area (km?) 487.75
Volume (x10° m?) 36
Average depth (m) 5.4
Tidal range (m) 5.8
Stratification (upper layer as % of total volume) 0
Average freshwater discharge (m?® s™)
Rainy 121.2
Dry 36.4
Annual 78.47
Watershed population (hab.) 1,695,964
Surveying time N
2012-2014 99
2019-2020 36
Total 135

Source: The author (2022).

The greatest population concentration in the state (1,695,964 inhabitants) occurs in the
Itapecuru River basin, with a concentration of 5% (86,240 inhabitants) in the estuarine region.
The main human uses of this system include urbanization, industrial development, agriculture,
and fisheries (Instituto Brasileiro de Geografia e Estatistica, IBGE, https://ibge.gov.br) (Fig.
1). In addition, the dilution capacity of domestic effluents is limited with high nitrogen load
and releases in natura into the sea (2150,945 tn year ') (Water and Basic Sanitation —

ANA, https://www.gov.br/ana/pt -br).

The data matrix analyzed utilized a time series (2012, 2013, and 2014) from
the Environmental Impact Study of the Itapecuru River (commissioned by the Center for
Studies and Tests in Risk and Environmental Modeling [CEERMA]) and bimonthly sampling
performed during 2019 and 2020. The data matrix used 13 points along a salinity gradient.
Three zones were defined by the salinity gradient: tidal freshwater (0—0.5), mixing (0.5-25)
and seawater (>25) zones, which broadly correspond to the National Estuarine Inventory
[NEI]. The NEI salinity characterization provides a consistent spatial framework for
information collection. This model provides a consistent basis for comparisons among these

highly variable systems (Bricker et al., 2003) (Table.1).


https://ibge.gov.br/
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0005
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2.2. Water quality dataset

Salinity, water temperature (WT), and pressure were measured in situ in the middle
channel of the estuary using a CTD probe (Castway, Sontek Instrument Company, USA). Total
dissolved solids (TDS) and pH data were obtained using a multiparameter probe (HANNA
9878, Italy). Dissolved oxygen (DO) was determined using the chemical method of Winkler,
as modified by Golterman et al. (1978). The dissolved oxygen saturation rate (DO%) followed
the International Oceanographic Table standard for correlation between salinity and water
temperature. Turbidity was measured using a turbidimeter (Lamotte 2020, USA). Water
transparency was measured with a Secchi disk (SD), and suspended particulate matter (SPM),
was measured by the gravimetric analysis described by Strickland and Parsons (1972). The
concentrations of nitrite (NO;") and nitrate (NO3 ") were based on the method of Strickland and
Parsons (1972), whereas that of orthophosphate (PO4>~) was determined using the methodology
described by Grasshoff et al. (1983).

Chlorophyll-a (Chl-a) concentrations were determined by a spectrophotometric method
(UNESCO, 1966) using a Spectronic 200 spectrophotometer (Thermo Fisher Scientific,
USA,; Strickland and Parsons, 1972). Phytoplankton quantification was performed using an
inverted microscope (ZEISS Axiovert 100) at 400x magnification, based on Uterm6hl's method
(Uterméhl, 1958). Cell abundance was expressed as cells per liter (cells L™!) according to the
equation of Villafafie and Reid (1995). Phytoplankton were considered a bloom when a

particular taxon reached or exceeded a density of 1 x 10° cells L™! (Livingston, 2007).
2.3. Rainfall, river discharge and multivariate ENSO index

Historical precipitation and river discharge data (1972-2020) were obtained from the
databases pertaining to the National Institute of Meteorology
(INMET, https://portal.inmet.gov.br/) and the National Agency for Water and Basic Sanitation
(ANA, https://www.snirh.gov.br/hidroweb). Data from the multivariate ENSO index (MEI),
considered useful to identify the frequency and intensity of the El Nifio Southern Oscillation
(ENSO) in both phases (La Nina and El Nifio) (Wolter and Timlin, 2011), were extracted from

the website https://www.esrl.noaa.gov/psd/enso/mei/.
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The index ranges from —3 to 3 and classifies ENSO events as weak (0.5—1), moderate
(1-1.5), strong (1.5-2), and very strong (> 2). Negative values correspond to La Nifia and

positive values correspond to El Nifio.
2.4. Numerical nutrient criteria

Nutrient criteria are defined as the maximum acceptable concentrations that could not
threaten a particular designated beneficial use of the waterbody (Yang et al., 2019). According
to Xie et al. (2021), if the coastal water is minimally impaired by eutrophication, the upper
quartile, which is the 75th percentile of the accumulative frequency, of the sampled sites is used
to develop nutrient criteria. If the coastal water is severely degraded by eutrophication, the
lower quartile, which is the 25th percentile of the accumulative frequency, of the sampled sites

is used to develop nutrient criteria.

Based on historical data from the IRE and adjacent waters, the frequency distribution
approach was applied to develop nutrient criteria for a specific trophic state according to the
method of Liu et al. (2018) and Yang et al. (2019). Based on the Nutrient Criteria Technical
Guidance Manual: Estuarine and Coastal Marine Waters (2001), DIN, NOs~, NO:,
and DIP were selected as the causal variable, while Chl-a, DO, and SD were used as response
variables. For classification purposes, inorganic nutrients were categorized as dissolved

inorganic nitrogen (DIN = NO;~ + NO>") and dissolved inorganic phosphorus (DIP = PO4*").
2.5. Trophic index (TRIX)

TRIX is a multivariate index that can synthesize environmental information and indicate
spatiotemporal trends in the trophic conditions of coastal regions. As proposed
by Vollenweider et al. (1998), TRIX uses Chl-a concentrations, absolute deviation of oxygen
saturation (aD%Q0), concentration of dissolved inorganic nitrogen (DIN), and dissolved
inorganic phosphorus (DIP) values. All variables were expressed in mg m > and saturation (DO
%). The TRIX used in this work was adapted from Cotovicz Junior et al. (2012) for Brazilian
estuaries, with the calculation based on formula (1) below:

log[Chla.aD%0. DIN. DIP] — k

TRIX = 1
— ™
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where:
k=15em=1.2

Trophic scales are defined in the work of Giovanardi and Vollenweider (2004), Penna
et al. (2004), Nasrollahzadeh et al. (2008), and Cotovicz Junior et al. (2012), with a numerical
variation from 0 to 10 (Table 2).

Table. 2 Classification of trophic status for estuarine waters according to the trophic index (TRIX)

model.
Trix value Trophic status Water quality Conditions
0-4 Low (oligotrophic) High Water poorly productive
4-5 Medium (mesotrophic) Good Water moderately productive
5-6 High (mesotrophic to Medium Water moderate to highly
eutrophic) productive
6-10 The highest (eutrophic) Poor Water highly productive

Source: The author (2022).

2.6. Assessment of estuarine trophic status

A detailed description of the ASSETS model is found in Bricker et al. (2003), Xiao et
al. (2007), Ferreira et al. (2007), and Cotovicz Junior et al. (2013). The methodology is based
on three diagnostic tools: a heuristic pressure index (overall human influence [OHI]), a
symptom-based state assessment (overall eutrophic conditions [OEC]), and an indicator of
management response (determination of future outlook [DFO]). The OHI, OEC, and DFO
results were combined into a single estuary-eutrophication rating matrix. Thus, estuaries can be
categorized into five eutrophication classes: bad (worsen), poor, moderate, good, and high
(better). The completeness and reliability of the global assessment of eutrophication status were
determined using NEEA software (National Estuarine FEutrophication Assessment,

NOAA, http://www.eutro.org).

The calculations were based on the estuarine equation, considering the average estuarine
and offshore salinities. Chlorophyll-a concentrations (Chl-a; coverage and periodicity) were
considered as primary symptom. Nuisance and/or harmful algal blooms (NTB; coverage and
periodicity) and dissolved oxygen (DO) are secondary symptoms. Chlorophyll-a status (90th
percentile) and DO (10th percentile) were validated using annual mean values according

to Ferreira et al. (2007).
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The future IRE scenario for the next decade (2021-2031) was developed based on the
system's natural susceptibility to eutrophication (e.g., discharge time and N loads) and
predictable changes in land use and effluent treatment (Cabral et al., 2020). This simulation
considered agriculture and urbanization, corresponding to the 10th and 90th IRE land uses. The
projection of future perspectives for the next ten years considered a population growth trend of
approximately 82%. This was based on data obtained by the IBGE and the expansion of
agriculture, according to the planning of the municipalities. The simulation for urban effluents
was based on the current situation of sewage treatment, with 91.7% of the urban population
having no collection and treatment, and an effluent with a total biological oxygen demand

(BOD) load equivalent to 1300.3 kg day .
2.7. Statistical analysis

To select between the parametric and nonparametric tests, the normality and
homoscedasticity of the variances were verified using the Shapiro-Wilk and Levene tests,
respectively (IBM SPSS Statistics v.24). The Kruskal-Wallis (KW) test was used to verify
significant (p < 0.05) univariate differences between the groups. When the KW was significant,
Dunn's post-hoc test was used to obtain pairwise comparison results. Two-way
permutational multivariate analysis of variance (PERMANOVA; Anderson, 2001) was applied
to a Euclidean similarity matrix to evaluate the spatiotemporal differences of the environmental
variables using a model of two fixed factors: 1) zones (tidal freshwater, mixing, seawater) and

ii) years (2012, 2013, 2014, 2019, and 2020).

Permutational analysis of multivariate dispersion (PERMDISP; Anderson, 2006) was
used to test the dispersion homogeneity of these factors using the distance
between centroids and Tukey's HSD pairwise test (p <0.05). For the PERMANOVA and
PERMDISP tests, a total of 9999 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). Principal coordinate analysis (PCoA) ordination demonstrated the environmental

heterogeneity of the IRE.

The evaluation of the effects of multiple stressors on the trophic state of the IRE was
made from the construction of generalized additive models (GAM's). Model smoothing was

evaluated using the estimated degrees of freedom (edf.) while model fit and significance were
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https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/sewage-treatment
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/multivariate-analysis
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0020
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bib512
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/homogeneity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/centroid
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0335
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0335
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assessed using R%*-adjusted and p-values (p <0.05). GAM's were constructed using the R
package ‘mgcv’ (Wood, 2011). GAM's formula (2) is:

TRIX = s (salinity) + s (DO) + s (TW) + s (pH) + S (SD) + s (SPM) + s (Turbidity) + s (MEI)
+ s (river discharge) (2)

2.8. Random forest

Random forests are a combination of tree predictors such that each tree depends on the
values of a random vector sampled independently and with the same distribution for all trees in
the forest (Breiman, 2001). The random forest (RF) model was applied to explore the trophic
changes in the IRE and rank the variables by influence upon the trophic state. The TRIX index
was used as the response variable, and the entire dataset was randomly divided into two subsets:
80% of the data were used as training data to fit the model, and the remaining 20% were used

to test the model's prediction.

The determination coefficient (R?) was used to evaluate the RF model performance, and
the importance of each predictor was characterized by an increased mean squared error (MSE).
If the MSE is close to 0, it indicates a very close approximation to the actual values. Parameters
such as mtry, ntree, and node size were adjusted to improve the accuracy of the RF model
prediction. The RF model was implemented in the R package ‘randomForest' (Liaw and

Wiener, 2002) version 4.1.2.

