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RESUMO

A dinamica espacial e temporal de floracdes de oadégas de deriva e seus efeitos
sobre a matéria organica do sedimento e a comwsdaenhtonica foram investigados
no estuario da Lagoa dos Patos (ELP). Amostragemarsais e mensais de macroalgas
foram realizadas em enseadas rasas do estuariotelu2804-2007 e 2012-2014.
Experimento de campo foi conduzido durante o Ou®®014. Periodos dominados
por macroalgas de deriva compostas predominantemeot Ulva clathrata, U.
intestinalise Rhizoclonium ripariunforam observados, com altos valores de biomassa
(até 2 kg PS ) indicando uma possivel mudanca de fase da vegetaguatica
submersa. Teor de N préximo ou acima de 2% da l@sade macroalgas evidenciou
uma alta disponibilidade de nitrogénio para o ¢neento. A formacao de floracdes foi
controlada principalmente pela descarga fluvialgual € influenciada por fatores
climaticos (El Nifio/La Nifia) que afetam a precip#a na bacia de drenagem do
estuario. A hidrodinamica local determinou variagéauais e interanuais da ocorréncia
e persisténcia das floracbes e variagbes nos pacEmésico-quimicos da agua
determinaram a sua magnitude. Baixa descarga ffldusante o verdo e outono
promoveu aumento na retencdo d"agua, proporcionarmBrmanéncia de macroalgas
de deriva no estuario. Aumento na salinidade @li@recia e decréscimo na turbidez e
nivel d"agua, associados a maiores valores de tatnpe favoreceram o crescimento
algaceo. Ondas e correntes gerados por ventos nmanaiétaram a magnitude e
persisténcia das floracbes através da retencaerd&p de biomassa. O sedimento
apresentou baixos valores de carbono organico éotasitrogénio total em todos os
periodos e enseadas investigadas. O modelo deranidtuis6topos estaveis indicou
baixa contribuicdo da biomassa algacea para a imatganica sedimentar (de 0,5% a
8,1%), independente da magnitude e persisténcia fld@acdes. Acumulos de
macroalgas de deriva persistentes no tempo naomfaraduzidos em maior
incorporacdo de matéria organica no sedimento.lRdss experimentais evidenciaram
uma alta instabilidade temporal e espacial de defes de manchas de macroalgas de
deriva sobre o fundo devido a advecgdo gerada pkéa hidrodindmica local.
Deposicdes transitorias (4-7 dias) de macroalgagsiocaram decréscimos
significativos na biomassa aérea e subterranea,ar@metros demograficos da
faner6gamaRuppia maritima Alteracdes na estrutura e abundancia da macrafaun
bentdnica ndo foram significativas, embora efeftegativos indiretos da deposicao de
macroalgas de deriva sobre o macrozoobentos s@odogy mediados pela remocao de
R. maritima A analise conjunta dos resultados sugere quesaapgos recentes
aumentos de nutrientes reportados na area de estuttominancia de macroalgas de
deriva pode ocasionar a oligotrofizagdo do ELP rgdoprazo, com um possivel
decréscimo da producéo secundaria estuarina.

Palavras-chave. macroalgas de deriva, hidrologia, adveccédo, naaté@rganica
sedimentarRuppia maritimaefeitos balisticos, macrozoobentos.



ABSTRACT

The spatio-temporal dynamics of drift macroalga@obils and their effects on
sedimentary organic matter and benthic communittege investigated in the Patos
Lagoon estuary (PLE). Weekly and monthly surveymatrode macroalgas abundance
were perfomed in shallow areas from 2004 to 200d 2012 to 2014. A field
experiment was conducted in Autumn 2014. Macroalgahinated periods were
detected, with biomass peaks up to 2 kg PSamUlva clathratg U. intestinalisand
Rhizoclonium riparium which suggest a phase-shift of the submerged tiaqua
vegetation. Nitrogen content in algal tissue closeabove 2% highlighted a high N
availability for growth. The onset of macroalgalotns was mainly driven by
variations in freshwater discharges which, in tumere influenced by climatic factors
(El Niflo/La Nifa) that set precipitation regimes tine PLE watershed. Whereas
variations in freshwater discharge determined anaw@ interannual patterns of blooms
occurrence and persistence, associated changeatén physico-chemical parameters
modulated their magnitude. Low freshwater dischaiigeearly summer to late autumn
enhanced water retention, enabling biomass maintenia shallow areas. Increases in
salinity and irradiance, and decreases in turbiditgl level, associated to increased
water temperatures, favored macroalgal growth. Wirgden waves and currents also
affected the magnitude and persistence of driftromgae blooms through biomass
accumulation or dispersion. Sediment revealed I@CTand TN content for all periods
and stations investigated. Stable isotopes miximglets indicated low contributions
(from 0.5 to 8.1%) of drift macroalgae biomass tdimentary organic matter,
regardless blooms magnitude and persistence. lidogerass accumulations were not
translated into highest incorporations within seslits. Experimental results
highlighted unstable depositions of drift mats fsg from their advection during high
hydrodynamic conditions. Transitory depositionstq47 days) of drift mats promoted
significant decreases Ruppia maritimaabove and belowground biomass, leaves and
rhizome length and shoots and nodes density. Nufisignt changes in the structure
and abundance of associated benthic macrofauna eetested. However, indirect
negative effects of transitory depositions of dnfats on macrozoobenthos through
Ruppiameadows removal are suggested. The joint anabfsisir results suggest that,
although cultural eutrophication processes are rtegoin the study area, drift
macroalgae-dominated periods may generate long teligotrophication of the
estuarine system, with a possible impoverishmettt@tecondary production.

Keywords: drift macroalgae, hydrology, advection, sedimgntaganic matterRuppia
maritima, ballistic effects, macrozoobenthos.



1. INTRODUCAO

Macroalgas sdo um importante componente dos pregupimarios estuarinos
juntamente com pradarias de faner6gamas subméiteggancton e microfitobentos
(Valiela et al. 1997). Macroalgas sao fonte aliraergara herbivoros e detritivoros,
aumentam a complexidade estrutural do ambientaeé@ndo habitat e reflgio para a
fauna bentdnica e pelagica (Salovius & Bonsdor@i4gQalém de participar da ciclagem
dos nutrientes (Fong et al. 2004; Anderson et@ll0® O deslocamento dos talos destas
macroalgas pelas zonas rasas atua, ainda, comp detransporte da fauna local
(Salovius et al. 2005) e favorece a remocao det@&piobre as folhas de fanerdgamas
marinhas (Irlandi et al. 2004). Consequentemenégroalgas promovem o aumento da
producao primaria e secundaria estuarina (Cebtiah 2014; Lyons et al. 2014).

Devido a menor disponibilidade ou auséncia de satost duros ou
consolidados, macroalgas estuarinas crescem dgatamsobre a superficie dos
sedimentos em enseadas rasas. Entretanto, devitstabilidade do substrato e
estruturas de fixacdo pouco desenvolvidas (diseodilamentos basais pequenos e
superficiais), estas algas sao facilmente e fredguente removidos do fundo e
transportados pela acdo de ondas e correntes {(lelinal. 2004; Canal-Vergés et al.
2010). Formando massas flutuantes denominadas atgaso de deriva, os talos
mantém o seu crescimento e reproducdo na colurgual’aesde que mantidos em
condicOes favoraveis de luz, nutrientes e salirmd@mbutinho & Seeliger 1986).

Macroalgas de deriva estuarinas sdo compostas eal pger cloroficeas
oportunistas, principalmente espéciedJien, Cladophorae ChaetomorphgMorand &

Merceron 2005). Outros grupos podem ocorrer cordoffoeas (algas vermelhas) dos



génerosPolysiphonia Laurencig Chondriae Gracilaria (e.g. Irlandi et al. 2004; Biber
2007) e feoficeas (pardas) dos géndpgtayella (e.g. Lauringson & Kotta 2006).
Macroalgas de deriva verdes sdo caracterizadastabas simples com morfotipo
filamentoso, tubular ou laminar, baixo grau de egbeacao dos tecidos, alta relacédo
superficie:volume e alto investimento em reprodued&sexuada (por liberacdo de
esporos) e vegetativo. Estas algas sdo eficiersesaptacdo de luz e de nutrientes
dissolvidos, tanto da coluna d’agua como da interiaom o sedimento (Tyler et al.
2001), resultando em alta taxa fotossintética eemento da biomassa (Valiela et al.
1997).

Em densidades baixas a moderadas, macroalgas e &do benéficas e
exercem importantes funcbes ecolégicas no ambiestearino. Entrentanto, a
ocorréncia de floracbes de macroalgas verdes deasaersistentes no tempo
(conhecidas como “marés verdes”) podem alteratratesa e funcionamento de zonas
rasas costeiras (Viaroli et al. 2008; Anderson let2810), causando desequilibrio
ecologico, com prejuizos econdmico e estético aunbientes aquaticos costeiros
(Morand & Merceron 2005). Nas ultimas décadas, aulosena frequéncia e magnitude
das “marés verdes”, tem se tornado um fendmenceam&s em zonas costeiras de toda
o globo, decorrentes principalmente de process@&ittefizacédo cultural (Teichberg et
al. 2010; Smetacek & Zingone 2013; Lyons et al.4201

Os estudos sobre marés verdes e seus impactogiieoslfem se restringindo a
poucos ambientes estuarinos e costeiros, locakzgaiincipalmente em regides
temperadas (e.g. Europa, EUA e China), sendo escassestudos em regides tropicais
e subtropicais da América do Sul (e.g. Martinettale2010). No Brasil, ndo existem

estudos sobre a ocorréncia e nos fatores desedoadsae marés verdes, e seus efeitos



nas comunidades bentbénicas (Copertino et al. 20Hb)Yato € alarmante considerando
a rapida ocupacao e crescimento populacional enaszawsteiras brasileiras e

resultantes aumentos das pressfes antropicas esassistemas marinhos nas ultimas
décadas (Dias et al. 2012). Portanto, a compreafssifatores que atuam na formacéo
de marés verdes, bem como o0s seus efeitos no hamento dos ecossistemas

costeiros e estuarino, é fundamental para o mangjeservacao desses sistemas.

1.1Floracbes de macroalgas de deriva e formacédo de néarverdes: forcantes

ambientais

O crescimento excessivo das macroalgas de deeviarenacdo de mareés verdes
estdo associados a processos de eutrofizacdo entmsmea disponibilidade de
nutrientes inorganicos, tais como nitrogénio edasf(Valiela et al 1997; Viaroli et al
2008; Fong & Kennison 2010; Teichberg et al. 20Hbora o aumento no aporte e
concentracdo de nutrientes na coluna d’agua segna@al para a proliferacdo de
macroalgas oportunistas, uma complexa interacdo valeaveis hidrologicas e
meteorologicas controla o crescimento e acumul@ldas de deriva em areas rasas
estuarinas (Martins et al. 2001; Berglund et al0®0Kennison & Fong 2013). O
desencadeamento de floracbes de macroalgas dea dertambém controlado pela
hidrodinamica local, a qual regula o tempo de ésith da agua e dos nutrientes, e a
manutencado da biomassa de macroalgas no sisterman@viet al. 2001; Viaroli et al.
2008; Fong & Kennison 2010). Enquanto a hidrodir@ntocal determina o tempo de

permanéncia da biomassa flutuante em areas rasateracao de parametros fisico-



quimicos da agua tais como salinidade, temperatiradiancia modula a sua taxas de
crescimento e consequente abundancia (Martins €999, 2007; Malta et al. 2002).

VariacOes espaciais nos padrbes de acumulo da $sande macroalgas sao
também influenciadas pela acdo dos ventos locaiguais geram ondas e correntes que
transportam as algas atraves das areas estuanimasteiras (e.g. Berglund et al. 2003;
Liu et al. 2009). Dependendo da fisiografia da &astda direcdo e velocidade dos
ventos predominantes, o transporte de macroalgadedea promove a retencdo ou
acumulo de biomassa produzida tanto localment&¢turie) ou em areas adjacentes
(aloctone), resultando no empilhamento em grandens®#o em determinadas areas
(e.g. Liu et al. 2009). Por outro lado, a acdo datas também pode promover a
dispersdo da biomassa macrode macroalgas para zoass profundas e areas
adjacentes (Malta et al. 2002). Assim, os fatoespaonsaveis pelo desenvolvimento e
acumulo de macroalgas, assim como a sua persaté&m@atiam nas diferentes regides
costeiras e entre locais de uma mesma costa dariestu

No estuario da Lagoa dos Patos (ELP), Rio GrandeulidBrasil, macroalgas de
deriva sdo um componente importante da vegetacaatieg submersa (VAS) e
ocorrem associadas ou ndo a pradarias de fanerégamaizadas (e.gRuppia
maritima, Zannichellia palustri Copertino e Seeliger 2010). As macroalgas aptasen
em geral um padrdo sazonal, com maiores abundamciasutono e primavera,
enquanto pradarias de fanerégamas apresentamdacasao. Entretanto, uma reducao
na distribuicdo e abundancia da VAS tem sido olskrvnas ultimas décadas,
destacando-se o desaparecimento de pradarids maritimade muitas das areas rasas
estuarinas. Entre as possives causes, destacanpsecipitacdo pluviométria e a

descarga fluvial anbmala, durante eventos de Eb Ndite (1997-98) e moderado



(2002-03), e o consequente aumento da remobilizdedsedimentos e reducédo da
irradiancia sobre o fundo (Copertino & Seeliger @0JApds o re-estabelecimento de
condicBes hidrologicas favoraveis (i.e. reducdo nmieel da agua e aumento da
penetracdo da luz), areas rasas foram rapidamentmadas por macroalgas deriva em
detrimento as pradarias de. maritima (Copertino & Seeliger 2010). Grandes e
persistentes floragcbes de macroalgas de derivaegmasrdes) foram observadas em
zonas rasas do ELP (e.g. agosto-setembro de 20408ass et al. 2010) mas os fatores
gue desencadearam o fenbmeno, assim como na sadudage persisténcia, ainda sao

pouco entendidos.