3. Results

3.1. Long-term rainfall, river discharge and MEI index

The average annual precipitation over the last 49 years was 2192.29 mm year !, with
89.02% of the total accumulation recorded during the rainy season (January to June). This
characterizes a symmetric and unimodal seasonal period. The minimum monthly precipitation
rate occurs in October (5.91+ 13.68 mm month™!) and the maximum occurs in April
(447.23 £ 167.77 mm month™"). During the study period, 2012, 2013, and 2014 had an average
annual rainfall of 1520.43 + 745.07 mm year '. During 2019 and 2020, the observed annual
average was 2730.70 £ 554.79 mm year ! (Fig. 2a).

The average annual Itapecuru River discharge was

1328.29 £ 812.80 m* s! (mean = 110.69 + 67.73 m®> s ') (Fig. 2b). The monthly average
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values ranged from 244.44 + 78.03 m® s™! (mean = 48.88 + 15.60 m> s~ !) during the dry season
to 944.44 +134.95m’> s (mean = 188.99 + 134.95 m>s™!) during the rainy season. The
multivariate ENSO index (MEI) responsible for these fluctuations varied from —0.07 in 2012
to —1.16 in 2020, with lower values observed during the monitoring years (Fig. 2c). El
Nifio events were recorded in 2014 and 2019, whereas La Nifia events were recorded in 2012
and 2013, both in the neutral phase (MEI between —0.5 and 0.5) (Fig. 2c). The period of
increased rainfall during 2020 can be considered an atypical year, coinciding with the negative
and strongest MEI of the entire sampled period which was characterized as a strong-intensity

La Nina event.

Fig. 2. Variations annual of a) rainfall, b) river discharge an c¢) Multivariate ENSO Index (MEI) and (d-

g) climate change correlations between river discharge and rainfall.
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Based on this historical series, a direct relationship between rainfall and river discharge
in the IRE (R = 0.56) (Fig. 2d) was observed, with moderate changes in freshwater discharge
between 1972 and 2020. These fluctuations occurred every ten years, and the highest correlation
between rainfall and river discharge occurred in the last decade of 2001-2010
(R=0.85, p <0.05) (Fig. 2e). During the years studied, the relationship between river discharge
and rainfall correlation indicated a tendency of increasing flow in response to climate change
in the last ten years (R = 0.67, p < 0.05). During 2019 and 2020, increased an average discharge
values of 81.42 +83.83 m®s! and 127.78 + 147.95 m> s}, respectively were observed (Fig.

2e-g).
3.2. Spatiotemporal heterogeneity of the environmental conditions

The PERMANOVA analysis indicated the main factors responsible for the significant
variation (p <0.05) in the multiple stressors observed in the zonal and temporal series.
Differences were expressed in the interaction of these factors. The environmental heterogeneity
tested by PERMDISP represents the effects of dispersion between zones (p < 0.05) and between
years (p <0.05). In terms of spatial variation, there was overlap between the mixing and
seawater zones. Meanwhile, the temporal variation revealed dispersion between the years of

monitoring (2012-2014) and sampled data (2019-2020) (Fig. 3; Table 3).

Table. 3 PERMANOVA results from the environmental data matrix among the factor zones (tidal
freshwater, mixing, seawater) and years (2012-2014 and 2019-2020). Significant results (P = * < 0.05;
** <0.01; *** <0.001).

PERMANOVA

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)
Zones 2 22.739 113.695 137.731 0.62 0.001***
Years 1 2.101 21.014 25.456 0.05 0.001%**
Zones vs.Years 2 1.310 0.6548 7.932 0.03 0.001***
Residual 129 10.649 0.0825 0.28938
Total 134 36.799 100.000
PERMDISP
Zone Df SumSq MeanSq F Pr(>F)
Groups 2 43.143 215.716 11.459 0.03*
Residuals 132 248.487 18.825
Years Df SumSq MeanSq F Pr(>F)
Groups 4 17.426 43.564 25.757 0.04*
Residuals 130 219875 16913

Source: The author (2022).
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Fig. 3. Principal coordinate analysis (PCoA) ordination of the environmental variables in the Itapecuru

River estuary.
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Tukey's HSD pairwise test indicated differences between estuarine zones as a function

of annual variation. In 2012, there was a clear separation between the three estuarine zones,

demonstrating a strong spatial heterogeneity in the IRE (p < 0.001). However, a high similarity

was observed between the mixing and seawater zones. This indicated saline intrusion from 2013

onwards (p > 0.05).

3.3. Numerical nutrient criteria

The numerical nutrient criteria (NNC) of the IRE were calculated for different salinity

ranges and compared with the CONAMA Resolution 357/05 data. The percentage values for

each estuarine zone and the distribution of the environmental variables are presented in Table

4 and Supplementary Fig. 1.
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In the tidal freshwater zone, the recommended criteria values for DIN and DIP were
0.12mg L' and 0.04 mg L', respectively. For DO, Chl-a, and SD, the threshold values were
5.30mg L', 19.20 ug L 'and 0.25 cm, respectively. Likewise, the criteria values in the mixing
zone were 0.10 mg L™ and 0.04 mg L™, for DIN and DIP. The DO, Chl-a, and SD threshold
values were 3.81 mg L', 14.25 ug L" ' and 0.47 cm. The seawater zone presented nutrient
criteria of 0.11 mg L™! and 0.05 mg L™! for DIN and DIP, respectively. The limiting values for
DO, Chl-a, and SD in this area were 3.02mgL™!, 17 ugL™!, and 0.38 cm, respectively
(Supplementary Fig. 1).

Table. 4 Numerical nutrient criteria (NNC)-based frequency distribution results of variables in the
transitional waters of the Itapecuru River estuary. The bold values show the recommended criteria values

of the variables in each estuarine zone.

Zones Index DO Chl-a SD Nitrite Nitrate DIN DIP
Tidal 5% 3.55 245  0.18 0.00 0.02 0.03 0.01
freshwater 25% 5.30 3.00 0.25 0.01 0.10 0.12 0.04
Salinity - 0.5 50% 5.90 386 0.35 0.02 0.15 0.15 0.08
75% 6.78 19.20 0.46 0.03 0.30 0.32 0.12

Cg’;‘/‘ol\sm cLassg1  Omelt 10mglt o1 10 mg L - -
Zones Index DO Chl-a SD Nitrite Nitrate DIN DIP
5% 1.79 3.00 0.1 0.00 0.04 0.05 0.02
Mixing 25% 3.81 6.00 0.15 0.01 0.08 0.10 0.04
Salinity - 0.5-25 50% 4.62 10.69 0.23 0.02 0.18 0.18 0.08
75% 5.40 14.25 0.47 0.10 0.30 0.32 0.57

CONAMA 4mglL- 020mgL- 0.70mgL-

357/05 CLASSE II & - - me me - -
Zones Index DO Chl-a SD Nitrite Nitrate DIN DIP
5% 2.73 3.00 10.2 0.00 0.08 0.10 0.01
Seawater 25% 3.02 5.40 0.20 0.01 0.12 0.11 0.05
Salinity >25 50% 4.75 11.00 0.25 0.02 0.20 0.22 0.07
75% 5.90 17.00 0.38 0.03 0.37 0.38 0.09

CONAMA SmgL- 020mgL- 0.70 mgL-

357/05 CLASSE 11 h - - 1 1 - -

Total NNC 4.04 16.81 0.20 0.01 0.10 0.11 0.04

Source: The author (2022).

According to the Brazilian water quality standards, the reference value of Chl-a
established for the freshwater zone in the study area was greater than allowed by CONAMA
357/05. The DO concentrations in the mixing and seawater zones were below this limit. The

criteria values of DIN and DIP do not present reference values for classes I and II.

3.4. Influence of freshwater inputs and salinity gradient on the development of eutrophication

condition
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To understand the role of freshwater inputs in the development of IRE eutrophication,
the mean values of Chl-a, DIN, DO, and DIP were evaluated considering the salinity gradient
during two periods: low (37.55-41.87 m® s ') and high (146.46-298.07 m> s!) river discharge.
This assessment indicated that river entry had a greater influence on the Chl-a and DIN
concentrations (Fig. 4a-b). The spatial results for Chl-a (Fig. 4a) showed a decline in
concentrations (7.33-7.48 pg L™!) in the northern portion of the estuary as river flow increased.
The highest values of Chl-a (13.74-33.19 ug L™!) occurred during low river discharge along
the estuary. The DO distribution showed a homogeneous pattern during the observational years,
independent of river discharge (Fig. 4c). The input of river nutrients was evident in 2012-2014,
with higher values of DIN (0.19 mg L") and DIP (0.22 mg L") observed during high flow.
The greatest DIP values in 2019-2020 were restricted to the southern portion of the IRE (Fig.
4d).
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Fig. 4. The a) chlorophyll-a (Chl-a), b) dissolved inorganic nitrogen (DIN), ¢) dissolved oxygen (DO)
and d) dissolved inorganic phosphorus (DIP) results for changing river flows in the Itapecuru River

estuary.
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3.5. Spatiotemporal variability in salinity, turbidity, SPM and environmental predictors of

trophic state

When assessing the salinity intrusion in the monitoring years from 2012 to 2014 and the
newly sampled data from 2019 to 2020, salinity varied significantly between zones (p < 0.001)
(Fig. 5a—). However, a similarity between the mixing and seawater zones was observed during
2012-2014 (p > 0.05), indicating a saline intrusion. From 2019 to 2020, as a result of increased
rainfall, the IRE presented well-delimited estuarine zones (p < 0.001). Only tidal freshwater
and mixing zones were identified in response to high river discharge during 2020. Turbidity
(Fig. 5d—f) and SPM (Fig. 5g—i) contained significant variations during 2012-2014 (p < 0.05),
with a significant reduction in SPM during 2014 (p <0.0001). SPM proved to be an important
variable for the delimitation of saline intrusion by indicating that mixing and seawater zones

were similar (p > 0.05).

Fig. 5. Boxplot (minimum, maximum, median, first quartile, third quartile, and outliers) of (a-c) salinity,
(d-f) turbidity and (g-i) suspended particulate matter (SPM) results among the zones (tidal freshwater,
mixing, seawater) and years (2012—2014 and 2019-2020) in the Itapecuru River estuary.
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A multimetric index (TRIX) was calculated to determine the spatiotemporal variation
for the trophic state in the IRE. The results indicate that over the five years analyzed, the IRE
was in a high trophic state (TRIX = 6.64—7.44; p > 0.05). This indicated that the water was
eutrophic and poor in quality. The spatial distribution results suggest that the trophic state of
the zones varied significantly (p < 0.0001) from mesotrophic (TRIX = 5.17) to hypereutrophic
(TRIX = 8.66). The tidal freshwater zone showed mesotrophic and hypereutrophic variations
(TRIX =4.00-7.79) (Fig. 6a). The mixing and seawater zones showed variations between
eutrophic and hypereutrophic conditions (TRIX =7.03-10.93). Eutrophication principally

increased in the mixing zone (Fig. 6, b—c).

Fig. 6. Boxplot (minimum, maximum, median, first quartile, third quartile, and outliers) of (a-c) TRIX
and (d-1) Generalized Additive Models (GAM's) describing the main factors that influenced the trophic
state of the in Itapecuru River estuary. Solid lines represent smoothed response relationships from
GAM's, and shaded areas are 95% confidence intervals. Points represent residuals. Significant results

(*p <0.05; **p <0.01; *** p <0.001).
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Regarding the trophic state response relationship (TRIX) as a function of
spatiotemporal heterogeneity, the GAM model showed high predictability (95.3%; Ragj = 0.93)
and significant partial correlations (p <0.001). The GAM results showed a nonlinear TRIX
response to salinity, DO, and water temperature. The model indicated that TRIX has a rapid
response to increasing salinity (10—20) and DO (4-6 mg L"), while a water temperature
between 30 and 32 °C initiates the inverse responses (Fig. 6, d—f). The results also suggest that
turbidity, SPM, and river discharge are important causal factors for the IRE trophic state, but
have limited explanatory usefulness as they have a linear relationship with the TRIX (Fig. 6,
gj). These relationships were direct with turbidity (>100 NTU) and SPM (>200 mg L), and
indirect with river discharge (>50 m® s™!). These conditions characterize the mixing zone as
being the most vulnerable to eutrophication in the IRE. Thus, these conditions modified the

IRE eutrophication state.
3.6. Random forest model

To apply the local random forest (RF) model, a decision tree model was constructed that
discriminates between two regions with salinities <0.31 and > 0.31. These regions were
classified as mesotrophic and hypereutrophic by the TRIX (Fig. 7a). The RF model was trained
on IRE data — containing 135 samples of 13 predictors (salinity, DO, nitrite, nitrate, DIP, WT,
pH, SD, SPM, turbidity, MEI, river discharge, and Chl-a) and one target parameter (TRIX), as
shown in Fig. 7b. The trained RF model had excellent performance with a R? value of 0.96,

with a deviation of 94.5% (Fig. 7b).

The optimization of the hyperparameters was programmed with ten variables (mtry) in
each node, using 1000 trees (ntree) as fixed. The model accuracy was tested with the lowest
MSE of 0.38 and MAE of 0.29. The RF results (Fig. 7c) showed that salinity was the principal
variable that significantly influenced the trophic state of the estuary, with a mean importance
of 121.71, followed by DIP (38.42) and Chl-a (21.94), using the IncMSE metric. When
quantifying the grade importance using IncNodePurity, salinity (279.44), pH (27.46), and DIP
(16.77) were identified as the most influential variables. The quality of this result was confirmed

by the OOB procedure.


https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0030
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0030
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0035
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0035
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0035
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#f0035

106

Fig. 7. a) Decision tree model, b) prediction of TRIX index by the RF model and predicted and observed
TRIX index are compared; c) predictors importance ranking for RF model. The importance of each
predictor is measured by the increment in Mean Squared Error (MSE) (left) and Node Purity (right) of

each predictor.
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3.7. Assessment of estuarine trophic status of the Itapecuru River
3.7.1. Pressure - Overall Human Influence (OHI)
Based on the tidal range conditions (5.8 m) with the relationship between the inflow of
freshwater (FI - 78.47 m® s!") and the volume of the estuary (EV - 36 x 10° m®), the results

show a low dilution of nutrients and a moderate flushing potential of urban effluent (2150.94

ton year ') into the system. The reference salinity in the estuary was 14.61 and that of the bay
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was 31.5. The mean DIN concentrations of 3.90 pmol L™! (estuary) and 4.06 umol L™! (bay),

respectively were observed.

When compared, these concentrations infer contributions from both autochthonous and
allochthonous sources into the IRE (Table 1). When considering only the conservative
processes, the maximum concentration of DIN tends to occur during the dry season, with values
of 20.48 pmol L ™! in tidal freshwater, 10.24 umol L™! in mixing and 8.80 pumol L! in seawater
zones. The nutrient component of the OHI factor was 1.0, classifying the IRE as high
susceptibility and subject to high estuarine pressure for the development of eutrophic

symptoms.
3.7.2. State — Overall Eutrophic Condition (OEC)

According to the OEC, IRE showed a moderate-to-high state of eutrophication. This
was mainly due to more critical primary indications, determined by elevated Chla
concentrations at the 90th percentile (Chla>40 pg L™!). This highlighted seawater zones with
high spatial coverage (>50%) and persistence (seasonal), with increased concentrations during
the dry season. Secondary OEC indications were less critical, with greater expression in the

mixing zone and a persistent frequency of occurrence.

The 10th percentile of DO values indicated biologically stressful conditions
(DO<5mg L), with a decrease in DO in the mixing and seawater zone (DO<3 mgL™)
(Supplementary Fig. 2). The occurrence of Harmful Algal Bloom (HABs) was restricted to tidal
freshwater zone during 2012 and 2013 (cyanobacteria = 1.48-6.31 x 10 cells L™'), with
episodic frequency and seasonal duration being more frequent in the rainy season. The overall

eutrophic conditions of IRE are shown in Table 5.
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Table. 5 Overall eutrophic conditions (OEC) by the combination of primary and secondary symptoms

for the Itapecuru River estuary. where: n.a = Not applicable.

Overall Eutrophic Condition - OEC

Tidal

% - Freshwater Mixing Seawater Final
£ = Spatial
S S, coverage Moderate Moderate High
; g Frequency Periodic Persistent Persistent
é % Expression High High High
=~
~ Value 1 1 1 1
Spatial
o coverage High High High
= g Frequency Periodic Persistent Periodic
Z g % & Expression Moderate High Moderate
Z % A % Value 0.50 1 0.50 0.60
S g 2 g Problem status Observed No problem No problem
A % s g _Duration Seasonal No problem No problem
§ 5 Frequency Episodic No problem No problem
5) .
-4 % Expression Moderate Low Low
Z £ Value 0.50 0 0 0.50
Density of Cyanobacteria
. Tidal -
Period Season Mixing Seawater
freshwater
Rainy 0.69+1.24 0.09+0.19 n.a
2 2, 2012-2014 Dry 0.04+0.12 n.a n.a
§ v;8 Min.— Max. 0.003-6.31 0.003-0.675 n.a
Si % Period Season frers[;(vi:;l ter Mixing Seawater
Rainy 0.04+0.06 0.01+0.02 0.01+0.01
2019-2020 Dry 0.08+0.07 0.01+0.02 n.a
Min.— Max. 0.00-0.160 0.00-0.046 0.022

Source: The author (2022).

The combination of DO and Chl-a allowed for a general assessment of the

eutrophication status of the IRE (Fig. 8). The DO concentrations divide the estuary into two

distinct regions. Of these two regions the tidal freshwater zone was considered the region with

the best DO conditions (mean value; 4.7 < DO<6.5 mg L") (Fig. 8a). The distribution of Chl-

a along the river-estuary continuum is quite complex, segmenting it into three regions,

alternating between low and very productive locations (mean value; 6.3 < Chl-a <35.8 ug L")

(Fig. 7b).

The continuous concentration data, converted into a binary matrix, indicated that the

seawater zone was a critical area. Low concentrations of DO (all values are <5 mg L™!) and

elevated concentrations of Chl-a (values>40 pg L™!) presented a eutrophication problem
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involving both parameters (Fig. 8c). Regarding adjacent tributaries, there was an eutrophication

problem involving only one parameter (DO<5 mg L™1).

Fig. 8. Division of the Itapecuru River estuary based on chlorophyll-a (Chl-a) and dissolved oxygen
(DO) thresholds. Distribution of a) chlorophyll-a concentration; b) dissolved oxygen concentration and
¢) map algebra analysis results, where: Problem for both parameters (DO<5 mg L™! and Chl-a > 40 pg
L), no problem for one parameter (DO<5 mg L' or Chl-a > 40 pg L") and no problem for both
parameters (DO >5 mg L' and Chl-a<40 ug L™).
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Source: The author (2022).

3.7.3. Response — Definition of Future Outlook (DFO)

According to the ASSETS model, the prospects for IRE showed a deterioration of the
eutrophication state, modifying its classification to a more eutrophicated state. This condition
reflects the future nutrient pressure increase in the estuary, indicating a high future

susceptibility. The final results of the ASSETS are listed in Table 6.

Table. 6 Determination of future outlook by the combination of the susceptibility and future nutrient
trend pressure or the Itapecuru River estuary. where high [red], moderate [yellow], moderate-high

[orange], moderate-low [green] and low [blue].
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Assessment of Estuarine Trophic Status - ASSETS

Index and Grade Method Parameter Rating Expression Score
Overall Human Dilution Potential Flushing Low
Influence (OHI) Susceptibility Potential Moderate High
ASSETS:1 Nutrient Inputs High -
High
Overall Eutrophic
Condition (OEC) Primary Symptoms Chlorophyll-a High

Secondary Symptoms Dissolved oxygen Moderate

Nuisance and Toxic Algae Moderate

Definition of Future ~ Future Nutrient
Outlook (DFO) Pressures Increase

ASSETS:1
Worsen-high

Source: The author (2022).

By simulating the definition of the future outlook (DFO), including effluent treatment
and changes in the use of the Itapecuru River watershed (e.g., agriculture), future nutrient
pressures remained constant. A general state of eutrophication in the IRE with decreasing future
nutrient pressure is unlikely, as decreasing future nutrients is directly associated with population
reduction. Thus, management plans with mitigation measures and monitoring of its waters,
including demographic trends and treatment plants, must be applied with the purpose of not
allowing these IRE trophic conditions to evolve in the next ten years. Otherwise, nutrient-

related indications are likely to worsen substantially in IRE.

4. Discussion

The pressure-state-response (PSR) framework, adopted by the Organization for
Economic Co-operation and Development (OECD, 2003), contributed to the identification of
pressures and changes in the IRE trophic state. This approach in estuarine systems is very
efficient and can be extended to macrotidal estuaries with similar characteristics, as it facilitates
the prioritization of the places where management and mitigation measures can be applied to
reduce environmental risks (Bricker et al., 2003; Ferreira et al., 2007; Whitall et al.,
2007; Lonsdale et al., 2015). Using this approach, we identified that the transitional waters of
the IRE are under strong anthropogenic pressure, whose rapid economic development and

population growth constitute one of the main threats to its water quality.

To better understand these conditions and their impacts, we discuss the influence of
climate change on trophic conditions and the importance of multiple stressors in determining

the general state of eutrophication. In this process, the relationships between natural and
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anthropogenic drivers are considered. The ASSETS model addressed the interactions and
predictions of these ecohydrological effects and parameterized a future scenario for a

macrotidal estuary based on PSR indicators.

4.1. Climate change and multiple stressors on the trophic state of transitional waters

According to the historical series analyzed (1972-2020), the climatic regimes
showed decadal variation in the ENSO-discharge relationship, increasing from 2010. However,
the flow of the Itapecuru River decreased considerably between 2012 and 2016 (Fig. 2). This
ENSO-discharge relationship is necessary for understanding changes in the trophic state of an
estuary because climate influence is more pronounced in ENSO-hydrology relationships during

the years of declining ENSO events (Ridsdnen and Kummu, 2013).

2019-2020 were considered atypical because of the La Nifia event that caused an
abnormal increase in rainfall levels, mainly during 2020 (MEI index; NOAA,
https://psl.noaa.gov/data/climateindices/). PERMANOVA and PERMDISP indicated spatial
changes in water quality during the study years. These spatial changes indicated a complex
eutrophication process in the estuary caused by anthropogenic and hydroclimatic factors. The
similarity between the mixing and seawater zones from 2013 may indicate an advance in saline
intrusion and a decrease in spatial heterogeneity within the IRE. Cloern (2010) and Chaalali et
al. (2013) stated that large-scale climate anomalies are positively and highly correlated with
long-term spatial changes. For them, the cascading global climate system acts on the local scale

of bays and estuaries and can restructure their biological communities.