1.2 Contribui¢cdes ao estoque de nutrientes

Macroalgas de deriva afetam os ciclos biogeoquisniccais, contribuindo para
uma ciclagem mais rapida dos nutrientes (McGlathetryl. 2007, Anderson et al.
2010). Massas flutuantes de macroalgas verdesumistds apresentam alta eficiéncia
na captacdo dos nutrientes organicos e inorgawmicsslvidos na coluna d’agua e na
interface sedimento-coluna d’agua (Tyler et al.120@evido a sua rapida taxa de
crescimento e ciclo de vida muito curto (algunss digpoucas semanas), 0S nutrientes
assimilados séo utilizados rapidamente, retornamdooluna d’agua como matéria
organica particulada (MOP) e dissolvida (MOD) dieam seu crescimento (exsudacao,
por fragmentacdo do talo e liberacdo de gametasper@s), senescéncia, morte e
decomposicdo. Tais compostos organicos sdo pratesszela alca microbiana e

repassados a niveis troficos superiores (Tylek @081; Fong et al. 2004).



Por outro lado, floragbes de macroalgas de derivdeq provocar uma
retroalimentacdo positiva e continua no sistemd@grgando ou aumentando as
consequéncias da eutrofizacdo e das mudancasrotuesida comunidade (Stndback
et al. 2003). Uma menor parte da MOP e MOD libedulante a deposicdo e posterior
decomposicdo da biomassa de macroalgas é incogpa@dedimento, contribuindo
para 0 aumento dos teores de matéria organicagraam nitrogénio (Pihl et al. 1999;
Corzo et al. 2009; Hardison et al. 2010; Gao €2@1.3). Todavia, aumentos de matéria
organica do sedimento sdo transitorios devido atakta de renovacasutnovel) da
biomassa das algas (Banta et al. 2004). A assi@nilbceve e rapida remineralizacao
microbiana da matéria organica nas camadas Oxicassedlimento promove a
subsequente liberacdo dos nutrientes recicladastedace sedimento-coluna d’agua
(Hardison et al. 2010; Garcia-Robledo et al. 2@08,3). Por outro lado, o acumulo de
biomassas de macroalgas de deriva sobre o funei@@pta os compostos inorganicos
liberados na interface sedimento-coluna d’aguarisdp uma parcela significativa da
demanda de nitrogénio e fosforo para manter ataka de crescimento destas algas
(Fong & Zedler 2000; Sundback et al. 2003, Tyler aét 2001). Portanto, a
remineralizacdo da matéria organica nos sedimestgeerficiais pode ser uma
importante fonte de nutrientes que retroalimentaxa de crescimento e a persisténcia
de floracdes de macroalgas em determinadas assss(Btindback et al. 2003).

O papel de floragbes de macroalgas nos ciclos bgqgmicos locais e,
particularmente, a contribuicdo da biomassa de eoalgas na concentracdo dos
nutrientes estocados no sedimento, sdo poucos @doke Estudos experimentais em
baias costeiras e enseadas rasas estuarinas sléeémparadas (e.g. Ameérica do Norte e

Europa) demonstraram que parte da biomassa de algasodepositada sobre fundos



inconsolidados é retida nas camadas superficiasedonento €.g Garcia-Robledo et
al. 2008, 2013; Corzo et al. 2009; Hardison et28l10). Entretanto, a maioria dos
estudos tem sido realizada em laboratorio ou estddacampo em ambientes fechados
ou controlados, ndo considerando fatores ambiegteagpossam influenciar os padrdes
espaco-temporais de acumulos de biomassa e a $&sagsente incorporacdo no
sedimento (Corzo et al. 2009; Hardison et al. 20nbora importantes para
compreender ofeedbackga biomassa de macroalgas sobre a regeneracacabéat
nutrientes, os estudos experimentais fechados pod&on reproduzir os padrdes
hidrolégicos locais, limitando o conhecimento solm® processos envolvidos no
surgimento das floracfes e destino da matéria m@dnoduzida por macroalgas de
deriva.

No estuario da Lagoa dos Patossedimento desempenha um papel importante
na ciclagem de nutrientes, remineralizando uma efmrsignificativa da producao
primaria e, posteriormente, fornecendo nutrientesganicos para a coluna de agua
(Niencheski & Jahnke 2002). Assim, areas rasas fodedes de macroalgas de deriva
tém sido observadas recentemente fornecem o ceit® para investigar a sua
contribuicdo na matéria organica do sedimento, ef@s potenciais aos processos de
auto-regeneracao da biomassa.

Nesse contexto, a andlise de isétopos estaveisaéiraportante ferramenta na
determinacdo das fontes de matéria organica nonsetlh. Através do conhecimento
das assinaturas isotopicas de distintas fontegahde-se na presenca de diferencas
entre elas e na manutencdo das assinaturas durgm@cesso de decomposicdo da
biomassa, e da mistura de interesse (no caso, ime®d), € possivel estimar o

percentual de contribuicdo de cada fonte para @rraatrganica sedimentar (Bouillon



et al. 2001). Usualmente, as razdes isotopicas aibooo t°C/°C) e nitrogénio
(**N/**N) s&o utilizados embora demais elementos comoxofen(S) e biomarcadores
como acido graxos também possam ser utilizados. ©@omvanco de modelos
computacionais, estimativas de contribuicdo deintigst fontes para uma mistura de
interesse utilizando dados isotépicos tém sidozadds através de modelos de mistura
bayesianos como o0 SIAR e, mais recentemente, o IMK$Stock & Semmens 2013).
Tais modelos levam em consideracao informacOeslaxdi priori, erros associados
tanto a variabilidade entre amostras como de origestonhecida, e o fracionamento
das assinaturas isotopicas das fontes durantecmng@esicdo ou passagem entre niveis
troficos. A partir da geracao de distribuicdes postes dos percentuais de contribuicao
de cada fonte, é possivel estimar os seus valogdfome o intervalo de credibilidade

de 95%.

1.3 Efeitos na comunidade bentbnica

Extensas floracdes de macroalgas de deriva saentmms de mudancas de fase
(i.e. phase-shiftsno estado de equilibrio dos ecossistemas estisagom subsequentes
alteracfOes na estrutura e abundéancia da VAS e deofaana associada (Viarolli et al.
2008). O acumulo e deposicédo de massas de alga®ypeca competicdo por nutrientes
com demais produtores primarios e a reducéo denticdente sobre o fundo, sendo este
altimo o principal fator associado ao desaparecimele pradarias de faner6gamas
marinhas durante eventos de marées verdes (Hauetvall. 2001; McGlathery et al.
2001). Adicionalmente, no interior de grandes nmasggaalgas e na interface sedimento-

agua sao formadas condicbes hipoxicas ou anoxiessltantes da respiracdo e



senescéncia das algas, normalmente acompanhadbbegoacdo de amonia e sulfetos
durante a sua decomposicdo (Hauxwell et al. 20@tiei®en et al. 2004). Sob tais
condicbes adversas, ocorre a reducdo na taxa deimento, biomassa aérea e
parametros demograficos de fanerégamas (i.e. corepto de folha, densidade de
hastes, entre outros; Hauxwell et al. 2001; Honterale 2011), assim como 0
decréscimo na abundancia de organismos bentonigos enfaunais (Norkko &
Bondorff 1996).

Os impactos deletérios de floracbes de macroalga® £omunidade bentbnica
ocorrem principalmente em areas rasas com baixadiichmica, as quais sdo mais
suscetiveis a acumulos de biomassa estacionapessestentes (Hauxwell & Valiela
2004; Cebrian et al. 2014). Entretanto, a deposigimassas de macroalgas de deriva
sobre os fundos rasos estuarinos pode ser inst@véémpo e espacgo, visto que o0s
acumulos sdo controlados por fatores que atuam istintds escalas temporais e
espaciais (Kopecky & Dunton 2006). Dentre os fatocentroladores, ressaltam-se
ondas e correntes 0s quais podem transportar mihissesites de macroalgas mesmo
sob baixas velocidades (i.e. 2-3 cify §lindt et al. 2004). Esse processo ocasiona
variacbes na deposicdo de macroalgas de derive quiadarias de fanerégamas
submersas em curtas escalas temporais (e.g. déclande maré a poucos dias; Biber
2007; Flindt et al. 2004) e espaciais (~ 4 Rasmussen et al. 2013), contrastando com
0s acumulos de biomassa de longa duracdo usualrfiratos experimentalmente
(Hauxwell et al. 2001; Cummins et al. 2004; Irlaatal. 2004).

A movimentacao frequente das massas de macroatgdsriva pode atenuar os
seus efeitos deletérios sobre as comunidades hesdgdaevido a constante oxigenacao

da interface sedimento-coluna d"agua (Hauxwell 8ie¥a 2004; Cebrian et al. 2014).
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Contudo, impactos negativos do transporte de miga®ale deriva sobre pradarias de
fanerdgamas foram sugeridos, resultantes da resw@p e erosdo do sedimento
(Valdemarsen et al. 2010; Canal-Vergés et al. 2@1d) aumento da forca de arrasto
sobre as plantas (Seeliger 2001). Uma vez que funelgetados tendem a suportar uma
fauna mais diversa e abundante quando comparddad@s nao-vegetados (Bastr&
Bonsdorff 1997; Rosa & Bemvenuti 2007), efeitosinetds das macroalgas de deriva
sobre a macrofauna bentbnica sdo esperados. BEmiretastudos considerando o
comportamento dindmico das macroalgas de deriveug sfeitos sobre pradarias de
faner6gamas sao escassos (e.g. Irlandi et al. 20®#ando a compreenséo da direcéo
e magnitude dos seus impactos sobre as comunidad&micas estuarinas.

O desenvolvimento de populactes anuaifkdenaritimano ELP é controlado
pelo fotoperiodo, temperatura e salinidade da &@impertino & Seeliger 2010).
Durante a primavera, novas hastes brotam a paatibidmassa subterréanea (i.e.
rizomas) remanescente e/ou novas plantas se ariginpartir de sementes. Picos de
biomassa e florescimento podem ser observados deftui@ da primavera até o inicio
do outono, seguido pela liberacdo dos frutos eseéneia das plantas (Cafruni 1978).
Reducdes na abundancia e distribuicdo de praddeiRs maritimasao reportadas nas
tltimas décadas associadas a aumentos da deskaighdurante eventos de El Nifio
(Copertino & Seeliger 2010). Embora populacdesRdenaritimasejam resilientes a
disturbios, devido a rapida recuperacao baseadta tarreproducao sexual e vegetativa
(Anton et al. 2009; Cho et al. 2009), o re-estatielento de suas pradarias pode ser
lento (até 10 anos), devido a remocdo completaeda de rizomas e do banco de
sementes apos disturbios mais severos, como odsemneaELP apods fortes eventos El

Nifio (Copertino & Seeliger 2010). Efeitos aditivams sinérgicos de disturbios distintos
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podem afetar a resiliéncia de pradarias de faneragaubmersas (Neto et al. 2010).
Nesse sentido, sugere-se que a ocorréncia de desage macroalgas de deriva em
areas e periodos previamente dominados por pradiei maritima pode atrasar e/ou
inibir o re-estabelecimento das plantas (Coperén8eeliger 2010, Odebrecth et al.
2010).

Em face as questdes aqui apresentardas, o ar{ige.1Apéndice 1) dessa tese
testou a hipotese de que, no ELP, enquanto o aeceuito e crescimento de macroalgas
deriva estdo relacionados a parametros fisico-gosnida agua, o acumulo e
distribuicdo da sua biomassa entre regides mesléosal de uma mesma enseada
rasa depende da acdo dos ventos locais. No seguiigio (Apéndice 2), foi testada a
hipétese de que floracbes de macroalgas de dezsdtam da interacdo de fatores
atuando tanto na producdo quanto na retencdo aaabsa em areas rasas, com a
variabilidade espacial dos acumulos de biomassaadeoalgas de deriva entre distintas
enseadas estando relacionadas a diferentes graexpdsicdo aos ventos locais.
Adicionalmente, através dos padrdes naturais deé@tma, magnitude e persisténcia de
floracdes, o segundo artigo também testou a hipa@esjue a biomassa macroalgacea &
uma importante fonte de matéria organica para onsgdo, com contribuicoes sendo
proporcionais a magnitude e persisténcia dos bloéiimsimente, no terceiro artigo
(Apéndice 3), foi testada a hipotese de que a dgpmsle massas de macroalgas de
deriva sobre o fundo em curtos intervalos de teafpta negativamente plantas e
maritima A deposicdo de curta duracdo de macroalgas deadefeta ainda a
macrofauna bentdnica associada, atraves de eiieitiostos mediados pela remocéao das

plantas de fanerdgamas.
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2. OBJETIVOS

Este estudo objetivou avaliar a variabilidade terape espacial de macroalgas
de deriva do estuario da Lagoa dos Patos, investigaa influéncia dos fatores
hidrolégicos, a contribuicdo destas algas para #@nmaaorganica no sedimento e suas

interacBes com a flora e fauna bentbnica. Os ebgtspecificos foram:

1) Investigar a interacdo de fatores climaticos, Hdr@micos e hidrolégicos
que determinam o desenvolvimento, magnitude e gténgiia de floracdes
de macroalgas de deriva em areas rasas do ELP dispéri e 2);

2) Analisar a variabilidade espacial da ocorrénciaagmitude das floracdes de
macroalgas de deriva em relacdo a direcédo e idside ventos locais
(Apéndice 2);

3) Investigar a contribuicdo da biomassa de macroatigaderiva para a
matéria organica estocada nos sedimentos e a siabiMdade de acordo
com a magnitude e persisténcia dos acumulos e fetoes atuantes
(Apéndice 2);

4) Investigar os efeitos da ocorréncia de macroalgasderiva sobre as
pradarias d&k. maritimae a macrofauna bentdnica associada, considerando

padrdes naturais de abundancia, deposicéo e tramgppéndice 3).

3. MATERIAIS E METODOS

3.1Area de estudo
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A Lagoa dos Patos € a maior lagoa costeira do“gptvangulada” no mundo
com uma area de cerca de 10,000 KiKjerfve 1986; Figura 1). Com um regime de
maré semi-diurno de baixa amplitude (~0,47 cm)ireulacdo da regido estuarina, a
qual abrange cerca de 10% da area total laguneontolada pela interacdo entre a
precipitacdo na bacia de drenagem da lagoa, ardasitavial e a acdo de ventos locais
e remotos (Moller et al. 2001). Picos de preci@gitae descarga fluvial ocorrem durante
0 inverno/primavera enquanto cenarios opostos esodurante o verdao/outono (Vaz et
al. 2006). Variacoes interanuais e de longo prampadrdoes de precipitacdo regional
ocorrem associadosk Nifio Southern OscillatioENSO), com anomalias positivas e
negativas de precipitacdo ocorrendo durante sises fquentes (El Nifio) e frias (La
Nifia), respectivamente (Grimm et al. 1998).

Durante periodos de baixa descarga fluvial, osogeptedominantes de nordeste
(NE) e sudoeste (SO) afetam, respectivamentegda sagéntrada de agua entre o estuario
e a costa adjacente. Tais processos sao deteresnaog padroes de residéncia da agua
dentro do estuario (Odebretch et al. 2015). Nordotaem periodos de alta precipitacéo
e descarga fluvial, o ELP se torna um sistema da dgce, com a area de mistura entre
a agua doce de origem continental e a agua salgadajgem marinha, ficando restrita
a desembocadura do estuario. Durante esses pergmtosnte fortes ventos de SO sao
capazes de reverter o fluxo de agua do estuarsogpaona costeira (Méller et al. 2001).
Em contraste, durante periodos de descarga fleethizida, a intrusdo de agua salina
pode atingir os limites superiores do ELP (~45 k@@nsequentemente, condicdes
marinhas/eurihalinas sdo observadas durante o /eetdno enquanto condi¢cdes de
agua doce/oligohalinas prevalecem durante o inverinwavera. Em geral, o ELP é

eutréfico, com altas concentracfes de nutrientesgémicos na coluna d’agua e nos
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sedimentos decorrentes do aporte da bacia de dmnaips macréfitas aquatica

fontes antropicas (Baumgarten & Niencheski 20

PATOS LAGOON
ESTUARY

@ MARSHES
DSHALLOWS (<1.5m)
WITHOUT RUPPIA

O DEEPER OPEN
WATERS (1.5 -5 m)

JCHANNELS (>6 m)

ATLANTIC
OCEAN

N

)

Figura 1. Localizag&do estuario ¢ Lagoa dos Patosio extremo sul do Brasil com
regido mesomixohalinee enseadas investigadasn destaque (a) Enseadas
representadas como: (1) ~SO, (2) exp-NE, (3) shelt&8O e (4) shelt-NE (ver item
3.2 para mais detalhes).

A vegetacdo aquatica submersa ocupa extensas rsms (>120 k? com
profundidade inferior  metros) & dominada por fanerégamas submersas eurih:
e oligohalinas Ruppic maritima e Zannichellia palustris respectivamente)
macroalgas bentbnicas dos géneUlva, Cladophora Rhizocloniume Polysiphonia
(Seeliger 2001 A abundancia dos coronentes da VASaria sazonalmente com pic

de producao de faner6gamas principalmente duranter@o e inicio do outror

enquanto macroalgas predominam durante a primaverautono (Coutinho & Seelig
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1986; Silva & Asmus 2001). Entretanto, a analisealandancia da VAS no ELP
durante os ultimos 30 anos permitiu identificar sammm drasticas reducbes da
vegetacdo submersa (tanto faner6gamas como maaspagguidos por periodos ou
anos dominados por macroalgas de deriva (Copegtiseeliger 2010; Gianasi et al.
2011).

O presente estudo foi realizado na regido mesoraix@hda Lagoa dos Patos,
no entorno do Saco do Arraial (Figura 1, em desfgqraracterizada pela presenca de
ilhas e enseadas rasas, com profundidade mendt,§ua margeadas por marismas e
fundo composto por sedimentos finos (argila e)sdtarenosos (Calliari 1980). O Saco
do Arraial, embora considerado protegido de evedéoalta energia, possui orientacéo
no eixo nordeste-sudoeste estando sujeito a irdla&le ventos de nordeste (NE), mais
frequentes, e do quadrante sudoeste (SO), de nmnergia. Os locais de
monitoramento, amostragem e experimentos forammide8 a partir de informacdes
detalhadas sobre a ocorréncia e abundancia daariiade fanerdgamas e macroalgas

de deriva principalmente durante o verao e out@ian@asi et al. 2011).

3.2Variabilidade temporal da abundancia de macroalgasie deriva no periodo

2004-2007

» Amostragens
Entre Janeiro de 2004 a Maio de 2007, a abund@eamacroalgas de deriva foi
investigada numa enseada rasa (<1 m de profundidadiéha da Polvora (shelter-NE,

Figura 1 em detalhe), a qual € margeada por masistompostos poiSpartina
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alterniflora, S. densiflorae Scirpus maritimus A enseada investigada € exposta
predominantemente aos ventos de NE, com a diregie-nordeste (NNE)
apresentando o maigetch (Figura 1, Apéndice 1). A batimetria da enseadastrada
apresenta uma area central de depresséo (60-96 profdndidade) cercada por bancos
arenosos (5-50 cm de profundidade) com substratngolidado composto por areia
(50-90%), areia muito fina (20-30%) e silte e ar@dte 10%).

Nessa enseada, a biomassa de macroalgas de dermadstrada mensalmente
utilizando-se quadrados amostrais (1) mlispostos aleatoriamente nas regides
mesolitorais (da linha de marisma até 50 m) e subls (até 90 cm de profundidade; n
= 3 para cada regido). De Janeiro 2006 a Maio 28@hundéancia de macroalgas foi
monitorada mensalmente e semanalmente durante $lodesses periodos, o0
percentual de cobertura e biomassa de macroalgdsriya foi amostrada ao longo de
trés transectos (150 a 350 m de comprimento) pdipdares a linha de costa e
distanciados 300 m entre si. Para a estimativa eieweptual de cobertura das
macroalgas, o método de interseccéo de linha flddado (English et al., 1997). Esse
meétodo tem sido utilizado no estudo de recifes deis e macroalgas devido a
dificuldade de se estimar visualmente o percerdaatobertura desses organismos no
ambiente subaquatico. Para a sua utilizacdo, ttafes perpendiculares a linha de
costa sdo instaladas na area de interesse a @arfpontos iniciais aleatérios. O
comprimento total de cada transeccao é determieadmterceptacdo ao longo de cada
transeccdo pelo organismo de interesse (N0 nossw, caacroalgas de deriva) é
registrada. O percentual de cobertura € determipatiometragem total da transeccao
em que macroalgas de deriva estiveram presentaiddivpelo comprimento total da

transeccéo.
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Ao longo dos transectos, a biomassa algacea fost@ata a cada 50 m de
intervalo através de método destrutivo (quadra@o8,25 mi; n = 3). Em laboratério, a
biomassa algacea foi lavada com agua doce paracéende detritos, sedimentos e
fauna associada e teve seu peso seco determirsdta(por 48h &0°C). O conteudo
de carbono organico total (COT) e nitrogénio t@&l) nas algas foi obtido a partir de
subaliquotas de biomassza-8 mg) lavadas com agua destilada, secas e maserad
utilizando-se um analisador elementar (2400 Séri€$INS/O System, Perkin-Elmer,
USA). O material de referéncia certificado acetanilidautlizado para controle de
qualidade das analiseSubaliquotas de biomassa de algas também foramiaBxam
formol 4% na dgua do mar para posterior identificaigxondémica.

Durante o periodo estudado, os parametros hidadégiivel d"agua, salinidade
e temperatura foram monitorados diariamente numaeasla proxima aquela
investigada (~2 km) no ambito do Programa de Peadtcologica de Longa Duracao
no Estuario da Lagoa dos Patos e Costa AdjacenteELDP Sitio 8;
http://www.peld.furg.br/index.php/metadados). Mdémsmte, amostras de agua em area
proxima a amostrada (~0,5 km) foram obtidas pateraenacdo das concentracdes dos
nutrientes inorganicos dissolvidos na coluna d aguénio (NH"), nitrito (NO,) +
nitrato (NQ), fosfato (P@*) e total de sélidos em suspensdo (TSS) de acamip c
metodologia previamente descrita em Haraguchia&oohdores (2015).

Mensalmente, o indic®©ceanic Nifio(ONI) foi obtido a partir doNational
Oceanic and Atmospheric Administratighttp://www.noaa.gov) para caracterizar a
ocorréncia de eventos de ENSE) Nifio Southern Oscillatign Condicdes de El Nifio e
La Nifia foram caracterizadas, respectivamente, gadaréncia de anomalias positivas

(+0,5) e negativas (-0,5) da temperatura da supertia agua no oceano Pacifico
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equatorial presentes por no minimo cinco mesesecotigos. Dados diarios de
precipitacdo na bacia de drenagem da Lagoa dos Patescarga fluvial foram obtidos
a partir da Agéncia Nacional de Aguas (http://wwwagov.br). Para este dltimo,
foram considerados os trés principais rios tribosada Lagoa dos Patos (Jacui, Taquari
e Camaqud) cujos soma dos seus fluxos corresporeteade 70% do desague total na
lagoa (Vaz et al. 2006). Dados horarios de diregdweelocidade do vento foram

fornecidos pela Praticagem do Porto de Rio Grahtde:{/www.rgpilots.com.br).

» Andlises estatisticas

A relacao entre a precipitacdo pluviométrica ndebde drenagem e a descarga
fluvial no ELP foi analisada através de Regressiéedr simples. Posteriormente, 0s
efeitos da descarga fluvial sobre os parametrolbigicos nivel d’agua, salinidade,
temperatura, TSS, RD e nitrogénio inorganico dissolvido na coluna dzAdNID,
NH4+NO,-NQO3), assim como suas inter-relacdes, foram avaliattasés da Analise de
Componentes Principais (ACP). Para isso, médiasnss foram utilizadas uma vez
que estas tiveram um maior percentual de explicalz@ovariabilidade dos dados
comparadas as meédias mensais. Estacbes do ana faxemo (Julho a Setembro),
Primavera (Outubro a Dezembro), verdo (Janeiro ecdjee outono (Abril a Junho).
Variaveis foram checadas em relacdo a normalidadesdus dados (teste de Shapiro-
Wilk) e, quando necessario, foram logaritmizadas ga& adequar aos pré-requisitos da
analise. Variaveis hidrologicas foram agrupadasacderdo com as suas cargas (i.e.
loadingg ao longo dos trés primeiros eixos da ACP o0s quaxplicaram,

respectivamente, 50,8%, 23,3% e 13,1% da variali¢éidotal dos dados.
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A relacéo entre a abundancia total de macroalga®ea (i.e. zona mesolitoral
e sublitoral) e as variaveis hidrologicas foi imigeda através de uma Analise de
Regressao Mdltipla na qual os auto-valores dos friseiros eixos da ACP foram
utilizados como variaveis independentes. Para tadamalises de regressédo, a analise
dos residuos foi conduzida para verificacdo dos-rgméisitos normalidade e
homocedasticidade dos dados. Analises estatidticasn conduzidas utilizando-se o
programa R versao 3.2.2 (The R Foundation for Stedi Computing, 2015) e PAST
versao 2.08.

Para avaliar os efeitos da acdo de ventos sohdestabuicdo espacial da
abundancia de macroalgas de deriva entre as zoess ensublitorais, as componentes
zonais fx) e meridionaist) da for¢a de fricgdo do vento sobre a superficiguh (i.e.
Wind stressrt) foram determinadas utilizando uma rotacdo hoxdid2,5° no intuito de
alinhar as componentes de acordo com a direcéo aier fietch da area de estudo

(NNE). Foram utilizadas as seguintes equacdes:

= p X Cg X U1 X Sind

Ty =p X Gy X U0 X coD

ondep representa a densidade do ar (1,2 K, é o coeficiente de fricgéo (2,5 x 10
% Elliot 1982), Uy é a velocidade do vento@ é o angulo rotacionado da direcdo do
vento em relacdo ao norte verdadeiro. Padrdes tamspda acdo dos ventos sobre a
distribuicdo espacial das macroalgas de derivarfaaalisados utilizando-se apenas a
componente meridional, com valores negativos (posit indicando a ocorréncia e

magnitude de ventos de NNE (SSO).
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3.3Variabilidade espacial e temporal da abundéancia denacroalgas deriva no

periodo 2012-2014 e contribui¢cdes para a matériagénica sedimentar

» Amostragem de campo

Entre Agosto de 2012 a Agosto de 2014, a ocorréeciabundéancia de
macroalgas de deriva foram avaliadas em quatr@ &asas selecionadas de acordo com
um contrastea priori entre enseadas mais expostas e moderadamentdasxpos
ventos predominantes na area de estudo, o quakeadl susceptibilidade de cada
enseada a acdo de ondas e correntes geradas gelaeayentos. Foram elas: uma
enseada da llha das Pombas, representando unekprato aos ventos de NE (exp-E);
uma enseada da Ilha da Pdlvora, local expostoetsy de NE, porém com um menor
grau de exposicao (shelter-NE); Coroa do Narcizmallaltamente exposto a ventos de
sudoeste (shelter-SO); e Coroa do Roque, expostentos de sudoeste em menor
intensidade (exp-SO; Figura 1, em detalhe). Pada enseada, o seu grau de exposi¢cao
aos ventos de NE e SO foi expresso através doaeumeédio deNavefetch(i.e. pista
de vento disponivel para geracdo de ondas e cestefitabela 1), o qual foi
determinado a partir da média dos comprimentosinded dewave fetch plotadas a
cada 22.5° (total de 8 secOes angulares; i.e.r&ijuApéndice 1). Em cada enseada, as
linhas defetchoriginaram-se a partir do ponto médio da costaja tpi representado

pelo ponto inicial da transect central (veja se§amstragenpara mais detalhes).
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Tabela 1. Principal direcdo de exposicdo aos veptedominantes e ®avefetch
médio para cada enseada investigada. Valores espaes a média dos valores
individuais defetchdeterminados a cada 22.5°.