The river flow component is one of the most relevant dynamic factors that determine
the intrusion/export of saltwater in estuaries (Cavalcante et al., 2020). In addition, seasonal
changes in water quality are common in tropical estuaries under the influence of unimodal
regimes (Oliveira et al., 2022), similar to IRE. The intertropical convergence zone (ITCZ)
influences the unimodal rainfall pattern (Santos Dos et al., 2020; Sa et al., 2022), acting directly
on the trophic state of the estuary. During the dry season, the ITCZ moves to the Northern
Hemisphere (>2°N latitude), resulting in lower rainfall (usually below 100 mm per month)

(Pereira et al., 2013; Pereira et al., 2018; Lefevre et al., 2017; Asp et al., 2018).

Therefore, understanding this climate pattern would explain the increased observed

freshwater flow from 2019 to 2020, which was greater than that in 2012-2014 by a factor of
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two. This significant increase in river flow in recent years has significantly influenced the
concentrations of Chl-a and nutrients. The results showed that during periods of lower flow and
predominance of El Nifo (2012-2014) conditions, marine water entered the IRE, resulting in
the entire estuary being rich in nitrogen and phosphorus. In recent years, the northern coast of
Brazil has been increasingly impacted by atypical climatic conditions, causing fluctuations in
environmental variables, including local hydrological characteristics and the advancement of

saline intrusion (Pereira et al., 2013; Queiroz et al., 2022, Oliveira et al., 2022).

Conversely, during periods of higher river discharge and predominance of La Nifa
(2019-2020) conditions, saltwater was transported out of the estuary, where the chlorophyll-a
and DIP concentrations were greater in the seawater zone, accumulating this productivity in the
estuary region. Thus, the seawater zone was considered the region most affected by river
discharge during the research period, corroborating the findings of Monteiro et al.

(2016), Azhikodan and Yokoyama (2016), and Andricevic et al. (2021).

The most severe drought event during recent decades within the eastern Amazon and
northeast Brazil occurred during 2012-2013. This was caused by an increase in the temperature
of the surface waters of the tropical Atlantic, leading to decreased rainfall rates (Pereira et al.,
2016; Brito et al., 2017; Marengo et al., 2018). This event generated numerous impacts in many
areas of the northeastern semiarid region and Amazonian estuaries. This influences
environmental variables, such as dissolved nutrient concentrations and phytoplankton biomass
(Pereira et al., 2016; Queiroz et al., 2022). This influence would explain the behavior observed

in IRE.

In regard to Brazilian water quality standards, the reference value of chlorophyll-a
(>10 pg L") established for the tidal freshwater zone in the IRE is greater than that allowed by
CONAMA 357/05. Compared to other studies in tropical estuaries (Zhou et al., 2016; Carrasco
Navas-Parejo et al., 2020; Karthik et al., 2020; Niveditha et al., 2022; Nguyen et al., 2022), the
chlorophyll-a concentrations (7.33-33.19 ug L™!) in the IRE were within the range. DO
concentrations in mixing and seawater zones are below the standard, and the nutrient criteria
for DIN and DIP do not have reference standards for resolution. This nutrient criteria approach
can become relevant and consistent for future monitoring of IRE waters and reducing
restrictions regarding the application of macrotidal estuary ecosystem principles. This approach

is relevant and consistent with future IRE water monitoring.
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The numerical nutrient criteria determine nutrient thresholds for coastal environments
and provide a quantitative method for determining the baseline conditions and corresponding
trophic status (Xie et al., 2021). This application is not only a measure to effectively prevent
water eutrophication but also a scientific basis for the comprehensive monitoring, evaluation,
and management of estuarine nutrients (Ke et al., 2022; Mazor et al., 2022). In addition,
changes in the hydrological cycles affected the distribution of nutrient resources; these forces
are the fundamental demand for phytoplankton growth (Tao et al., 2021). In this way, we
believe that the numerical nutrient criteria for the estuary and adjacent coastal waters should be

developed.

By considering nutrient variations and local hydrological conditions, we determined the
recommended regional numerical nutrient criteria for DIN (0.11 mg L") and DIP (0.04 mg L")
that contribute to coastal water quality management in tidal-dominated tropical regions similar
to the IRE. According to Watanabe et al. (2014) and Acquavita et al. (2015), spatiotemporal
changes in nutrient concentrations indicate that seasonal patterns are affected by both
freshwater influx and seawater intrusion, corroborating the findings of Sulochanan et al.
(2022). Sousa-Felix et al. (2017) and Paula-Filho et al. (2020) found it necessary to adapt the
CONAMA criteria to the specific conditions of Amazonian transitional waters (high

concentrations of dissolved nutrients and high turbidity) to avoid inadequate classification.

Compared to the monitoring years (2012-2014) and the newly sampled data (2019—
2020), the concentration of DIN increased by 13.33%, whereas the concentration of DIP
decreased by 82.05%. This input of DIN by the increased river flow is a consequence of
anthropogenic emissions from wastewater discharge, application of fertilizers, soil loss in
watersheds, and external sources of DIN in watersheds (Béjaoui et al., 2016; Pereira et al.,
2021; Xie et al., 2021). Thus, nitrogen is the main input in the IRE, mainly in the form of NO3 ~,
as reported by Acquavita et al. (2015) in a lagoon in the Mediterranean.

The effects of multiple stressors on coastal ecosystems are poorly understood
(Deschutter et al., 2017), especially in the assessment of trophic status. Modeling approaches
are limited to subsystems (reservoirs and lakes) (Hartnett et al., 2012, Hutchins and Hitt,
2019; Rankinen et al., 2019, Andersen et al., 2020). The current global trend is the
implementation of legislative measures that assess the ecological integrity of marine systems
(estuarine, coastal, and offshore) from this perspective (Bricker et al., 2003; Ferreira et al.,

2006; Borja et al., 2008).
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The TRIX multimetric index classifies the IRE as having a high trophic status, high
eutrophication, and poor water quality. TRIX presented a classification similar to that observed
in other assessments of estuaries on the north Brazilian coast. These estuaries also suffer
continuous human pressure, such as the inflow of untreated domestic effluents (Cutrim et al.,
2019; Sé& et al., 2021; Cavalcanti et al., 2022). According to the GAM, brackish waters
(salinity>10) with high temperatures (> 30 °C) and more oxygenated waters (>4 mg L") have
more intense trophic conditions, especially in the mixing zone. This region is considered more
vulnerable to eutrophication in the IRE. The results also suggest that the reduction of
the photic zone (increased turbidity and SPM) and lower river discharge result in IRE being in
a state of hypereutrophy.

Consequently, the photic characteristics of IRE with high turbidity and low light
penetration must be considered in the assessment of the typical trophic state conditions of
tropical and macrotidal estuaries (Monteiro et al., 2016; Pereira et al., 2021). These conditions
result from the broad drainage network and the high hydrodynamic energy of these
environments. These factors act as synergistic factors for the suspension of particulate matter,
contributing to the increase in turbidity levels (>100 NTU) and enrichment of the Amazonian

coastal systems (de Sousa et al., 2017; Andrades et al., 2021).
4.2. Random forest model

Due to the complexity of identifying the main processes that govern eutrophication in
macrotidal estuaries, the trophic indices used directly without testing their applicability to a
macrotidal region can be a problem despite most methods of these traditional indexes assigning
weights of metrics subjectively. Cordier et al. (2019) suggested that the weighting coefficient
calculation of metrics based on objective methods is more critical in the unknown ecosystem.
Random forest analysis uses multiple independent variables that have complex interactions or

covariates in various research fields by robustly ranking variable importance (Lee et al., 2015).

This study used an RF model to define the appropriate predictor variables for
determining the trophic state in a macrotidal estuary. Using the RF model, it was possible to
evaluate the model performance for the transitional IRE waters using TRIX. In the RF model,
salinity was the principal stressor that intensified eutrophication in the system. DIP and Chl-a
were also included as the main predictors in the robust estimate of the trophic state, confirming

good correlations with TRIX. Hadid et al. (2021) reported that Chl-a is one of the most relevant
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markers of water body presence and the degree of eutrophication. Hadid et al. (2021) reported
that Chl-a is one of the most relevant markers of water body presence and the degree of
eutrophication. Recent studies on eutrophication indicate that inorganic nutrients (e.g., DIP)
available in the water column support primary production and consequently stimulate
eutrophication of estuarine systems (Li et al., 2017; Yang et al., 2018; Tao et al., 2021; Hadid
etal., 2021; Ke et al., 2022).

Taillardat et al. (2020) and Tao et al. (2021) suggested that changes in nutrient
concentrations are strongly associated with tide-river mixing processes and external P sources
such as P cycling and regeneration, biodegradation, emissions of coastal cities, and adsorption
of sediment. Thus, changes in nutrient concentrations were considerably modulated

by biological uptake processes associated with physical mixing.

However, in mangrove-dominated macrotidal estuaries, such as the IRE, this
relationship between salinity and nutrient concentrations should be taken into consideration.
Tides are the main hydrological mechanism that leads to the lateral exchange of nutrients
between mangroves and estuarine waters. Nutrient fluxes are positively correlated with water
fluxes across the mangrove-estuary interface, suggesting that nutrient export was mainly driven

by tidal exchange (Wang et al., 2021).

The excellent predictive power of the RF model supports our initial hypothesis that
anthropogenic pressure and multiple stressors increase the general eutrophication state of the
IRE. Consequently, we suggest the development of a simple index based on widely and
routinely measured parameters, including salinity, chlorophyll-a, and DIP concentrations, or
the inclusion of salinity in the TRIX formula. This index would be principally for tidal-

dominated tropical estuaries.

Thus, we observed that the trophic state of the IRE was influenced by multiple stressors,
which were affected by weather patterns (river runoff or ENSO events), mainly salinity. Its
effects on seawater intrusion during periods of drought have contributed to the reduction in
estuary water quality. In addition to being related to local anthropogenic effects (agricultural,
hydrological, urban wastewater, port facilities), they are also influenced by hydrological
modifications in response to climate change (Acquavita et al., 2015; Brugnoli et al., 2019).

Therefore, climate change is a direct and indirect potentiator of multiple environmental
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stressors and consequently of the trophic state (Rankinen et al., 2019; Espinosa-Diaz et al.,

2021; Zhang et al., 2021).
4.3. Approach to PSR (Pressure—State—Response) indicators in a Brazilian macrotidal estuary

The PSR approach in transitional waters, such as the IRE, is regarded as a detailed
survey for which different response scenarios potentially produce changes in pressure and state
(Ferreira et al., 2007; Whitall et al., 2007; Hartnett et al., 2012; Ferreira et al., 2011). The
methodology of the PSR model considers environmental pressures (driving forces—pressures),
environmental conditions (state—impact), and societal responses (response), which are essential

when prioritizing environmental planning actions and strategies (Gémez et al., 2019).

According to the assessment of estuarine trophic status (ASSETS) model, the IRE rating
according to the overall human influence (OHI—pressure) factor was high, with a high input
nutrient index, low dilution of nutrients, and moderate flushing potential of urban effluent.
Thus, estuaries are highly susceptible and subject to high estuarine pressure for the development

of eutrophic indications.

These conditions are secondary indications of toxic algal blooms, albeit episodic, in the
tidal freshwater zone. This region deserves attention, as the risk of eutrophication is linked to
the ability of the estuarine environment to confine the growing algae in the illuminated surface
layer (Ferreira et al., 2007; Ferreira et al., 2011). Therefore, the ASSETS model indicates that

eutrophication in the IRE is a seasonal process related to variations in climate and river flow.

It 1s important to mention that in tropical estuaries, seasonal changes in eutrophication
are related to the natural susceptibility of the system. This includes the residence time of water
and the entry of freshwater controlled by the unimodal precipitation pattern and associated
nutrients. Multiple land use practices, especially in agriculture, are also considered (Cotovicz

Junior et al., 2013; Taillardat et al., 2020).

Nevertheless, within the OEC assessment, the Itapecuru River basin provides nutrient
flows from diffuse sources, including urban, agricultural, or mangrove sources. The low DO
levels (DO<3 mg L™!) and high chlorophyll-a concentrations in the seawater zone indicate that
the lower portion of the estuary was the most critical. Therefore, this region functions as a sink
for nutrients and the development of eutrophication. DO values <4 mg L™! (10th percentile)

were rarely recorded in the tidal freshwater zone, but high concentrations (90th percentile) of


https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0385
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0145
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0145
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0505
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0155
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0470
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0215
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0160
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0195
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuarine-environment
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0155
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0160
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/multiple-land-use
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0125
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0125
https://www.sciencedirect.com/science/article/pii/S1385110122001204?via%3Dihub#bb0425
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/diffuse-source
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mangrove

117

chlorophyll-a were more frequent. This region deserves more attention regarding the
eutrophication process because it includes the water catchment region, which is responsible for

supplying the city of Sao Luis with over 1.109 million inhabitants.

The IRE estuarine zone showed a clear pattern for which the worst scenarios were found
during the lower river flow and rainfall periods due to the higher intrusion of seawater, longer
residence time, and concentration of nutrients. During periods of high flow, exceeding 200—
300 m? s~!, there was an abrupt reduction in residence time and chlorophyll-a, which is common
in other Brazilian systems (Pamplona et al., 2013; Cavalcanti et al., 2021; Cavalcanti et al.,
2022; Cabral et al., 2020; Sa et al., 2022) and in macrotidal estuaries worldwide (GI¢ et al.,
2008; Garcia et al., 2010; Garnier et al., 2010; Garnier et al., 2010; Bharathi and Sarma,
2019; Onabule et al., 2020; Taillardat et al., 2020).

According to the ASSETS final ranking (worsening—high) for the next decade (2021—
2031), the planned strategies include the reduction of anthropogenic contributions and the
improvement of trophic conditions in the IRE. Consequently, the ASSETS assessment method
should be applied periodically to monitor trends in nutrient-related water quality over time to
test management-related hypotheses and provide a basis for more successful management
(Whitall et al., 2007). Some information gaps remain, notably with estimates of changes in
submerged aquatic vegetation cover and macroalgae distribution. These data were not
available, and their absence represented a limitation in this study. In addition, the quantification
of harmful or potentially harmful algae (HABs = cyanobacteria) must be continuous. This is a
consequence of the resulting data being fundamental for improving the applicability of the
ASSETS model in the future, summarized in a conceptual model about the general

eutrophication status of the Itapecuru River estuary shown in Fig. 9.
4.4. Future perspectives and management implications

Brazil has a significant population and hydrological diversity, with a deficient sewage
collection or  treatment  system. Only 50.8% of homes received sewage
treatment (www.tratabrasil.org.brysanitation>no-brasil). In Maranhdo, only 7.1% of the urban
population (4283.4 per thousand inhabitants) has a collective sewage treatment system. The
remaining homes discharge untreated sewage into estuaries, generating a load of 231.3 tBOD
day!. Therefore, the Brazilian surface waters of rivers and coastal waters need attention to

improve their trophic and ecological status.
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Fig. 9. Conceptual model of multiple stressors that influence the general eutrophication status of the
Itapecuru River estuary, using the Pressure, State, and Response (PSR) framework. The general

eutrophication status is indicated in bold text.
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In the Itapecuru River estuarine region, the population has grown significantly and has
a low sewage distribution efficiency. The possibility of direct sewage entering the sea is
significant, requiring conventional sewage treatment to remove 60—80% of the BOD. Along
with the estuarine sector, agriculture has a low influence on the water quality of the estuary,
mainly because it is small-scale (subsistence agriculture). The principal modifying agent in the
functioning of the IRE's natural ecosystems is the increase in occupied areas within the city of

Rosario (Soares et al., 2017).

Finally, the predictive nature of models can determine potential impacts and assist in
management decisions on estuarine water quality. This includes choices regarding the trophic
state, which is a great advantage of the integrated approach (Hartnett et al., 2012). In addition,
from the management units evaluated here and the zonal boundaries, it becomes possible to

develop a sampling project that includes natural characteristics (morphology and salinity) and
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human dimensions. In addition, the locations and sampling frequencies, as proposed by Ferreira

et al. (2007) and Ferreira et al. (2011), may be implemented in such projects.

Consequently, this research can be used as a new perspective for the water quality
management of transitional waters under the effect of macrotides. From this perspective,
effective environmental planning strategies must be implemented in the Itapecuru River Basin
to maintain its ecosystem services, principally water supply. Large-scale environmental
monitoring programs and data surveys should be implemented, as they provide a robust
foundation for environmental information that makes it possible to build an overview of
transitional waters. Our findings show that this assessment of multiple stressors in the general
state of eutrophication helps managers make broad decisions regarding eutrophication-

susceptible estuaries in the saline intrusion domain.

5. Conclusions

This research constitutes a preliminary contribution to nutrient monitoring, evaluation,
and management of the estuary of the Itapecuru River and its adjacent waters. Its trophic status
and main environmental factors are associated with climate change and anthropogenic
pressures. The results indicate that water quality decreases during periods of lower river
discharge, precipitation, and the decline of ENSO events. Salinity was the most important
predictor for determining the IRE trophic state while addressing multiple stressors, followed by
DIP and chlorophyll-a. Consequently, we believe that these variables should always be included
in the assessment of the IRE trophic state and can be expanded to other tropical and macrotidal
estuaries. It is important to mention that the conditions of high temperature and the presence of
oxygenated waters in the mixing zone infer an increase in the trophic state. The TRIX and
ASSETS models classified the estuary as highly trophic and susceptible to the seasonal
development of eutrophication indications, with the seawater zone being the most critical
region. From these results, we observed that this study may facilitate the characterization of
future risks and prioritize IRE monitoring needs. In addition, this study aimed to improve our
understanding of the effects of multiple stressors in a complex macrotidal ecosystem. We
propose that local management agencies implement a monitoring system for the trophic and
ecological state of the Itapecuru River as the best way to maintain its trophic conditions in the

future.
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8 CONSIDERACOES FINAIS

Nesta secao, as conclusdes gerais referentes aos capitulos publicados destacam os
principais aspectos da pesquisa, tais como: indicadores fitoplanctonicos de intrusdo salina,
niveis de eutrofizacdo de um estuario tropical sob influéncia de macromarés e multiplos

estressores estuarinos, bem como, sugestdes para futuras pesquisas na regido.
8.1 Conclusdes Gerais

Um dos passos mais importantes para avancar nosso conhecimento sobre intrusdo salina
no estuario do rio Itapecuru (ERI) foi ampliar o entendimento do seu funcionamento,
enquadrando-o como um estudrio tropical € de macromarés, que estd sob influéncia dos fatores
climaticos globais e regionais. Um dos grandes desafios foi compreender as respostas
ecoldgicas da comunidade fitoplanctonica ao fendmeno da intrusdo salina em escala espacial e
temporal, até entdo ndo estudado. Assim, levantamos as seguintes questdes: a intrusdo salina
ao alterar os gradientes ambientais promove mudangas abruptas ou graduais na comunidade
fitoplanctonica? De que forma essas mudancas ocorrem? Como a comunidade responde a essas

mudancas espaco-temporais?

Entao, a partir da metodologia utilizada foi possivel conhecer a dindmica dos gradientes
ambientais que caracterizaram o ERI como um ambiente bastante heterogéneo regido pelos
padrdes de chuva local. Além disso, observamos que a magnitude da intrusao salina foi mais
expressiva no periodo de estiagem e isso contribuiu para o aumento da concentracdo de

nutrientes e dispersdo de espécies ao longo do continuum rio-estuério.

Em nossas observacdes, também ficou evidente que a zona maxima de turbidez
estuarina, marcador do limite da intrusdo salina, é deslocada sazonalmente, funcionando como
um centro de dispersdo de espécies entre o setor superior e inferior do estudrio. Esse ambiente
turvo, formado por mudancas graduais das condi¢cdes ambientais, caracteriza-se como um
ecotono estuarino, onde as alteragoes de salinidade, MPS e nutrientes, tornam-se desfavoraveis
para as espécies de agua doce que migram para essa regido. Por outro lado, espécies marinhas

sdo favorecidas.

Neste estudo foi possivel selecionar 76 indicadores do fitoplancton que respondem por
meio dos seus tragos funcionais as mudangas nos gradientes ambientais e determinam seu

padrao de distribuicao conforme as escalas temporais. Por exemplo, as diatoméceas céntricas,
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marinhas, com maior dimensdo linear maxima (DLM > 20 um), como: Craticula ambigua,
Nitzschia palea, Polymyxus coronalis e Skeletonema costatum constituem o grupo de
indicadores mais expressivo e resiliente ao aumento da intrusao salina. Nao menos importante,
a fracdo de cianobactérias foi favorecida pela intrusdo salina no periodo de estiagem, com

ocorréncia de CyanoHab no setor superior do ERIL

Dentre esses indicadores, a densidade de P. coronalis, constituindo-se primeira citagao
para o Maranhdo, varia inversamente a salinidade, com aumento da densidade celular em
condi¢cdes de baixa salinidade, turbidez e temperatura da dgua (Figura 3 — Apéndice 1). Sendo
assim, selecionamos o P. coronalis como um bom indicador do limite de intrusdo de agua do

mar no ERI.

Desta forma, nossos resultados indicam que a comunidade fitoplanctonica do ERI ¢
constituida por espécies indicadoras que apresentam uma capacidade adaptativa e tolerante aos
estressores que afetam seus padrdes de sucessdo. Isto promove uma vantagem competitiva,
aumentando a dispersdo de espécies e a diversidade da comunidade que ultrapassam a barreira
fisica da zona maxima de turbidez estuarina (setor médio do estuério). Assim, informagdes

adicionais sobre a comunidade fitoplanctonica encontram-se no apéndice 1 deste documento.

Outro desafio para este estudo foi definir o estado geral de eutrofizacio do ERI
utilizando ferramentas numéricas a fim de inferir respostas que auxiliem no gerenciamento de
suas aguas. Partindo do pressuposto que estuarios de macromarés apresentam seu estado de
eutrofizagdo intensificado mais pela dindmica fisica que quimica, nés respondemos os seguintes
questionamentos: pressdes antropogénicas e multiplos estressores, quando associados ao
fendmeno de intrusdo salina em um estuario de macromaré¢, intensificam o seu estado geral de
eutrofizagdo? Qual variavel atua diretamente e em que nivel de importancia sobre as condi¢des

troficas do ERI? Como as mudangas climaticas inferem sobre as condi¢des troficas do estuario?

Portanto, a partir da aplicagcdo dos modelos de eutrofizacdo (TRIX e ASSETS),
enquadramos o ERI como um estudrio hipereutrofico e suscetivel ao desenvolvimento dos
sintomas de eutrofizacao sazonal, classificando a zona costeira como a regido mais critica. A
salinidade foi selecionada como o principal estressor que em conjunto com as concentragdes de
nutrientes (DIP) e clorofila a intensificam o processo de eutrofizagcdo no sistema. Os padrdes
climéaticos globais atuam de forma direta no estado geral de eutrofizacdo do ERI, onde periodos

de menor descarga (2012-2014), resultantes da predominancia de condi¢cdes de El Nifio,



132

contribuiram para maior retencao de nutrientes no estuario e consequentemente intensificagao
do estado tréfico. Os efeitos antropogénicos locais (ex.: agricolas, esgotos urbanos e instalagdes
portudrias) associados ao crescimento populacional classificaram o ERI como de forte
influéncia humana, onde o sistema nao suportard o aumento das cargas de nutrientes, devido
sua baixa capacidade de diluicdo de efluentes urbanos, principalmente na estiagem, periodo de
maior tempo de residéncia e vulnerabilidade a floragdes nocivas ou potencialmente toxicas na

zona de rio.