Local Exposicao preferencial ~ Wave Fetch médio (km)
Exp-NE NE 2.37
Exp-SO SO 2.39

Shelter-NE NE 1.38
Shelter-SO SO 151

Em cada enseada investigada, a abundancia das algasrofoi avaliada
mensalmente da regido mesolitoral ao sublitoral,rag aproximadamente 1,0-1,5 m
de profundidade, ao longo de trés transectos gmergfiados (200 m cada),
perpendiculares a margem e distanciados 100 m €n#® longo de cada transecto, 0
percentual de cobertura foi avaliado visualmentada 50 m, em quatro quadrados
nao-destrutivos (50 cm x 50 cm), posicionados adi@s ao transecto (totalizando 20
quadrados amostrais por transeccdo). A biomassaadeoalgas foi amostrada nas
proximidades das transecg¢des, em quadrados onee@enpual de cobertura era 100%,
através de tubo extrator de PVC de 15 cm diameitreatl76,62 cfm n = 10).
Amostras da camada superficial do sedimento (5 emrdfundidade amostradas com
tubo extrator de 8 cm de didametro=18) dentro da area dos transectos também foram
obtidas para analise dos teores de COT, NT e aaéss isotépicasiC/°C e N/*N).
Em laboratério, a biomassa de macroalgas foi tripal@ a remoc¢édo de sedimento,
detritos, fauna e flora associados. Subaliquotadidmassa de macroalgas foram
fixadas (formol 4%) para identificacdo taxondmitaeés da anélise da morfologia do

talo e anatomia do tecido com o auxilio de estei@osctopia e microscopia Otica
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segundo descricdes de Baptista (1974), Coutinh®2)19Coto & Pupo (2009) e
atualizacdes do banco de daddgaeBaseO peso seco da biomassa (estufa por 48h a
60°C) foi determinado e a abundancia média dasoakyas de deriva em cada local foi
expressa pelos valores de biomassa seca, corrigidos valores médios de percentuais
de cobertura.

Subamostras de biomassa de macroalgas de toddoalgénvestigado foram
lavadas com agua destilada, secas, maceradas selackas (2-3 mg) em cépsulas de
estanho para a avaliacdo dos teores de CO e NEamot(Analisador Elementar
CHNS/O 2400 Series Il, Perkin-Elmer, USA) no Lahéra de Hidroguimica (IO,
FURG). Para as andlises elementares, o controtpial@lade foi realizado a partir do
material de referéncia certificado acetanilida. ¥@dores minimos e maximos do
percentual de recuperacdo da acetanilida foram &8,00,28%, 97,87 e 102,79% e
84,79 e 103,27% para o carbono, nitrogénio e héirimg respectivamente (n = 9). Para
as amostras de biomassa de macroalgas coletad&0km suas razdes isotdpicas
12cM3C e MN/*°N também foram determinadas através de espect@mhetmassa junto
ao Stable Isotope Laboratory da University of Geo(gSA). Procedimentos similares
de secagem, maceracédo e encapsulamento (25-3®rag) &dotados para as amostras
de sedimento. Para a analise de COT no sedimengxgessaria a descarbonatacdo das
amostras para a remocao do carbono inorganiceeténto, visto que estudos pretéritos
no ELP mostram que sedimentos de areas rasas cdig&ws teores de carbono
inorganico (M. Wallner-Kersanach, comunic. pes@y amostras de sedimento
analisadas no presente estudo nao foram acidic&afato, Claudino e colaboradores
(2013) testaram a necessidade de descarbonatagéanpastras de sedimento de areas

rasas e ndo encontraram diferencas significatimasassinaturas d&C entre amostras
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acidificadas e nado acidificadas. Analises isotGpict tecido de macroalgas, e
elementares e isotopicas do sedimento, foram egllizem todo o periodo investigados
para os locais exp-NE e exp-SO (2012-2014) e apsmgsimeiro ano de amostragem
(2012-2013) nos locais shelter-NE e shelter-SO, Stable Isotope Laboratory
(University of Georgia, USA). O material padrdo gay carbono foi utilizado a
Belemita de padrdo Dee Pee e, para o nitrogéniafregénio atmosférico. Padrbes
internos dessa andlise apresentaram desvios-paaidd@OC &°C de +0,16 e +0,08 e
para TN €°N de +0,05 e +0,12, respectivamente.

Mensalmente, o0s parametros da &gua temperaturinidade turbidez
(Multiparametro HI9829, Hanna Instruments, USA)che (disco de secchi) e nivel
(régua) foram obtidos em pontos adjacentes aseiradss avaliadas. Amostras de agua
(n = 3) foram coletadas e filtradas para deterndioaga concentracdo de nutrientes
inorganicos dissolvidos (NHING,, NO; e PQ) (Strickland & Parsons 1972) e seston.
Dados locais e horarios da direcéo e intensidadesdtm foram fornecidos pela Estacéo
Meteorologica da Praticagem do Porto de Rio Grafidip://www.rgpilots.com.br).
Dados diarios de precipitacdo pluviométrica na dabe drenagem do ELP foram
fornecidos pela Agéncia Nacional das Aguas (httpai.ana2.gov.br). Dados horéarios
de radiacdo na superficie foram fornecidos peladiting National de Meteorologia
(http://www.inmet.gov.br/portal). A radiacdo fotoggticamente ativa subaquatica
(Underwater Photosynthetic Active Radiation, PARpre o fundo foi estimada de

acordo com a equacao de Lambert Beer:

1= lg*e™
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em que ¢ é a radiacdo na superficleg o coeficiente de extincak € 1,7*secchf*®>
Costa & Seeliger 1989) z¢ a profundidade. Foi assumido que cerca de 50PA#aé
fotossintéticamente ativa e uma perda de 5% dagadiincidente relativo a reflexdo na

superficie d"agua (Silva & Asmus 2001).

» Andlises estatisticas

A abundancia total de macroalgas de deriva nadeesstudo durante o periodo
investigado foi expressa através da média doseslbe peso seco entre todos os locais.
O coeficiente de variacdo (CV) sazonal da salireddichgua foi utilizada como proxy
para a retencao de agua no ELP, o qual é indicdbviempo de residéncia da agua no
sistema (Odebrecht et al. 2015). Periodos de metiencédo de agua foram identificados
por aumentos nos valores mensais médios de salemidaompanhados por baixos
coeficientes de variacéo, os quais refletiram eadate permanéncia de agua de origem
marinha no estuario.

Inter-relacdes entre todos os parametros hidradégitvestigados e seus efeitos
sobre a abundancia total de macroalgas de dedranfanalisadas através de Analise
de Componentes Principais e Regressdo Linear Nalltygilizando os mesmos
procedimentos descritos na secéo 3.2.2. Contuda,goanalise foram utlizadas médias
mensais. Para os parametros hidrologicos amostragosada enseada (i.e. nivel,
salinidade, temperatura, seston, irradiancia, fosanitrogénio inorganico dissolvido),

a média entre todos os locais foram utilizadasdiesi auséncia de diferencas espaciais
significativas (dados ndo mostrados). Como varsavedependentes na analise de
Regressao Mudltipla, foram utilizadas as trés priasecomponentes principais, as quais

explicaram, respectivamente, 47,1%, 17,4% e 15,200variabilidade dos dados.
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Diferencas espaciais na ocorréncia e magnitude ldosms entre locais foram
analisadas em relacdo a direcdo, intensidade aéinet@ dos ventos locais. Analises
estatisticas foram conduzidas utilizando-se o @mgr R versao 3.2.2 (The R
Foundation for Statistical Computing, 2015) e PA&Tséo 2.08.

A contribuicdo da biomassa de macroalgas de dpava a matéria organica na
camada superficial do sedimento foi avaliada asa@emodelo bayesianos de mistura
MixSiar (Stock & Semmens 2013) nos programas Rs@®i3.2.2) e JAGS. O pacote
MixSiar fornece estimativas dos percentuais derdmntdo de distintas fontes mesmo
para sistemas indeterminados, levando em conséteragvariabilidade associada as
amostras e fontes de erro desconhecidas (Parredll 2013). O modelo de mistura foi
utilizado com as médias sazonais das assinatuséspisas de™C, N e da razao
elementar C:N das distintas fontes e os locais tads foram considerados um fator
fixo. Além das macroalgas de deriva, demais fordesmatéria organica para o
sedimento como a matéria organica particulada (M@RPgnerogam®&uppia maritima
e as halofitasSpartina densifloraScirpus maritimuse S. olneyforam consideradas a
partir de dados pretéritos obtidos na area de ediGthudino et al. 2013). A MOP
representou o fitoplancton e demais particulasspensao na coluna d"agua e, apesar
das amostras nédo terem sido acidificadas, asswerues elas representaram o carbono
organico particulado (COP) uma vez que testes difiaacdo e nao-acidificacédo
realizados por Claudino e colaboradores (2013)eenaiiram um baixo teor de carbono
inorganico na matéria organica particulada no sedimRuppia maritimae Spartina
densiflora foram agrupadas como uma fonte Unica devido alssiodde em suas
assinaturas isotopicas. O mesmo ocorreu Sargpus maritimuse S. olney as quais

apresentam vias fotossintéticas semelhantes (pl&@8a Os percentuais de COT e NT
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de cada fonte foram informados na analise. Valdessacionamento para as fontes nao
foram incluidos uma vez que estudos preliminare€bB indicaram a auséncia de
alteracOes nas concentracdes elementares e isgdgucante a diagénese da matéria
organica (Claudino et al., em preparacéo). Asilliggdes posteriores das contribuicdes
das distintas fontes de foram calculadas utilizacalteias de Markov e Monte Carlo
longas Markov Chains Monte Carlocomprimento de cadeia = 1.000.000yn-in =
700.000,thin = 300) e sua convergéncia foi checada atravéestatd diagnodsticos

(Trace plotsGelman-Rubin test Geweke testStock& Semmens 2013).

3.4 Avaliacédo experimental dos efeitos de deposi¢cdeamsitorias de macroalgas

de deriva sobre a comunidade bentbnica

» Experimentos

No intuito de avaliar os efeitos do transporte podecdo de curta duracdo de
macroalgas de deriva sobre pradarias Rlemaritima e a macrofauna benténica
associadas, um experimento de campo foi conduzidorea enseada rasa do ELP do
final de Marco ao inicio de Maio de 2014 (OutonBgra isso, biomassa fresca de
macroalgas de deriva, compostas predominantememie lva clathrata e
Rhizoclonium ripariumforam adicionadas a cercados experimentais (0,5X0 1 m
de altura, abertos no topo) instalados sobre pesddeR. maritima Telas plasticas
com malha de abertura de 1%foram utilizadas para cercar os plots experimentai
enterradas no fundo com o auxilio de taquaras. Ihar@a tela era pequena o suficiente
para a manutencdo da biomassa de macroalgas astrplots durante periodos de

baixa hidrodinamica sem, ao mesmo tempo, afetacalacédo da agua no seu interior.
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Por outro lado, durante eventos de alta energia @lta descarga fluvial e/ou acdo de
ventos), a malha néo evitava a adveccao da bionpasaafora dos cercados. Tal fato
permitiu o controle das taxas de perda da biomassanacroalgas ao longo do
experimento (i.e. decréscimos de biomassa e cohattumacroalgas) de acordo com o
hidrodinamismo local. Os cercados experimenta@nfoinstalados aleatoriamente (5 m
de distancia entre eles) em uma area de aproxineadar00 rhocupada por pradarias
de R. maritimabem estabelecidas com manchas variando entre D Bfale area. As
pradarias eram homogéneas, com percentual de gaberoximo a 100% e altura do
dossel de 10 a 15 cm. Similarmente, a area expet@inera homogénea quanto a
granulometria do fundo (98% area, 1,2% silte e 0a8fla) e profundidade d"agua (0,3
a 1 m), variando de acordo com o nivel médio d"aguastuario. Devido a topografia
cbncava do fundo, macroalgas de deriva n&do ocorrr@turalmente na area
experimental, se acumulando nas depressdes |latatizep seu redor (obs. pess.).
Quatro tratamentos experimentais foram aplicadas qaatro réplicas cada: (1)
controle referéncia (CR; denominado RC no Apéndifecomposto por areas nao
manipuladas experimentalmente localizadas entrecaysados experimentais; (2)
controle cercado (CC; FC no Apéndice 3), sendosptmtrcados sem a adicdo de
biomassa de macroalgas para controle dos efeitosing@lacdo do artefato
experimental; (3) baixa biomassa (BB; LB no ApéadB) com plots cercados e a
adicdo de 2 kg de biomassa fresca p6r(r200 g PS M) simulando a ocorréncia
natural de massas de macroalgas de deriva; et@dpiainassa (AB; HB no Apéndice
3), tratamento caracterizado pela adicdo de 10ekiismassa Umida por’n~1000 g
PS n?) em cercados de acordo com cenario de floracdssnedmos no ELP. As

réplicas de cada tratamento foram posicionadasoai@amente na area de experimento.
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A biomassa de macroalgas utilizada no estudo fetada em areas adjacentes a regiao
experimental e defaunada manualmente com auxilgirdg e lupa previamente a sua
adicao aos cercados.