A partir do modelo ASSETS, nds projetamos para a préxima década (2021-2031) que a
eutrofizagdo ira aumentar consideravelmente, e¢ estratégias de reducdo das contribuigdes
antropicas, bem como, melhoria das condi¢des troficas deve ser inseridas em planos de gestao
governamentais. Com base nesses resultados, nds sugerimos que para a manutengdo das
condicoes troficas atuais e continuacdo do fornecimento dos servigos ecossist€émicos do
estudrio, torna-se necessario a implementacao de programas de monitoramento e gerenciamento
da qualidade da 4gua do ERI. Sendo assim, o uso de modelo preditivos e de estado trofico
podem ser aplicados, como ferramentas eficientes, uma vez que, estes suportaram nossa
hipotese inicial de que a pressao antropogénica e multiplos estressores aumentam o estado geral

de eutrofizacao do ERI.

8.2. Perspectivas Futuras

Espera-se que os efeitos sinergéticos das futuras mudancas climaticas e crescimento
populacional no ERI promova um avango da intrusdo salina, mudancgas ecologicas drasticas e
intensificacdo dos sintomas que definem o seu estado geral de eutrofizagdo. As futuras respostas
do ERI a acdo antrépica e climatica dependerd da aplicacdo de estratégias efetivas de
planejamento na Bacia do Rio Itapecuru. Aqui, destacamos o uso de técnicas de modelagem e
sele¢do de indicadores como ferramentas essenciais para prever mudangas futuras no estuario,
tornando-se importante o0 monitoramento continuo de suas dguas para identificar as pressoes e
o estado, bem como, para informar as respostas que serdo utilizadas no gerenciamento deste

ecossistema.

Algumas lacunas precisam ser preenchidas, considerando séries espago-temporais ao
longo do gradiente estuarino do ERI. Desta forma, sugerimos que pesquisas futuras utilizem a
avaliacdo da produtividade primaria, identificacdo do fitoplancton <5pum, estudo das relagdes

fito/zooplancton, quantificacdo de coliformes termotolerantes ¢ da vegetagao aquatica
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submersa. Sendo assim, torna-se necessario o desenvolvimento de mais estudos para colmatar
essas lacunas entre a dgua doce do rio e a dgua costeira nos critérios e fontes de nutrientes
associados ao ERI, a fim de mitigar eficazmente a eutrofizacao e conter a proliferagao de algas

nocivas.
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INTRUSION IN A TROPICAL MACROTIDAL RIVER-ESTUARY CONTINUUM

Figura 1 - Distribuicdo taxonomica geral da comunidade fitoplanctonica ao longo do estuario do rio

Itapecuru (Golfao Maranhense).
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Figura 2 - Diagramas de classificacdo dos taxons identificados nos setores superior (SS), médio (SM) e
inferior (SI) do Estuario do Rio Itapecuru (ERI). Onde: a representacdo de Olmstead-Tukey (OT)
relacionou a frequéncia de ocorréncia e a densidade média do fitoplancton. Os codigos das espécies

identificadas foram descritos na tabela 4 do artigo 1.
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Figura 3 - Correlaggo entre os principais indicadores do fitoplancton e variaveis ambientais ao longo do

estuario do Rio Itapecuru (ERI).
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Tabela 1- Distribui¢do das cianobactérias nos setores do estuario do rio Itapecuru (Golfao Maranhense).
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CYANOBACTERIA ()‘?11’5'3“3;:2?‘,) Superior Médio  Inferior Classe Ordem Familia Ecologia
Aphanizomenon gracile Lemmermann, 1907 39 - + - Cyanophyceae Nostococales Aphanizomenonaceae Dulcicola
Aphanocapsa incerta (Lemmermann) G.Cronberg & Komarek, 1994 129 + + - Cyanophyceae Synechococcales Merismopediaceae Dulcicola
Aphanocapsa delicatissima West & G.S.West, 1912 114 + + - Cyanophyceae Synechococcales Merismopediaceae Dulcicola
Arthrospira platensis Gomont, 1892 2 + - - Cyanophyceae Oscillatoriales Microcoleaceae Dulcicola
Chroococcus minutus (Kiitzing) Négeli, 1849 9 + - + Cyanophyceae Chroococcales Chroococcaceae Dulcicola
Cuspidothrix issatschfnkoi (Usachev) P.Raj:aniemi, Komarek, R.Willame, P. 7 + - - Cyanophyceae Nostococales Aphanizomenonaceae Dulcicola
Hrouzek, K.Kastovska, L.Hoffmann & K.Sivonen, 2005
ﬁgff:rzlsf Z%T)Zm planctonicum (Brunnthaler) Wacklin, L. Hoffmann & 12 * ) ) Cyanophyceae Nostococales Aphanizomenonaceae Dulcicola
?ﬁﬁiﬁgjﬁ rgggg crassum (Lemmermann) P.Wacklin, L. Hoffmann & 2 * ) B Cyanophyceae Nostococales Aphanizomenonaceae Dulcicola
Geitlerinema sp. 6 + + - Cyanophyceae Oscillatoriales Coleofasciculaceae Dulcicola
Komvophoron crassum (Vozzhennikova) Anagnostidis & Komarek, 1988 2 - + - Cyanophyceae Oscillatoriales Gomontiellaceae Dulcicola
Leptolyngbya sp. 42 + - Cyanophyceae Synechococcales Leptolyngbyaceae Dulcicola
Limnothrix borgertii (Lemmermann) Anagnostidis, 2001 2 + - - Cyanophyceae Synechococcales Pseudanabaenaceae Dulcicola
Lyngbya sp. 9 + - - Cyanophyceae Oscillatoriales Oscillatoriaceae Dulcicola
Merismopedia tenuissima Lemmermann, 1898 13 + + - Cyanophyceae synechococcales Merismopediaceae Dulcicola
Microcystis aeruginosa (Kiitzing) Kiitzing, 1846 136 + - + Cyanophyceae Chroococcales Microcystaceae Estuarina
ﬁchr([))CJ/;sZt:Vg gg?gogﬁfcgggliikz’ (gf)(;markova-Legnerova, Sant'Anna, 9 * . B Cyanophyceae Chroococcales Microcystaceae Dulcicola
Microcystis wesenbergii (Komarek) Komarek ex Komarek, 2006 47 + + - Cyanophyceae Chroococcales Microcystaceae Dulcicola
Oscillatoria sp; 2 - + - Cyanophyceae Oscillatoriales Oscillatoriaceae Dulcicola
Oscillatoria sp, 5 + + - Cyanophyceae Oscillatoriales Oscillatoriaceae Dulcicola
Oscillatoria limosa C.Agardh ex Gomont, 1892 2 - - + Cyanophyceae Oscillatoriales Oscillatoriaceae Dulcicola
glrf)ﬁ]l;t:rg jl(]gg}gjg limnetica (Lemmermann) Komérkové-Legnerova & 14 * * . Cyanophyceae Synechococcales Leptolyngbyaceae Dulcicola
Planktothrix agardhii (Gomont) Anagnostidis & Komarek, 1988 76 + + + Cyanophyceae Oscillatoriales Microcystaceae Dulcicola
Pseudanabaena acicularis (Nygaard) Anagnostidis & Komarek ,1988 9 + - - Cyanophyceae Synechococcales Pseudanabaenaceae Dulcicola
Radiocystis elongata Hindék, 1996 2 + - - Cyanophyceae Chroococcales Micocystaceae Dulcicola
Spirulina sp. (Complexo) 18 + - + Cyanophyceae Spirulinales Spirulinaceae Dulcicola
Spirulina laxissima G.S.West, 1907 5 + - - Cyanophyceae Spirulinales Spirulinaceae Dulcicola
Synechocystis aquatilis Sauvageau, 1892 48 - + + Cyanophyceae Synechococcales Merismopediaceae Dulcicola

Fonte: O Autor (2022)
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Tabela 2 - Distribui¢ao das cloroficeas nos setores do estuario do rio Itapecuru (Golfao Maranhense).

CHLOROPHYTA Abundancia = oo Médio  Inferior Classe Ordem Familia Ecologia
(x 10° céls L)

Ankistrodesmus falcatus (Corda) Ralfs, 1848 15 + - - Chlorophyceae Sphaeropleales Selenastraceae Dulcicola
Chlamydomonas sp. 16 + + + Chlorophyceae Chlamydomonadales Chlamydomonadaceae Dulcicola
Coelastrum microporum Néageli, 1855 19 - + - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
?Oe(_)vgodesmus armatus var. bicaudatus (Guglielmetti) E.H.Hegewald, 3 + - - Chlorophyceac Sphacropleales Scenedesmaceae Dulcicola
Desmodesmus communis (E.Hegewald) E.Hegewald, 2000 2 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
gﬁgﬁ;ﬁ;ﬁﬁ gggnculatus (Lagerheim) S..An, T Friedl & 1 * ) ) Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Desmodesmus flavescens (Chodat) E.Hegewald, 2000 24 + + - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Desmodesmus lunatus (West & G.S.West) E.Hegewald, 2000 3 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
ZDOeOY(r)n odesmus protuberans (F.E Fritsch & M.F.Rich) E.Hegewald, 4 * ) ) Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Desmodesmus serratus (Corda) S.S.An, Friedl & E.Hegewald, 1999 3 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Desmodesmus spinulatus (Biswas) E.Hegewald, 2000 2 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Dictyosphaerium pulchellum H.C.Wood, 1873 58 + + - Trebouxiophyceae Chlorellales Chlorellaceae Dulcicola
Eudorina elegans Ehrenberg, 1832 1 + - - Chlorophyceae Chlamydomonadales Volvocaceae Dulcicola
Eutetramorus fottii (Hindak) Komarek, 1979 2 + - - Chlorophyceae Sphaeropleales Radiococcaceae Dulcicola
Kirchneriella obesa (West) West & G.S.West, 1894 10 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Monoraphidium griffithii (Berkeley) Komarkova-Legnerova, 1969 3 + + - Chlorophyceae Sphaeropleales Selenastraceae Dulcicola
Qocystis borgei J.W.Snow, 1903 12 + - - Trebouxiophyceae Chlorellales Oocystaceae Dulcicola
QOocystis lacustris Chodat, 1897 41 + + + Trebouxiophyceae Chlorellales Oocystaceae Dulcicola
gfgé’f?g%gg}{; e’czt:)nlaotus (Meyen) E.Hegewald, M.Wolf, Al Keller, 40 * * * Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Pediastrum duplex Meyen, 1829 5 + - - Chlorophyceae Sphaeropleales Hydrodictyaceae Dulcicola
Pediastrum privum (Printz) Hegewald, 1979 1 - + - Chlorophyceae Sphaeropleales Hydrodictyaceae Dulcicola
Scenedesmus ecornis (Ehrenberg) Chodat, 1926 1 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Scenedesmus javanensis Chodat, 1926 5 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Scenedesmus obtusus Meyen, 1829 3 + - - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola
Scenedesmus quadricauda (Turpin) Brébisson, 1835 28 + + - Chlorophyceae Sphaeropleales Scenedesmaceae Dulcicola