Uma vez que macroalgas de deriva em zonas rasasLBotém um alto
potencial para adveccdo mas, a0 mesmo tempo, agsirs@lmostram persistentes em
uma mesma area rasa, durando até 6 meses (veadesutecado 4.1, Apéndice 1 e 4.2,
Apéndice 2), simulou-se a ocorréncia de deposigaegienciais de macroalgas de
deriva sobre pradarias d®. maritima.Para isso, 0s cercados experimentais foram
visitados durante seis intervalos de tempo pakeakegdo da abundancia de macroalgas
de deriva perdida por adveccao e readicdo de bsarelgacea aos cercados de acordo
com patamares iniciais do experimento (i.e. re@osida biomassa). Os intervalos de
tempo das visitas variaram de 4 a 7 dias, sendot&leque compreendeu entre 31 de
Marco a 4 de Abrilf2, composto de 4 a 7 de Abiig, de 7 a 14 de Abrik4, de 16 a 23
de Abril; t5, de 23 a 29 de Abril; 8, composto de 29 de Abril a 2 de Maio. Em cada
intervalo de visita, a biomassa nos cercados era quantificadasibilitando a
determinacao da sua taxa de perda dos cercadeslpercdo. Para isso, a biomassa de
macroalgas remanescente nos cercados era cuidadsarmetirada manualmente para
nao afetar as plantas &ppiae a macrofauna associada. O volume da biomassa era
estabelecido através da utilizacdo de provetaiggade 2 litros graduada, perfuradas do
topo ao fundo em trés fileiras, e acopladas con@a@ide diametro semelhante ao do
interior do cilindro. O pistdo era utilizado parac@mpressao da biomassa algacea e
consequente remocdo do excesso de agua (veja RokbBoese 2002 para mais
detalhes)A partir do volume de biomassa fresca determinagloo( seu peso seco (Yy)

era estimado através da reta de regressao linedr,y= 0,8399x[{ < 0,05; R = 0,94;
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n = 40) obtida em testes preliminares na areatde@sDevido a sua morfologia de talo
simplificada, macroalgas de deriva de géneros op@tas comdJlva e Rhizoclonium
apresentam rapida taxa de decomposicéo e, consemezrie, altas perdas de biomassa
por decomposicado (Banta et al. 2004). No intuitacdetrolar o percentual de reducéo
de biomassa dentro dos cercados oriundo de pracdssdecomposicdo e nao da sua
adveccéo, sacolas de decomposicéo de dimensdarsang cercados (0,5 x 0,5 m) e
valores de biomassa de macroalgas similares dameatos BB e AB (respectivamente
LB e HB no Apéndice 3) foram instaladas aleatorist®esobre o fundo da area
experimental (n = 3 por tratamento de biomassaardaros trés ultimos intervalos de
tempo do experimento (i.¢4, t5 e t6). As mesmas tiveram seus valores de perda de
biomassa determinados a cada intervalo de tempoaido com a metodologia adotada
nos cercados.

Apos a determinacdo dos valores de perda de bianmass cercados, a sua
reposicao até valores iniciais era conduzida. Anlbgsa remanescente retirada dos
cercados era recolocada neles e nova biomassaalff@sca, previamente defaunada
era também adicionada. Para as sacolas de decgdgposomente nova biomassa
fresca foi adicionada. Os valores de biomassa tepaan cada intervalo de tempo
foram similares as condicdes iniciais de biomass@xperimento (i.e. 200 g PS’m
para BB e 1000 g PS fpara AB), as quais estiveram de acordo com padiétesais
de reocorréncia de macroalgas de deriva nas prdades da area experimental. Esses
foram investigados durante o experimento em uma gréxima a experimental (0,5
km? ~200 m distante) através do estabelecimento ¢ @mets fixos (0,25 R)

aleatoriamente posicionados. Nessa area, ao iaiftral do experimento, o percentual
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de cobertura de macroalgas foi visualmente estirratoada plot e coleta destrutiva de
biomassa realizada para determinacéo do seu paso se

O experimento durou 33 dias (de 31 de Marco a Md® de 2014), tempo
suficiente para a ocorréncia de expressivos deslino percentual de cobertura de
plantas deR. maritimadentro dos cercados (i.e. valores proximos a 1@&)inal do
experimento, amostragens destrutivas foram reagadlentro dos cercados
experimentais e no controle referéncia (n = 4 paaimento) com o auxilio de tubo de
PVC de 10 cm de diametro, enterrado a 15 cm despadaiade na coluna sedimentar.
Dentro dos cercados, a amostragem foi realizadsenocentro para evitar efeitos de
borda. Amostras foram peneiradas em malha de 50@dquabertura e acondicionadas
em sacos plasticos. Em laboratério, elas foramd@ygara a remocao de sedimentos,
detrito e epifitas. A biomassa de& maritima foi separada em biomassa aérea e
subterranea, cujo peso seco foi determinado (estl68°C por 48h). Os parametros
demograficos comprimento total do rizoma, nimerbakdes e densidade de nds foram
determinados. O comprimento de 10 folhas selecemadeatoriamente também foi
determinado. Subaliquotas (2-3 mg) de biomassRupiaforam lavadas com agua
destilada, secas, maceradas e encapsuladas enasapsestanho para analise do seu
teor de COT e NT (2400 Series Il CHNS/O SystemkiRdtImer, USA). O material de
referéncia certificado acetanilida foi utilizadag@aontrole de qualidade das analises. A
macrofauna bentbnica associada a plantaR.dwmaritimafoi fixada em formolina 4%
na agua do mar e identificada até o minimo nivedrtémico possivel com o auxilio de
lupa com lente de aumento 40x.

Durante o periodo experimental, dados horariadirdg&o e velocidade de vento

na area de estudo foram obtidos através da Esitdefeoroldgica da Praticagem do
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Porto de Rio Grande (http://www.rgpilots.com.brjadds diarios de descarga fluvial
para a bacia de drenagem da Lagoa dos Patos, oo ammm os critérios citados no

item 3.2.1, foram obtidos da Agéncia Nacional dedsy(http://www.ana2.gov.br).

» Andlises estatisticas

O indiceWave Exposuré@urrows et al. 2008) foi utilizado como proxy agao
de ventos na area experimental, a qual, por suaefzte a acdo de ondas oriundas da
friccdo do vento local sobre a superifcie da adqtea o célculo desse indice, os
comprimentos das linhas &&tch(pista de vento) sobre a agua originados a phertum
ponto central da area experimental até a porcacteda mais proxima foram
determinados em oito secdes angulares (i.e. aza8a de direcdo do vento). Valores
de Wave Exposuréoram determinados a partir da frequéncia de éocra de ventos
em cada direcdo, multiplicada pelo quadrado dorvalédio de velocidade do vento
(em nos) naquela mesma direcao. Para avaliar gioekentre a hidrodinamica local e a
adveccado de macroalgas de deriva sobre pradariduppia efeitos individuais e
interacbes da descarga fluvial\V@ave Exposuresobre os valores de biomassa de
macroalgas nos cercados experimentais ao longoxgerimento foram investigados
atravées de Regressao Linear Mdltipla. Os pré-réqaisda analise paramétrica
normalidade e homocedasticidade dos dados foramadbe através da analise dos
residuos.

Para investigar a relacdo entre os distintos traéms experimentais (i.e. CR,
CC, BB e AB) e a biomassa aérea e subterraneRuppia e 0os seus parametros
demograficos comprimento de folhas e rizomas, esidades de nés e hastes, foi

conduzida uma Analise de Componentes Principai?{A& ACP foi realizada através
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de uma matriz de correlacdo dos dados brutos,lgpgdeonizou em uma mesma escala
as variaveis mensuradas em distintas escalas dielan&teviamente a realizacdo da
ACP, variaveis foram checadas quanto a sua digtdbunormal.

Os efeitos das deposi¢cOes de macroalgas de dehva @ macrofauna bentbnica
associada a pradarias @ maritima foram investigados através do ordenamento
espacial das amostras utilizando a analise nMN8n{metrical Multidimensional
Scaling. Devido a natureza dos dados (valores de aburaf@oc organismo com a
presenca de zeros), a analise utilizou uma magizidhilaridade construida com o
indice de dissimilaridade de Bray-Curtis e os dddeam previamente transformados
para a sua raiz a quarta devido a dominancia denalg espécies na comunidade. Para
testar diferencas significativas entre tratamenfoglises de Variancia Multivariadas
Permutacional (PERMANOVA; Anderson 2001) foram aaridas utilizando o indice
de Bray-Curtis e 4999 permutacdes, seguidas popam@gdes par a par. Para a espécie
numericamente dominante na comunidade, no caso, rustaceo tanaidaceo
Monokalliapseudes schubartver Sintese dos Resultados, secdo 4.3 e Apéndlice 3
analise de PERMANOVA utilizando o indice de Brayriaue 4999 permutacao foi
realizada para testar a presenca de diferencasicagmas na sua abundancia entre
tratamentos.

Todas as andlises estatisticas foram conduzidpsogoama R versédo 3.2.2 (The
R Foundation for Statistical Computing, 2015), PA&¥sdo 2.08. Devido a baixa e
desigual replicacdo das amostras, valores do cdoté€ COT e NT na biomassa aérea

e subterranea d®. maritimanao foram analisados estatisticamente.

4 SINTESE DOS RESULTADOS
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A seguir, os resultados estdo apresentados de foeswamida. Resultados

detalhados estdo descritos nos trés artigos apaeesmo Apéndice desta tese.

4.1 Artigo 1: Dinamica espacial e temporal de macroalgade deriva no ELP
entre 2004-200{Apéndice 1, artigo aceito para publicacdo no pec@Marine

Biology Researdh

A avaliacao dos padrbes temporais de abundanaisadeoalgas de deriva entre
Janeiro de 2004 a Maio de 2007 evidenciou tréssidé crescimento de macroalgas, 0s
quais iniciaram-se no final da primavera (Novemberembro)/inicio do verao
(Dezembro-Janeiro) e persistiram até o final doowaot(Maio-Junho; Figura 6). A
biomassa de macroalgas, composta predominantementeUlva clathrata e
acompanhada pdd. intestinalis U. flexuosa Cladophora vagabundeaC. crispatae
Rhizoclonium ripariumapresentou valores médios entre 3 a 432,7 g BSom picos
na primavera e verdo. Ciclos de crescimento diéfieriem relacdo ao seu periodo de
desencadeamento, magnitude e persisténcia entrBsiistos anos investigados. A
analise interanual das floracbes de macroalgased®adevidenciou que estas sao
fortemente afetadas por eventos de El NiEbNifio Southern Oscillation os quais
determinam os padrbes regionais de precipitacdwigphétrica e consequentes
variacbes na descarga fluvial no sistema (Figurpa 28 maiores floracdes de
macroalgas de deriva foram observadas ap0s evdetdd Nifio fraco a moderado
(Figuras 2a e 6). Anualmente, picos de biomassareremn apos diminuicdes da

precipitacdo na bacia de drenagem do ELP e constegueducdo na descarga fluvial
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(Figura 2a,b). Conforme evidenciado pela Analise Glamponentes Principais, a
reducdo na descarga fluvial esteve relacionadanserio de salinidade e tempo de
retencdo da agua e decréscimo do nivel e turbiflake{a I, Figuras 3 e 4). Tais
condicbes favoreceram o crescimento de macroatgedudo, a relacdo entre esses
parametros fisico-quimicos e a abundancia de migemaso foi direta (R= 0.26,p =
0.96). Similarmente, ndo foi encontrada uma relagi@ieta entre a concentracdo de
nutrientes inorganicos dissolvidos na coluna d"&gwaabundancia de macroalgas de
deriva (Figuras 5 e 6). Entretanto, resultados @lzcentracdo elementar de carbono
organico e nitrogénio total no tecido algaceo essaades molares (C:N; Tabela Il),
indicaram a auséncia de limitagdo de compostosgatrados para a formacdo das
floracdes. Maiores floracdes na primavera de 2@fi@exam associadas ao aumento da
concentracdo de fosforo na coluna d’agua e constxgueecréscimo da razdo N:P
(Figuras 5 e 6). Uma vez estabelecidas as florag@eiscoes temporais na distribuicao
espacial de acumulos de biomassa foram observaddgsrds 6 e 7). Ventos do
quadrante N-NE, predominantes durante a primaverav&rdo, carrearam a biomassa
de macroalgas da regido sublitoral para a mesallitonpedindo a permanéncia dessas
algas na coluna d"agua sob condi¢cbes hidrologmasrdveis ao desencadeamento de

grandes floracdes (Figuras 7, 8 € 9).

4.2 Artigo 2: Dinamica espacial e temporal de macroalgade deriva no ELP
entre 2012-2014 e contribuicbes para a matéria orgica sedimentar

(Apéndice 2, artigo submetido ao periodMarine Ecology Progress Serjes
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A andlise dos padrbes temporais (agosto de 2013oata de 2014) da
ocorréncia e magnitude de floracoes de macroalgaeva em enseadas com distintos
graus de exposicado a ventos predominantes na aresiutlo mostrou variacées anuais
e interanuais na sua abundancia. A biomassdJlda clathratag U. intestinalis e
Rhizoclonium ripariumapresentou valores medios entre 0,38 (Agosto)20586 g de
peso seco MJunho 2014), com picos durante o verdo/outor20d8 e outono/inverno
2014 (Figura 4). Maiores valores médios de biomémsan observados em 2014 (223
g PS nf) comparados a 2013 (43 g PS)mA abundancia de macroalgas esteve
positivamente relacionada {R 0.67, F1,= 3.55, p = 0.02) a reducdo da descarga
fluvial e consequente aumento na retencdo de aguastuario (i.e. aumento de
salinidade associado a baixo CV, Tabela 1), sadedtemperatura e irradiancia sobre
o fundo, e a decréscimos do nivel d"agua e turl{idigara 2a,b,c), variaveis agrupadas
ao longo da PC1 (Tabela 2). Efeitos significativdes concentracdo de nutrientes
inorganicos na coluna d"agua sobre a abundancraageoalgas de deriva ndo foram
observados (Figuras 3 e 4). Entretanto, resultddoor de COT e NT no tecido de
macroalgas indicaram a auséncia de limitacdo deéentgs para o estabelecimento de
floracbes de macroalgas de deriva (Figura 5). \¢éga espaciais na ocorréncia,
magnitude e persisténcia de mareés verdes entmesaadas estudadas foram detectadas.
Enseadas mais expostas a acéo de ventos foransusagtiveis a maiores acumulos de
biomassa de macroalgas de deriva, 0os quais camcidcom o padrdo temporal de
ocorréncia e intensidade dos ventos locais (Figdras7). Nesses locais, blooms de
macroalgas formados por manchas densas e exteassstgntes no tempo (2 a 5
meses; Figura 6) representaram estoques de atéoOgl8das de N por hectare. Valores

do teor de COT e NT no sedimento foram, em geralxds e n&o variaram
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espacialmente ou temporalmente de acordo com ibdigéio espacial e temporal da
biomassa de macroalgas observada (Figura S1). bwd mistura mostraram que,
sazonalmente, as macroalgas de deriva tiveram @ma lbontribuicdo média para a
matéria organica sedimentar (de 0,5% a 8,1%) caadparcom demais fontes como a
haldfitaS. densiflorae a fanerogamR. maritima(9,6% a 61,9%), plantas C3 (0,2% a
28,5%) e MOP (15,5% a 88,5%; Figura 8 e S2). Simidate ao observado para os
resultados elementares do sedimento, padrdes aispadiemporais de contribuicdo da
biomassa de macroalgas para a matéria organicaporada no sedimento nao
refletiram diferencas sazonais na magnitude egiérsiia das floracées entre locais. De
maneira geral, a ocorréncia de grandes floracOesspentes no tempo néo contribuiu
para uma maior incorporacdo da biomassa de maasalg sedimento em enseadas

rasas do ELP.

4.3 Artigo 3: Impactos de deposicdes transitérias de ntaoalgas de deriva sobre
a comunidade bentonica(Apéndice 3, artigo em preparacao para submissao ao

periodicoJournal of Experimental Marine Biology and Ecoldgy

Experimento de campo realizado em outono de 20idemrsiou que, apesar da
persisténcia de floracbes de macroalgas deriva ea adjacente a experimental
(Tabela 1; Apéndice 3), a distribuicdo de massasnderoalgas apresentou padrdes
temporais e espaciais dinamicos de deposicdo. Agolados intervalos de tempo
estudados, a taxa meédia de perda da biomassa deoatgas nos cercados
experimentais variou de 12% @34) a 100% (+0) para ambos os tratamentos de

biomassa (i.e. BB e AB; denominados LB e HB no Ajiém 3, respectivamente),
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refletindo os curtos periodos de deposicdo de ralyas de deriva sobre o fundo
(Figura 2). Perdas de biomassa de macroalgas nmsdos diferiram das taxas de perda
mensuradas nas sacolas de decomposicdo 48 +a 12,33 +3,95%; Figura 2 em
detalhe) e estiveram positivamente relacionadasfi®s interativos de aumentos da
descarga fluvial e do indid&ave ExposuréR? = 0.96,p = 0.02; Figura 3). A Andlise
de Componentes Principais evidenciou maiores valdeebiomassa aérea e subterranea
e dos parametros demograficos comprimento de fathde rizoma e densidade de
hastes e n0s em tratamentos sem a adicdo de bamassoalgacea (i.e. RC e FC;
Figura 4). Reducdes da biomassa de plantdBuppiae seus parametos demograficos
foram observadas nos tratamentos BB e AB, sendpopibnais a quantidade de
biomassa manipulada nos cercados (Figura 5). Enmdarsestado estatisticamente, ndo
houve diferenca nos teores de COT e NT na bionma&sa e subterranea de plantas de
R. maritima entre tratamentos (Figura 6).0 ordenamento edpacia dados de
macrofauna n&o evidenciou a formacao de grupo®etad de amostras (Figura 7), ndo
havendo diferencas significativas entre tratame(PERMANOVA, p = 0,05; Tabela
2a; Figura 8). A macrofauna associada as praddoiasiominada pelo crustaceo
tanaidaceo da infaurid. schubartj seguido pelos poliquetas da infaltheteromastus
similis, Nepthys fluviatilise Laeonereis acutaorganismos da epifauna como anfipodes,
Uromunna peterseni Kupellonura sp. e Heleobia australis apresentam baixa
abundancia (Figura 8). A riqueza de taxons e amaiddotal de individuos nao variou
entre tratamentos (Figura 8a,b). Entretanto, umédetno da abundancia total superior
aguele ocasionado pela manipulacdo experimentaldtictado em tratamentos com
adicdo de biomassa de macroalgas (Figura 8b)taeselde variacdes na abundancia da

espécie dominantd. schubarti(Figura 8c). No entanto, variacdes na abundancM.de



38

schubartientre tratamentos nao foram significativas (PERMANMOp = 0,09; Tabela

2h).

5 DISCUSSAO GERAL

No estuéario da Lagoa dos Patos, no extremo-sulrdsilBmacroalgas de deriva
sdo um importante componente da producdo primdataaena em conjunto com
pradarias de faner6gamas submersas, fitoplanctomceofitobentos (Copertino &
Seeliger 2010). Apos a reducédo e desaparecimeatdA® durante eventos de El Nifio
fortes (1997/98) e moderados (2002/03), uma lesdaperacdo de pradariasRleppia
maritima foi reportada (Copertino & Seeliger 2010, Odebreshal. 2010). Nesse
cenario, os resultados da analise interdecada#2007 e 2012-2014) da ocorréncia e
abundancia de macroalgas de deriva aqui apressnsagortam estudos pretéritos que
sugerem uma tendéncia de aumento na frequénciacdeencia e magnitude de marés
verdes em enseadas rasas estuarinas (e.g. Copr8eeliger 2010, Odebrecht et al.
2010). Valores de biomassa dessas macroalgas acpmteados sdo similares, ou até
superiores, agueles reportados em areas tempezattasicas (e.g. Hérnandez et al.
1997; Kamer et al. 2001; Martins et al. 2001; Haelkw Valiela 2004, entre outros). A
analise das observacdes pretéritas e os resulfadmesente estudo sugerem mudancas
de fase gghase-shift fanerogamas-macroalgas na estrutura da comunidegdetal
submersa. Entretanto, estudos de longo prazo elosos#o necessarios para investigar
essa hipotese, incluindo outros componentes da #dauna bentbnica, assim como as

consequéncias de tais mudancas no funcionamerdgoas$gsistema.
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Variacdes temporais na abundancia de macroalgas deriva

De maneira geral, floracbes de macroalgas de derdecareram durante as
primaveras de 2004 e 2007, verbes de 2005, 2006, Egura 6, Apéndice 1) e 2013,
outonos de 2013 e 2014 e ao inicio do inverno del ZBigura 4, Apéndice 2). Estas
floracbes ocorreram durante periodos de anomaliegativas de precipitacdo
pluviométrica na bacia de drenagem do estuario,apasionaram descargas fluviais
baixas a moderadas. Tais condi¢Ges favorecemus#@urde agua marinha no estuario,
ocasionando aumentos no tempo de retencdo da dgsestema (Odebrecth et al.
2015). Nessas condicoes, velocidades de corrente@ras rasas do estuario séo
reduzidas de 1 m’spara em torno de 1 a 25 cm & ernandes 2001). Esses valores
encontram-se abaixo ou préximos aos limiares deciddde de corrente necessarios
para o transporte de macroalgas de deriva susprasasuna d agua (i.e. ~ 10 cfy s
Flindt et al. 2004), permitindo, assim, o acimuohilomassas nas areas rasas. Desse
modo, variacbes anuais e interanuais nos padrbedeslearga fluvial no estuario
determinam os padrdes temporais de ocorréncia sisf@@rcia de acumulos de
macroalgas e deriva no ELP.

Variacbes na descarga fluvial também determinamraglbes na salinidade
d"agua, nivel, irradiancia e TSS (Figuras 2, 3 ApEndice 1; Figura 2, Apéndice 2),
fatores que controlam as taxas de crescimento deoalgas em zonas estuarinas rasas
(Martins et al. 2001, 2007). Consequentemente, @rtquas variacbes de descarga
fluvial e da penetracdo da agua do mar (influerdnan tempo de retencédo da agua)
determinam a permanéncia das macroalgas no ambosnparametros fisico-quimicos

da agua modulam a magnitude das floracbes. Maawatte deriva podem ser
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beneficiadas com aumentos da salinidade (e.g. Maeti al. 1999; Taylor et al. 2001).
As floragcbes de macroalgas observadas no ELP oaorresimultaneamente com
aumentos da salinidade, acima dos valores crifiacs a germinacéo de esporos (i.e. 5,
Sousa et al. 2007) e proximos (ou dentro) de iatesvfavoraveis ao crescimento de
espécies oportunistas cordbva intestinalis(10-22; Martins et al. 1999) . clathrata
(10-30; Fitzgerald 1978). Aumentos de salinidadermcram junto com reducdes no
nivel da agua e das concentracbes de TSS, as pumisoveram aumentos da
disponibilidade de luz sobre o fundo. O aumentind&léncia luminosa sobre o fundo,
combinados a valores 6timos de temperatura d”agraa@crescimento de cloroficeas
oportunistas (15-20 °C; Taylor et al. 2001), estamuo desenvolvimento e crescimento
de macroalgas a partir de esporos e fragmentosnemoentes de floracbes anteriores
(Malta et al. 2002). Dessa forma, efeitos intecivlos parametros fisico-quimicos
provavelmente determinaram a formacéo de grandes;fies de macroalgas de derivas
em enseadas rasas.

Por outro lado, periodos caracterizados por aurseteosalinidade, irradiancia
(decréscimos no nivel e turbidez da agua) e termparaem sempre apresentaram
grandes floracdes, com menores abundéancias normi@robservadas durante o veréo
(Figura 6, Apéndice 1; Figura 4, Apéndice 2). Do fanenores valores de abundancia
de macroalgas de deriva nesse periodo sdo histmita reportados no ELP (e.g.
Coutinho & Seeliger 1986; Copertino & Seeliger 20&0ndicam que a relacdo desses
parametros fisico-quimicos da agua com o crescomdgimacroalgas nao é direta. Por
exemplo, valores de salinidade proximos a 35 témmestrado prejudiciais ao
crescimento de espécies comdo intestinalis as quais apresentam valores otimos de

crescimento entre 17-22 (Martins et al. 1999). Brabas espécies dominantes
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clathrata e R. riparium sejam tolerantes a alta salinidade e temperataraedao,
valores de temperatura acima de 25GQodem inibir o crescimento destas espécies
(Chao et al. 2005). Alta temperatura pode estimallasporulacdo, com a alocacao de
biomassa para a formacdo e liberacdo de esporasnopendo seu declinio
(Niesenbaum 1988). A interacdo de altos valoretedgeratura com baixos niveis da
agua no verao pode ainda provocar a exposicdo @& cansequente dessecacdo da
biomassa (Martins et al. 2007). Assim, a combinad@idaixos niveis d"agua e altos
valores de temperatura pode limitar a producdo @ermalgas durante o verao,
explicando as menores floragdes ocorrentes netsgies

A hidrodinamica local também influencia o aportendé&ientes em ecossistemas
estuarinos através do tempo retencdo da agua. Uor teenpo de retencdo da agua
favorece o acumulo de macroalgas e a exposicaowasntes dissolvidos na coluna
d"agua (Martins et al. 2001; McGlathery et al. 200Nossos resultados mostram que
alguns picos de nutrientes dissolvidas na coludagu# ocorreram durante as altas
descargas fluviais observadas no outono, invermoireavera 2005 e inverno 2006
(Figura 5, Apéndice 1) e na primavera 2012, invarmyimavera 2013 e inverno 2014
(Figura 3, Apéndice 2). Nestes periodos, o menamptede residéncia da agua no
estuario, associado a menor disponibilidade dentuZundo (alto TSS, alto nivel da
agua), pode ter contribuido para a auséncia deaelaositiva entre biomassa das algas
e nutrientes dissolvidos. Além disso, as amostmgemtuais de nutrientes, realizadas
mensalmente, podem nao representar a disponitglidachutrientes no sistema, ja que
as concentracbes na coluna d’agua variam em megcataetemporal (Kopecky &
Dunton 2006). Adicionalmente, espécies oportunid@bllva proliferam rapidamente

em ambientes eutréficos devido a sua alta taxapi&acado de nutrientes associada a um
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desacoplamento entre periodos de captacao e aggmili.e., incremento de biomassa,
Fong et al. 2004).