Fonte: O Autor (2022)
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CHAROPHYTA Abundancia g o ior Médio  Inferior Classe Ordem Familia Ecologia
(x 10° céls L)
Actinotaenium globosum (Bulnheim) Kurt Forster ex Compére, + - - 7 toph
1976 4 ygnematophyceac Desmidiales Desmidiaceae Dulcicola
Closterium kuetzingii Brébisson, 1856 1 + - - Zygnematophyceae Desmidiales Closteriaceae Dulcicola
Closterium setaceum Ehrenberg ex Ralfs, 1848 257 + + - Zygnematophyceae Desmidiales Closteriaceae Dulcicola
Cosmarium speciosum P.Lundell, 1871 16 + + - Zygnematophyceae Desmidiales Desmidiaceae Dulcicola
Gonatozygon aculeatum W N Hastings, 1892 27 + - + Zygnematophyceae Desmidiales Gonatozygaceae Dulcicola
Micrasterias furcata C.Agardh ex Ralfs, 1848 2 - + - Zygnematophyceae Desmidiales Desmidiaceae Dulcicola
Staurastrum elongatum J.Barker, 1869 3 + - - Zygnematophyceae Desmidiales Desmidiaceae Dulcicola
Staurastrum rotula Nordstedt, 1869 1 + - - Zygnematophyceae Desmidiales Desmidiaceae Dulcicola
Staurastrum senarium Ralfs, 1848 2 + - - Zygnematophyceae Desmidiales Desmidiaceae Dulcicola
Fonte: O Autor (2022)
Tabela 4 - Distribuicdo de dinoflagelados nos setores do estudrio do rio Itapecuru (Golfao Maranhense).
MIOZOA Abundancia Superior Médio Inferior Classe Ordem Familia Ecologia
(x 103 céls L)
Dinophysis acuminata Claparéde & Lachmann, 1859 58 - + - Dinophyceae Dinophysales Dinophysaceae Marinha
Dinophysis acuta Ehrenberg, 1839 1 - - + Dinophyceae Dinophysales Dinophysaceae Marinha
Dinophysis caudata Kent, 1881 3 - + + Dinophyceae Dinophysales Dinophysaceae Marinha
Gymnodinium wulffii J.Schiller, 1932 5 - - + Dinophyceae Gymnodiniales Gymnodiniaceae Marinha
Heterocapsa rotundata (Lohmann) Gert Hansen, 1995 7 + - + Dinophyceae Peridiniales Heterocapsaceae Marinha
Oxyphysis oxytoxoides Kofoid, 1926 2 - - + Dinophyceae Dinophysales Oxyphysaceae Marinha
Prorocentrum micans Ehrenberg, 1834 48 - + + Dinophyceae Prorocentrales Prorocentraceae Marinha
Protoperidinium brevipes (Paulsen) Balech, 1974 1 - + - Dinophyceae Peridiniales Protoperidiniaceae Marinha
Protoperidinium divergens (Ehrenberg) Balech, 1974 14 + + + Dinophyceae Peridiniales Protoperidiniaceae Marinha
Scrippsiella trochoidea (F.Stein) A.R.Loeblich III, 1976 14 + - + Dinophyceae Thoracosphaerales Thoracosphaeraceae Marinha

Fonte: O Autor (2022)
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EUGLENOPHYTA (?11)33“ i,f;:;jﬁ) Superior Médio Inferior Classe Ordem Familia Ecologia
Euglena sp. 8 + + Euglenophyceae Euglenida Euglenidae Dulcicola
Euglena deses Ehrenberg, 1834 2 - - Euglenophyceae Euglenida Euglenidae Dulcicola
Euglena gracilis G.A Xlebs, 1883 9 + + Euglenophyceae Euglenida Euglenidae Dulcicola
Euglena proxima P.A Dangeard, 1902 1 + - - Euglenophyceae Euglenida Euglenidae Dulcicola
Euglena viridis (O.F Miiller) Ehrenberg, 1830 1 + - - Euglenophyceae Euglenida Euglenidae Marinha
éﬁgg{)ﬁgf la 86;8 (O.F Miller) B Marin & Melkonian 2003 (O.F.Miller) 28 + + + Euglenophyceae Euglenida Phacaceae Dulcicola/Salobra
Lepocinclis conica (P.Allorge & M.Lefévre) Zakry$ & Lukomska, 2019 2 + - - Euglenophyceae Euglenida Phacaceae Dulcicola
Lepocinclis ovum (Ehrenberg) Lemmermann, 1901 2 + - - Euglenophyceae Euglenida Phacaceae Dulcicola
Lepocinclis oxyuris (Schmarda) B.Marin & Melkonian, 2003 99 + + + Euglenophyceae Euglenida Euglenidae Dulcicola
Lepocinclis pyriformis A.M.Cunha, 1913 2 + - - Euglenophyceae Euglenida Phacaceae Dulcicola
Phacus sp. 9 + + + Euglenophyceae Euglenida Euglenidae Dulcicola
Phacus acuminatus A.Stokes, 1885 1 + - - Euglenophyceae Euglenida Phacaceae Dulcicola
Phacus longicauda (Ehrenberg) Dujardin, 1841 4 + + Euglenophyceae Euglenida Phacaceae Dulcicola
Strombomonas gibberosa M. T Philipose, 1988 2 + - - Euglenophyceae Euglenida Euglenidae Outros
Strombomonas verrucosa (E.Daday) Deflandre, 1930 65 - + Euglenophyceae Euglenida Euglenidae Dulcicola
Trachelomonas armata (Ehrenberg) F.Stein, 1878 103 + + Euglenophyceae Euglenida Euglenidae Dulcicola
Trachelomonas armata var. longispina Playfair, 1915 5 - - + Euglenophyceae Euglenida Euglenidae Dulcicola
Trachelomonas armata var. rangpurensis A.K Islam, 1981 2 + - - Euglenophyceae Euglenida Euglenidae Dulcicola
Trachelomonas hispida (Perty) F.Stein, 1878 33 + Euglenophyceae Euglenida Euglenidae Dulcicola
Trachelomonas volvocina (Ehrenberg) Ehrenberg, 1834 212 + + Euglenophyceae Euglenida Euglenidae Dulcicola

Fonte: O Autor (2022)
Tabela 6 - Distribui¢do de ocroéfitas nos setores do estuario do rio Itapecuru (Golfao Maranhense).
OCHROPHYTA ("?:’(‘)‘;‘fg's“zﬁ) Superior Médio Inferior Classe Ordem Familia Ecologia

Mallomonas acaroides Perty, 1852 4 + + - Chrysophyceae Synurales Mallomonadaceae Dulcicola

Fonte: O Autor (2022)
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BACILLARIOPHYTA (fll’gffé*;;‘gf‘.) Superior Médio Inferior Classe Ordem Familia Ecologia
Actinoptychus campanulifer Schmidt, 1875 2 + - - Coscinodiscophyceae Coscinodiscales Heliopeltaceae Marinha
Amphora richardiana Cholnoky, 1968 2 - - + Bacillariophyceae Thalassiophysales Catenulaceae Marinha
Aulacoseira granulata (Ehrenberg) Simonsen, 1979 73 + + + Coscinodiscophyceae Aulacoseirales Aulacoseiraceae Dulcicola
Aulacoseira granulata var. angustissima (O.Miiller) Simonsen, 1979 1058 + + + Coscinodiscophyceae Aulacoseirales Aulacoseiraceae Dulcicola
Bellerochea malleus (Brightwell) Van Heurck, 1885 2 - - + Mediophyceae Mediophyceae Bellerocheaceae Marinha
Caloneis permagna (Bailey) Cleve, 1894 6 - + + Bacillariophyceae Naviculales Naviculaceae Estuarina
Campylosira cymbelliformis (A.W.F.Schmidt) Grunow ex Van Heurck, 1885 109 + + + Mediophyceae Cymatosirales Cymatosiraceae Marinha
Chaetoceros sp; 28 + + + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros sp, 5 - - + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros aequatorialis Cleve, 1901 4 - - + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros affinis Lauder, 1864 2 - - + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros atlanticus f. audax (F.Schiitt) Gran, 1904 4 - + - Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros lorenzianus Grunow, 1863 26 - + + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros peruvianus Brightwell, 1856 2 - - + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros subtilis Cleve, 1896 2 - - + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros subtilis f. simplex Proshkina-Lavrenko, 1961 5 - - + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Chaetoceros subtilis var. abnormis Prosckina-Lavrenko, 1961 35 - + + Mediophyceae Chaetocerotales Chaetocerotaceae Marinha
Cocconeis sp. 39 - + + Bacillariophyceae Achnanthales Cocconeidaceae Dulcicola
Cocconeis placentula Ehrenberg, 1838 5 - - + Bacillariophyceae Achnanthales Cocconeidaceae Dulcicola
Corethron hystrix Hensen, 1887 5 + + + Bacillariophyceae Corethrales Corethraceae Marinha
Coscinodiscus sp. 19 - - + Coscinodiscophyceae Coscinodiscales Coscinodiscaceae Marinha
Coscinodiscus concinnus W.Smith, 1856 5 + + + Bacillariophyceae Coscinodiscales Coscinodiscaceae Marinha
Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg, 1840 94 - - + Coscinodiscophyceae Coscinodiscales Coscinodiscaceae Marinha
Coscinodiscus radiatus Ehrenberg, 1840 16 + + + Coscinodiscophyceae Coscinodiscales Coscinodiscaceae Marinha
Coscinodiscus rothii (Ehrenberg) Grunow, 1878 10 + + + Coscinodiscophyceae Coscinodiscales Coscinodiscaceae Marinha
Craticula ambigua (Ehrenberg) D.G.Mann, 1990 920 + + + Bacillariophyceae Naviculales Stauroneidaceae Dulcicola
Cyclotella litoralis Lange & Syvertsen, 1989 132 + + + Mediophyceae Stephanodiscales Stephanodiscales Estuarina
Cyclotella meneghiniana Kiitzing, 1844 155 + + + Mediophyceae Stephanodiscales Stephanodiscales Estuarina
Cyclotella stelligera (Cleve & Grunow) Van Heurck, 1882 46 + + + Mediophyceae Stephanodiscales Stephanodiscales Dulcicola
Cyclotella striata (Kiitzing) Grunow, 1880 79 + + + Mediophyceae Stephanodiscales Stephanodiscales Dulcicola
Cyclotella stylorum Brightwell, 1860 70 + + + Mediophyceae Stephanodiscales Stephanodiscales Estuarina
Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin, 1964 131 + + + Bacillariophyceae Bacillariales Bacillariaceae Marinha
Cymbela sp. 67 - - + Bacillariophyceae Cymbellales Cymbellaceae Outras
Diploneis bombus (Ehrenberg) Ehrenberg, 1853 2 + + + Bacillariophyceae Naviculales Diploneidaceae Marinha
Diploneis gruendleri (A.W.F.Schmidt) Cleve, 1894 59 + - + Bacillariophyceae Naviculales Diploneidaceae Marinha
Diploneis ovalis (Hilse) Cleve, 1891 25 - + + Bacillariophyceae Naviculales Diploneidaceae Dulcicola
Ditylum brightwellii (T.West) Grunow, 1885 9 + + + Mediophyceae Lithodesmiales Lithodesmiaceae Marinha
Entomoneis alata (Ehrenberg) Ehrenberg, 1845 13 - + - Bacillariophyceae Surirellales Entomoneidaceae Marinha
Epithemia pelagica Schvarcz, Stancheva & Steward, 2022 1 - - + Bacillariophyceae Rhopalodiales Rhopalodiaceae Marinha
FEunotia exigua (Brébisson ex Kiitzing) Rabenhorst, 1864 2 + + + Bacillariophyceae Eunotiales Eunotiaceae Dulcicola
Fragilaria sp. 20 - - + Bacillariophyceae Fragilariales Fragilariaceae Outras
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Conitinua...