O conteudo nutricional do tecido é considerado umlhor indicador da
disponibilidade de nutrientes para o crescimentonderoalgas (Fujita 1985; Malta et
al. 2002). Os valores de NT no tecido de macroakgase 2004-2007 (Tabela II,
Apéndice 1) e 2012-2014 (Figura 5, Apéndice 2)rfosempre proximos ou superiores
a niveis criticos para o crescimento de macrogdigas2%, Fujita 1985). Limitacdes ao
crescimento por nitrogénio, evidenciadas por deorés do % NT e consequentes
aumentos das razfes C:N, ocorreram somente apétalekecimento das floragdes.
Logo, nossos resultados demonstram a alta dispiciaide de compostos nitrogenados
para a formacao de grandes floracfes na areaudtoest

Sob altas concentracfes de compostos nitrogenadosluma d agua, o fosfato
passa a ser o principal nutriente limitante aoaim@snto de macroalgas (Teichberg et
al. 2010). Similarmente, nossos resultados indmague, em periodos de baixa
descarga fluvial, variacbes interanuais na mageitade floracdo de macroalgas
estiveram associadas as concentracdes de fosfato, maiores floracdes (i.e.,
primavera 2006 e outono e inverno de 2014) coimtetea picos desse ultimo. De fato,
estudos pretéritos no ELP indicam que a intrusaagie marinha no estuario além de
contribuir para uma maior retencao de biomassaaoalgas em areas rasas, também
promove aumentos da salinidade d"agua, os quaisupovez, favorecem processos de
desorcéo do fosforo adsorvido aos hidréxidos d® feroutros compostos presentes na
coluna d’agua e sedimento (Zarzur 2001). Logo sugerque, de acordo com o ja
observado para o fitoplancton na area de estudp (@debrecht et al. 2005), o

crescimento de macroalgas €é principalmente limifatdésforo.
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Variacdes espaciais na abundancia de macroalgas dieriva

Uma vez desencadeadas as floracbes de macroalgasrida, ventos locais
promoveram variacbes sazonais nos seus padrdescwmula de biomassa e
persisténcia ao longo de distintas escalas espdEiguras 6 e 7, Apéndice 1; Figuras 4
e 7, Apéndice 2). Nossos resultados demonstramdgwejo ao baixo limiar de erosao
de macroalgas de deriva (Flindt et al. 2004; Cafeaés et al. 2010), ondas e correntes
geradas por ventos locais, além da propria ciréolagstuarina (i.e., processos de
enchente e vazante,dler et al. 2001), transportam as massas algai® sobundo. Tal
processo ocorre mesmo sob baixa velocidade dentesrebservada durante periodos
de pouca descarga fluvial. A adveccdo desempenhpap@ importante na formacao
de marés verdes uma vez que, dependendo da fisotpeal, este transporte pode
tanto promover o acumulo (e.g. Zieman et al. 19&glund et al. 2003; Liu et al.
2009) ou a dispersédo da biomassa de macroalgasB@lg& Hall 1997; Pihl et al.
1999; Lauringston & Kotta 2006). Embora ndo avasdqui, a topografia e a
heterogeneidade do fundo podem ainda influencitmransporte de biomassa (Biber
2007) e seus consequentes padroes de distribuspacial (Anibal et al. 2007; Kotta et
al. 2006).

A analise dos padrdes de abundéancia de macroalgasemseadas com distintos
graus de exposicdo aos ventos predominantes masdreteitos positivos do estresse
do vento sobre as macroalgas (Figuras 4 e 7, Ap@&Ji A maior incidéncia de ventos
de NE e SO sobre a costa promoveu maiores acundeldsiomassa nas enseadas

expostas a tais direcbes, cenario resultante darnmatencdo da biomassa local
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(autéctone), mas também da importacdo de massamrftes de areas adjacentes
(aloctone) (Berglund et al. 2003; Liu et al. 200®prtanto, considerando a alta
disponibilidade de nutrientes no ELP para o cresoim de macroalgas, areas com
maiores acumulos de biomassa podem representarandegestoque de nutrientes no
sistema, devido a concentracdo de biomassa enidgupor nutrientes captados e/ou
assimilados em distintas areas do estuario (Rd¥37)2 No entanto, acumulos de
macroalgas oportunistas representam um reservatéf@mero de nutrientes
(McGlathery et al. 2007). Possuindo ciclos de wi@aalguns dias a poucas semanas
(e.g. ~12 dias parbl. clathrata em tanques experimentais, Copertino et al. 2009) e
liberando compostos organicos durante o crescimesgoescéncia e decomposicao
(Fong et al. 2004), os nutrientes assimilados palgas retornam rapidamente ao
sistema.

A analise dos padrdes de acumulo de biomassa@tadscal (i.e., mesolitoral
versussublitoral) evidenciou que a interacdo entre anttade das floracbes e o seu
transporte advectivo pode afetar a persisténcieadosiulos e o destino dos nutrientes.
A disperséo de valores biomassas baixos a modepataszonas intermareais (Figuras
6 e 8, Apéndice 1) reduz o seu tempo de permané@acsublitoral, onde condi¢cbes
hidrolégicas favoraveis poderiam sustentar um oooti crescimento. Uma vez
arribadas nas margens ou marismas, 0s nutrierdesiagos a biomassa de macroalgas
podem prover um aporte nutricional para as plafBayer & Fong 2005). Por outro
lado, sob maior acumulo de biomassa, como o obdenva primavera 2006 (Figura 6,
Apéndice 1) e em locais mais expostos no outonevitoy2014 (Figura 4, Apéndice 2),
o empilhamento das algas em direcdo a margem, nde itotalmente a sua

permanéncia no sublitoral. Com a manutencao deigiesl hidrologicas favoraveis ao
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crescimento, floracdes persistem em manchas denssgacionarias no tempo que
podem cobrir extensas areas rasas (Figura 8, Ageridi Figura 6, Apéndice 2) e
representar uma fonte de matéria organica pardimepto durante a sua decomposicao

(Rossi 2007).

Contribuicdes da biomassa de macroalgas de derivaaga a matéria organica no

sedimento

Baixos valores de COT e NT no sedimento foram olasks entre 2012-2014,
com a auséncia de um claro padrdo de variacdo tamefu espacial (Figura S2,
Apéndice 2). De maneira geral, variacdes sazonagpaciais na magnitude das mares
verdes observadas no ELP nesse periodo néo foflatidas pelos valores de matéria
organica incorporados no sedimento (Figura 4 eAp2ndice 2). Tal resultado indica
que macroalgas de deriva contribuiram pouco ao TOCTN sedimentar,
independentemente do local e estacdo do ano, starid®d com aumentos do teor de C
e N reportados durante acumulos de macroalgas eas zasas (e.g. Pihl et al. 1999;
Corzo et al. 2009 mas veja Suédk et al. 1999; Garcia-Robledo & Corzo 2011).

Diversos fatores podem gerar aumentos transitdrmseor de CO e NT no
sedimento, entre poucos dias (e.g. Garcia-Robledb 2008) a poucas semanas (e.qg.
Rossi 2007), impossiveis de serem detectados reaeswensal de monitoramento
adotada no presente estudo. Devido a baixa condpl@gi estrutural e composicéo
bioquimica dos talos algais filamentosos ou tuleglaro detrito das macroalgas
incorporado no sedimento apresenta meia-vida de airdaas semanas (Banta et al.

2004; Rossi 2007). A matéria organica é rapidamestielada através da assimilacéao
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microbiana, liberando amonio (NB, nitrito (NO,) e nitrato (NQ) na interface
sedimento-coluna d’agua (Garcia-Robledo et al. 2(P&se processo é afetado pela
concentracdo de oxigénio na interface sedimenta-@giddelburg & Lewin 2009) e a
alta influéncia da acdo de ventos em enseadas disdSLP pode maximizar a
remineralizacdo da matéria organica e subsequaatesferéncias de nutrientes para a
coluna d’agua (Rigaud et al., 2013). Nutrienteggaoicos liberados do sedimento
podem ser captados e assimilados pelo microfitosefiHardison et al. 2010) e
posteriormente repassados a producdo secundauarieat através do consumo de
microalgas benténicas pela macrofauna bentonicagsgggacial comedores de deposito
superficiais. Todos esses processos podem elirex@rssos de matéria organica no
sedimento oriundos da deposicdo e decomposica@dmaigas (Rossi 2007).
Entretanto, aumentos transitorios da matéria ocgasedimentar variando de
1.7% a 14% para C e 13.5% até 16% para N basearammanipulacido experimental
de pequenas quantidades de biomassa (e.g. ~40ng°PRossi 2007; 220 g PS™m
Garcia-Robledo et al. 2008), similares a valoresentados no presente trabalho nas
enseadas mais protegidas e/ou periodos de florag@#sradas. Sob maior magnitude e
persisténcia de floracbes de macroalgas de derorap as observadas em enseadas
expostas no outono e inverno de 2014 (~1900 g B® &i72 g PS i para os locais
exp-SO e exp-NE, respectivamente), que cobriram7a% da area (Figuras 4 e 6,
Apéndice 2), ocorre auto-sombreamento da biomassanacroalgas nas camadas
inferiores. A subsequente senescéncia e decomposigdbiomassa algacea pode
promover a liberacdo de matéria organica na irderiedimento-agua em quantidade
superior as taxas de remineralizacdo microbianasandacéo pela fauna bentdnica.

Netse caso, acumulos de TOC e TN de macroalgasdinento seriam esperados
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(Rossi 2007). Entretanto, acumulos de COT e NT foéam detectados nas camadas
superficiais dos sedimentos (Figura S1, Apéndiceviglis do que isso, a analise da
composicao isotépica e dos modelos de misturaanaic uma baixa contribuicdo da
biomassa de macroalgas a matéria organica sedineartgparada as contribuicdes de
demais fontes como a MOMR. maritimae plantas de marisma (Figuras 8 e S2,
Apéndice 2). Baixos valores de contribuicio de welgas ocorreram
independentemente da magnitude e persisténcidqodasdes.

A incorporacdo da biomassa de macroalgas nas camsuwaerficiais do
sedimento depende das condi¢cfes hidrodinamicass lasaquais influenciam os seus
padroes de deposicao e soterramento (Hardison 20H0). Nossos resultados sugerem
que, embora o transporte advectivo gerado por sdatais promova grandes acumulos
de macroalgas de deriva em areas mais expostasnesmo transporte impede a sua
permanéncia prolongada e deposicao, inibindo, piortaa possivel incorporacdo da
biomassa de macroalgas no sedimento analisadoddsstiemonstram que os baixos
limiares de erosdo da biomassa de macroalgas (Einal. 2004) podem ocasionar o
seu constante deslocamento sobre o fundo e ressdspea coluna d’agua, gerando
deposicdes instaveis que variam em pequenas essgasiais (i.e., 1 fe temporais
(i.e., poucas horas a poucos dias, Biber 2007; Rssen et al. 2013). Os resultados
deste estudo sugerem que a constante ressuspens@sloeamento das algas,
principalmente nas enseadas expostas, inibe ososfeie auto-sombreamento e
consequente colapso da biomassa de macroalgas soblwado. Estudos prévios
demonstram que floracbes de macroalgas sdo umea flenimatéria organica para o
sedimento quando senescem e morrem no local (algtRal. 1999; Corzo et al. 2009).

Entrentanto, a manutencdo da biomassa “saudavelé sofundo ndo promove aportes
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significativos de detritos ao sedimento (Sundbdck.€1990; Garcia-Robledo & Corzo

2011). Adicionalmente, uma alta hidrodindmica inlsecessos de anoxia na interface
sedimento-agua, mesmo durante a senescéncia dasdsanpossibilitando a reciclagem
de grandes quantidades de matéria organica de ahgaso através do consumo direto
por herbivoros e detritivoros ou na coluna d"agela plca microbiana estuarina (Fong

et al. 2004; Cébrian et al. 2014).

Efeitos da deposicdo de macroalgas de deriva sobpeadarias de R. maritima e

macrofauna associada

Os resultados do experimento de adicdo de macsaigdenciaram que, apesar
da persisténcia mensal de uma floracdo na areaanadisada (Tabela 1, Apéndice 3),
variacdes ocorreram em escalas espaciais meneres (e 0,25 A) e temporais (4 a 7
dias). Tais variacfes estiveram significativameealacionadas aos efeitos interativos da
descarga fluvial e ventos locais (M#ave Exposu)eos quais promoveram o transporte
advectivo da biomassa de macroalgas (Figs. 2 @&ndice 3).