BACILLARIOPHYTA (fll);;;l cd;:gﬁ) Superior Médio Inferior Classe Ordem Familia Ecologia
Frustulia interposita (Lewis) De Toni, 1891 20 - + - Bacillariophyceae Naviculales Amphipleuraceae Dulcicola
Guinardia flaccida (Castracane) H.Peragallo, 1892 13 - + + Coscinodiscophyceae Rhizosoleniales Rhizosoleniaceae Marinha
Gyrosigma balticum (Ehrenberg) Rabenhorst, 1853 2 - - + Bacillariophyceae Naviculales Naviculaceae Marinha
Hantzschia amphioxys (Ehrenberg) Grunow, 1880 2 - - + Bacillariophyceae Bacillariales Bacillariaceae Dulcicola
Helicotheca tamesis (Shrubsole) M.Ricard, 1987 1 - + - Mediophyceae Lithodesmiales Lithodesmiaceae Marinha
Hemiaulus indicus Karsten, 1907 2 - - + Mediophyceae Hemiaulales Hemiaulaceae Marinha
Hobaniella longicruris (Greville) P.A.Sims & D.M.Williams, 2018 5 - - + Mediophyceae Eupodiscales Odontellaceae Marinha
Leptocylindrus danicus Cleve, 1889 18 - + Mediophyceae Chaetocerotales Leptocylindraceae Marinha
Leptocylindrus minimus Gran, 1915 226 + + Mediophyceae Chaetocerotales Leptocylindraceae Marinha
Lithodesmium undulatum Ehrenberg, 1839 6 - + + Mediophyceae Lithodesmiales Lithodesmiaceae Marinha
Melosira nummuloides C.Agardh, 1824 35 - + + Coscinodiscophyceae Melosirales Melosiraceae Marinha
Melosira varians C.Agardh, 1827 12 + - - Coscinodiscophyceae Melosirales Melosiraceae Dulcicola
Navicula sp. 50 + + + Bacillariophyceae Naviculales Naviculaceae Outras
Nitzschia sp. 83 + + Bacillariophyceae Bacillariales Bacillariaceae Outras
Nitzschia linearis W.Smith, 1853 1 - + - Bacillariophyceae Bacillariales Bacillariaceae Estuarina
Nitzschia palea (Kiitzing) W.Smith, 1856 277 + + + Bacillariophyceae Bacillariales Bacillariaceae Dulcicola
Nitzschia sigma (Kiitzing) W.Smith, 1853 51 + + + Bacillariophyceae Bacillariales Bacillariaceae Estuarina
Odontella aurita (Lyngbye) C.Agardh, 1832 47 + + + Mediophyceae Eupodiscales Odontellaceae Marinha
Opephora marina (W.Gregory) Petit, 1888 6 - + + Bacillariophyceae Fragilariales Staurosiraceae Marinha
Opephora pacifica (Grunow) Petit, 1888 12 + - + Bacillariophyceae Fragilariales Staurosiraceae Marinha
Paralia sulcata (Ehrenberg) Cleve, 1873 100 + + + Coscinodiscophyceae Paraliales Paraliaceae Marinha
Pinnularia interrupta W.Smith, 1853 1 - + - Bacillariophyceae Naviculales Pinnulariaceae Dulcicola
Pinnularia subcapitata W .Gregory, 1856 4 + - - Bacillariophyceae Naviculales Pinnulariaceae Dulcicola
Pinnularia viridis (Nitzsch) Ehrenberg, 1843 18 + - + Bacillariophyceae Naviculales Pinnulariaceae Dulcicola
Pleurosigma angulatum (J.T.Quekett) W.Smith, 1852 3 + - + Bacillariophyceae Naviculales Pleurosigmataceae Marinha
Pleurosigma elongatum W.Smith, 1852 100 + + + Bacillariophyceae Naviculales Pleurosigmataceae Marinha
Polymyxus coronalis L.W .Bailey, 1862 624 + + + Coscinodiscophyceae Coscinodiscales Heliopeltaceae Marinha
Psammodictyon panduriforme (W.Gregory) D.G.Mann, 1990 11 + + + Bacillariophyceae Bacillariales Bacillariaceae Marinha
Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle, 1993 5 - - + Bacillariophyceae Bacillariales Bacillariaceae Marinha
Pseudosolenia calcar-avis (Schultze) B.G.Sundstrom, 1986 2 - - + Coscinodiscophyceae Rhizosoleniales Rhizosoleniaceae Marinha
Rhaphoneis amphiceros (Ehrenberg) Ehrenberg, 1844 69 + + + Bacillariophyceae Rhaphoneidales Rhaphoneidaceae Marinha
Rhizosolenia hebetata J.W Bailey, 1856 2 - - + Coscinodiscophyceae Rhizosoleniales Rhizosoleniaceae Marinha
Shionodiscus oestrupii (Ostenfeld) A.J.Alverson, S.-H.Kang & E.C.Theriot, - + +
2006 37 Mediophyceae Thalassiosirales Thalassiosiraceae Marinha
Skeletonema costatum (Greville) Cleve, 1873 954 + + Mediophyceae Thalassiophysales Skeletonemataceae Marinha
Sundstroemia setigera (Brightwell) Medlin, 2021 23 - + Coscinodiscophyceae Rhizosoleniales Rhizosoleniaceae Marinha
Surirella angusta Kiitzing, 1844 5 + - - Bacillariophyceae Surirellales Surirellaceae Dulcicola
Surirella litoralis Hustedt, 1955 2 + - - Bacillariophyceae Surirellales Surirellaceae Marinha
Thalassionema frauenfeldii (Grunow) Tempeére & Peragallo, 1910 199 + + + Bacillariophyceae Thalassionematales Thalassionemataceae Marinha
Thalassionema nitzschioides (Grunow) Mereschkowsky, 1902 2 - - + Bacillariophyceae Thalassionematales Thalassionemataceae Marinha
Thalassiosira sp. 303 + + + Mediophyceae Thalassiosirales Thalassiosiraceae Outras
Thalassiosira eccentrica (Ehrenberg) Cleve, 1904 25 + + + Mediophyceae Thalassiosirales Thalassiosiraceae Marinha
Thalassiosira gravida Cleve, 1896 592 + + + Mediophyceae Thalassiosirales Thalassiosiraceae Marinha
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BACILLARIOPHYTA (;? l1)(l]1311 cdéii:gﬁ) Superior Médio Inferior Classe Ordem Familia Ecologia
Thalassiosira leptopus (Grunow) Hasle & G.Fryxell, 1977 26 + - + Mediophyceae Thalassiosirales Thalassiosiraceae Marinha
Thalassiosira nanolineata (A.Mann) Fryxell & Hasle, 1977 21 + + - Mediophyceae Thalassiosirales Thalassiosiraceae Marinha
Thalassiosira subtilis (Ostenfeld) Gran, 1900 87 - + + Mediophyceae Thalassiosirales Thalassiosiraceae Marinha
Triceratium sp. 2 - + - Coscinodiscophyceae Triceratiales Triceratiaceae Outras
Triceratium favus Ehrenberg, 1839 40 - + + Coscinodiscophyceae Triceratiales Triceratiaceae Marinha
Trieres mobiliensis (Bailey) Ashworth & ECTheriot, 2013 5 - - + Mediophyceae Eupodiscales Parodontellaceae Marinha
Trieres regia (M.Schultze) Ashworth & E.C.Theriot, 2013 28 - + + Mediophyceae Eupodiscales Parodontellaceae Marinha
Tryblionella granulata (Grunow) D.G.Mann, 1990 93 + + + Bacillariophyceae Bacillariales Bacillariaceae Marinha
Tryblioptychus cocconeiformis (Grunow) Hendey, 1958 71 + + + Bacillariophyceae Surirellales Surirellaceae Marinha
Ulnaria ulna (Nitzsch) Compére, 2001 47 + - + Bacillariophyceae Licmophorales Ulnariaceae Dulcicola

Fonte: O Autor (2022)

Tabela 8 - Lista de espécies potencialmente nocivas e toxicas que ocorrem no estudrio do rio Itapecuru (Golfao Maranhense).

Abundéncia (x 103 céls L)

Cyanobacteria Superior Médio Inferior Nocividade/Toxicidade

Aphanizomenon gracile Lemmermann, 1907 0 39 0 Produg@o de saxitoxinas

Synechocystis aquatilis Sauvageau, 1892 0 38 10 Biodegradagao de hidrocarbonetos (n-octadecano e pristano)
Miozoa

Dinophysis acuta Ehrenberg, 1839 0 0 1 Espécie toxica que produz acido ocadaico e Dinophysistoxin-1.
Dinophysis acuminata Claparéde & Lachmann, 1859 0 58 0 Espécie produz acido ocadaico, causando intoxicagdo diarreica por mariscos (DSP)
Dinophysis caudata Kent, 1881 0 1 2 Espécie ¢ conhecida por produzir marés vermelhas resultando em mortalidade de peixes
Prorocentrum micans Ehrenberg, 1834 0 39 10 Esta espécie € capaz de formar flores, geralmente ¢ considerada inofensiva.
Scrippsiella trochoidea (F.Stein) A.R.Loeblich III, 1976 10 0 5

Bacillariophyta Injurias mecanicas

Chaetoceros aequatorialis Cleve, 1901 0 0 4 Injurias mecanicas

Chaetoceros lorenzianus Grunow, 1863 0 0 2 Injurias mecanicas

Chaetoceros peruvianus Brightwell, 1856 0 0 3 Injurias mecanicas

Chaetoceros subtilis Cleve, 1896 0 0 3 Injurias mecanicas

Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin, 1964 70 32 28 Injurias mecanicas/Produz mucilagem

Leptocylindrus minimus Gran, 1915 0 67 159 Nao toxica/ Potencialmente danosa

Thalassiosira eccentrica (Ehrenberg) Cleve, 1904 2 21 1 Injurias mecénicas

Thalassiosira gravida Cleve, 1896 7 69 516 Injurias mecanicas

Thalassiosira leptopus (Grunow) Hasle & G.Fryxell, 1977 2 0 23 Injurias mecénicas

Thalassiosira subtilis (Ostenfeld) Gran, 1900 0 17 70 Injurias mecénicas

Skeletonema costatum (Greville) Cleve, 1873 0 0 1 Nio toxica/ Potencialmente danosa

Fonte: O Autor (2022)
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APENDICE B — ARTIGO 2

MULTIPLE STRESSORS INFLUENCING THE GENERAL EUTROPHICATION
STATUS OF TRANSITIONAL WATERS OF THE BRAZILIAN TROPICAL COAST:
AN APPROACH UTILIZING THE PRESSURE, STATE, AND RESPONSE (PSR)
FRAMEWORK

Supplementary Fig. 1. Frequency distribution of environmental variables in the Itapecuru

River estuary.
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Supplementary Fig. 2. Percentile 90 value for chlorophyll-a and 10 value for dissolved oxygen

(dashed lines intersection) in the estuarine zones of the Itapecuru River estuary (IRE).
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