Efeitos negativos de floracdes de macroalgas devadeiobre comunidades
bentdnicas tém sido observados sob acumulos pradimsgda biomassa de macroalgas
(e.g. de 5 semanas, Holmer et al. 2011 a até 5smékmixwell 2001), os quais
provocam atenuacao da luz sobre o fundo e cond@diesicas adversas (i.e., anoxia e
liberacdo de sulfetos) relacionadas a decompogigandi et al. 2004; Rasmussen et al.
2013). Os resultados experimentais do presentde@stostraram que a pradaria ke
maritima foi afetada negativamente, mesmo com deposi¢c@essaransitérias (~ uma

semana). As plantas mostraram decréscimos sigiifisa na biomassa aérea e
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subterranea, comprimento de folhas, densidade desh&@ nos e comprimento de
rizoma (Figs. 4 e 5, Apéndice 3), aléem de uma auaéle alteracdes significativas no
conteudo nutricional da biomassa (Fig. 6). Um doacppais efeitos deletérios das
floracdes de macroalgas sobre pradarias € a atamdacluz no fundo, devido ao auto-
sombreamento (Hauxwell et al. 2001) e/ou ressu§perndos sedimentos pelo
movimento das algas (Canal-Vergés et al. 2010)ekamtto, as reducdes de biomassa e
dos parametros demograficos Be maritima observadas demonstram que, embora
reducdes na luz disponivel sobre o fundo possawcterido, essas por si sé nao foram
suficientes para desencadear estratégias adaptavareducdes cronicas de
luminosidade. Essas incluem alongamento de folhasjento da razdo biomassa
aérea:subterranea e reducdes do conteudo de @aidsst devido a sua mobilizacéo
para suprir requerimentos fisiologicos da plantab@to & Santos 2007). Dessa forma,
nossos resultados sugerem ocorréncia de outrasss$r pontuais sobre as plantas de
Ruppia

Em face ao carater transitorio das deposi¢cOes oimdsisa de macroalgas, é
possivel que as reducbes da pradari&denaritima observadas no presente estudo,
foram causadas pelo estresse mecanico (i.e., ®fmicsticossensuCanal-Vergeés et al.
2010), devido ao deslocamento da biomassa de nigaspaanto sobre o fundo como
através da coluna d’agua (Flindt et al. 2004). A=xroalgas de deriva do ELP séo
formadas por espécies oportunistals ¢lathrata, Cladophora spp, R. ripariyncom
talos filamentosos muito finos e densamente emarto#) as quais se entrelacam entre
folhas e hastes das fanerégamas (Kopecky & Dund@®®;2Hdoffle et al. 2011). Desta
maneira, o transporte advectivo das algas provogaehra das folhas e hastes das

plantas (van Lent & Verschuure 1994). Hastes enmamdeR. maritimasao comumente
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observadas entre massas de macroalgas de deriviaPh(Fig. 9, Apéndice 3; Silva &
Asmus 2001).

As observadas reducdes na biomassa aérea e subdernd comprimento dos
rizomas e na densidade de nds também séo restipgtas de fanerdgamas de pequeno
porte, comoR. maritima a processos erosivos do sedimento (Cabaco & S2007;
Han et al. 2012). Popula¢bes anuaisRdenaritimaapresentam biomassa subterranea
reduzida, formada por redes delicadas de rizomamadas nas camadas superficiais do
sedimento (i.e., até 90% nos primeiros 5 cm deupdifiade do sedimento, Kantrud
1991). Consequentemente, de acordo com o repofdadd demais fanerdgamas de
pequeno porte (i.eZostera noltii Cabaco et al. 2008), plantas Be maritima sé&o
bastante vulneraveis a hidrodinamica alta e a rémaffo do sedimento (Copertino &
Seeliger 2010), as quais promovem a exposicao idomas na superficie e 0 seu
consequente transporte advectivo por ondas e t¢este@ontudo, nossos resultados
sugerem que efeitos aditivos do alto hidrodinamidooal associado a ocorréncia de
floracbes de macroalgas de deriva podem maximisae g@rocesso, Visto que o0
transporte advectivo de massas algais sobre o fpnolmove uma maior erosao e
ressuspensdo dos sedimentos superficiais (Cange¥eat al. 2010). Estudos futuros
investigando os efeitos do transporte advectivonteroalgas de deriva sobre a
dindmica sedimentar sdo necessarios para confessarhipotese.

Impactos negativos de macroalgas de deriva solaetgsl deR. maritima
ocorreram mesmo sob condicdes de biomassas baix280(g PS m, i.e. tratamento
LB; Fig. 5, Apéndice 3), correspondentes a valagge ocorrem naturalmente em
estuarios eutroficos (e.g. Martins et al. 2001)sd¢s cenarios, espécies coRo

maritima, de pequeno porte e carater efémero, podem rapittanse recuperar da
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fragmentacdo de pradarias através de uma rapidmsxp horizontal por crescimento
vegetativo (Cho et al. 2009; Han et al. 2012). &atfrto, essa recuperacdo depende da
cessdo do impacto (Han et al. 2012). Considerasdgfestos dos tratamentos de maior
biomassa de macroalgas sobre plantaRu®ia(~ 1000 g PS if i.e. Tratamento HB;
Fig. 5, Apéndice 3) e os observados aumentos naituedg e persisténcia de floracdes
de macroalgas no ELP (Apéndices 1 e 2), os impautgativos das macroalgas de
deriva sobre as pradarias de fanerégamas subnperdesh ser recorrentes, provocando
deplecdes de biomassa acima da capacidade de naciipelas pradarias.

No ELP, grandes floracbes de macroalgas de deriémm tocorrido
simultaneamente a ciclos de cresciment®denaritima o que pode impactar periodos
criticos para o estabelecimento das pradarias §em) e para a formacao de bancos
de sementes ao final do ciclo reprodutivo (outoRtgntas juvenis apresentam raizes e
rizomas pouco desenvolvidos (Ailstock et al. 205@ndo mais suscetiveis aos efeitos
balisticos de macroalgas de deriva (Valdemarseal.e2010). Com a reducédo do
crescimento vegetativo e da producdo de sementasefttho & Seeliger 2010), o
reestabelecimento de pradarias nos anos subsesjuermemprometido. Todos esses
fatores podem talvez explicar a recuperacao lemtaradarias d&. maritimaem areas
rasas do estuario apOs eventos de El Nifio (i.97/28 e 2002/03, Copertino &
Seeliger 2010), uma vez que periodos pos-El Nifemicdominados por macroalgas de
deriva (Apéndice 1). Cenarios similares sdo obskxwam outras regides costeiras,
onde a recuperacao de pradariaZ dmarinaé atrasada por efeitos balisticosHeus
sp. em individuos juvenis (e.g. Odense Fjord, falaisen et al. 2010).

ModificagBes na estrutura fisica do ambiente potembém afetar a producao

secundaria estuarina (Ceébrian et al. 2014). A gulgsio de pradarias de. maritima
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por manchas algais instaveis no tempo e no espaa® pPado compensar a perda das
faner6gamas enraizadas, as quais aumentam a casapleestrutural do ambiente e
trapeiam a matéria organica em suspensao atravesidedo de correntes (Dolbeth et
al. 2003). Entretanto, efeitos negativos de depesi¢ransitorias de macroalgas de
deriva sobre a riqueza e abundancia da macrofaenirica ndo foram observados
(Fig. 8a,b, Apéndice 3). Tal fato pode ser, em gaeixplicado pela presenca de
poliquetas infaunais detritivoros corho acutae H. similis e predadores da meio e
macrofauna comd\N. fluviatilis, os quaissdo pouco afetados pelas condi¢cdes na
superficie do sedimento (Bemvenuti 1987, 1997) @ démonstram dependéncia a
fundos vegetados (Lee et al. 2001).

Por outro lado, maiores reducdes na abundanciaettdgivbro superficialM.
schubartiocorreram no tratamento com biomassas altas (HWBB8E, Apéndice 3). Tais
organismos habitam tubos em forma de U que podemiraaté 15 cm no interior do
substrato (Bemvenuti, 1987) e, devido ao seu haiitoalimentacdo suspensivoro,
dependem da camada superficial para alimentacétsercao de elevada biomassa de
macroalgas pode ter prejudicado sua atividade atmneno material suspenso e
ocasionado uma menor disponibilidade de alimenexdd a remocéo de plantas de
Ruppia Sob tais condic¢des, invertebrados infaunais déaemais podem colonizar
manchas de macroalgas de deriva (Norkko & Bonsd®86; Rosa & Bemvenuti
2007). Entretanto, enquanto o transporte adveckvenacroalgas de deriva favorece a
dispersdo dos organismos faunais (Salovius et(#l5)2 a exportagcdo das manchas
algais para regides adjacentes e/ou areas maisngdax fornece habitats instaveis.
Consequentemente, podera ocorrer um empobrecinaeltiogo-prazo da macrofauna

bentdnica e pelagica associada, que utilizam adapes para alimento, protecdo e
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reproducdo (Dolbeth et al. 2003). Nesse contextopoga efeitos negativos de
deposicOes instaveis de macroalgas de deriva sobracrofauna béntica ndo tenham
sido detectados, chama-se a atencéo para a necksdiel estudos em escalas temporais
maiores para detectar possiveis efeitos da sub&attide Ruppia por macroalgas de
deriva na producao secundaria estuarina.

Através da andlise integrada dos resultados destelee conclui-se que 0s
padroes de ocorréncia de floracbes de macroalgaeres no ELP, e seus impactos
sobre a matéria organica sedimentar e as comumidddatonicas, podem ter
implicacdes ecologicas relevantes para o funciontonéo ecossistema estuarino. Na
auséncia de demais produtores primarios bentorgoes promovem a retencdo de
nutrientes a longo prazo, como o microfitobentgsaglarias d&k. maritima floracdes
de macroalgas de deriva poderdo atuar como o pahtiltro de nutrientes em areas
rasas, contribuindo para a retencédo da matériaimayao ELP. A baixa contribuicdo da
biomassa de macroalgas ao C e N do sedimento igdeagrande parte dos nutrientes
sdo reciclados rapidamente na coluna d'agua e teaface com o sedimento,
consumidos e/ou exportados. Visto que macroalgas deeiva contribuem
moderadamente a cadeia tréfica estuarina do EL&u¢iGio et al. 2013), mudancas de
fase com o dominio de macroalgas de deriva podanmentar a exportacdo da matéria
organica (incluindo os organismos faunais) para ftas areas rasas durante periodos de
maiores descargas fluviais (Dolbeth et al. 2003; rtidan et al. 2007).
Consequentemente, mesmo em face aos recentes asmed concentracfes de
nutrientes reportados no ELP (e.g. Niencheski &rBgarten 2007; Haraguchi et al.
2015), uma oligotrofizacdo do sistema pode ocaarédongo prazo, com reflexos na

producao secundaria, (McGlathery et al. 2007; GaRudbledo & Corzo 2011). Estudos
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mais abrangentes sobre o balanco de nutrientes istema incorporando
simultaneamente diferentes compartimentos biotices demais produtores primarios
e niveis tréficos superiores) e abioticos (i.eluca d’agua e camada sedimentar) sao
necessarios para investigar essa hipétese. Nagsgdoseabe ressaltar a necessidade da
inclusdo de grupos comumente negligenciados nodestia producdo primaria

estuarina, como o microfitobentos (Suiicibet al. 2003).

6 CONCLUSOES

1. Periodos dominados por macroalgas de deriva evaenama possivel
mudanca de fase da VAS no ELP. Em face a umaiappardbilidade nutrientes
(em especial compostos nitrogenados) para o dessmo@nto de floracbes de
macroalgas de deriva, a sua ocorréncia, magnitudpermsisténcia sao
determinadas pela interacdo de fatores climaticégdrologicos e
meteorologicos. Regimes de precipitacdo na baciadr@@agem do ELP,
afetados por eventos de El Nifio/La Nifia, controtzsnpadrbes temporais de
descarga fluvial no estuario, os quais irdo detammivariacbes anuais e
interanuais na ocorréncia de acumulos de biomassaagroalgas em enseadas
rasas. Uma vez estabelecidas, a magnitude e pesestde floracdes séo
controladas por parametros fisico-quimicos da @&jpalo transporte advectivo

por ondas e correntes geradas pela acédo de ventos.

2. Floracbes de macroalgas de deriva ndo fornecenrilmaigbes significativas
para a matéria organica acumulada no sedimentegpémilente da sua

magnitude e persisténcia. O presente estudo igdiea transporte advectivo da
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biomassa de macroalgas possivelmente tem efeitzstagono seu acumulo e na
sua incorporacéo aos sedimentos. Tal processo anfiegsisténcia de floracbes
sustentadas pela auto-regeneracdo béntica da anat§énica de macroalgas,
conforme sugerido na literatura. Nossos resultadatenciam a importancia de
se considerar fatores ambientais diversos na igaesio dos efeitos de

floracdes de macroalgas de deriva sobre os cigbggbquimicos locais.

Deposicdes de macroalgas de deriva sobre o fundasiadas rasas do ELP séo
instaveis no tempo e no espaco devido ao seu altengial de transporte
advectivo. Apesar da presenca de condicbes amisidateraveis na interface
sedimento-agua, evidenciadas pela auséncia deag@esy significativas na
estrutura e abundancia da infauna sedentaria, togpaegativos de deposicdes
de curto prazo de macroalgas sobre pradarid®. searitimaforam detectados.
Nossos resultados indicam que, em contraste aoridogeela literatura,
deposicdes instaveis de macroalgas de deriva afetgativamente pradarias de
faner6gamas submersas através do estresse mecgnamn pelo transporte

advectivo da biomassa de macroalgas.

A analise conjunta dos resultados evidencia queorirdhncia de grandes
floracbes de macroalgas de deriva de carater dovAmode ocasionar um
empobrecimento do ecossistema estuarino investig@&doexportacdo da
biomassa de macroalgas e dos nutrientes, juntancentea fauna associada,
para areas adjacentes podem acarretar a oligaitéfizdo sistema e reducdes na

producao secundaria estuarina a longo prazo.
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Esse apéndice refere-se ao artigo intitulado “Dnificroalgae in Patos Lagoon
Estuary (Southern Brazil): effects of climate, lgldgy and wind action on the onset
and magnitude of blooms” aceito para publicacdo peoiédico Marine Biology

Research
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Abstract

Ephemeral macroalgae blooms have been increasinfjequency and abundance
worldwide. We investigated the variability of drifitacroalgae abundance in a shallow
bay of the Patos Lagoon Estuary (PLE) in SoutheaziBto determine the influence of
climate and hydrology on the onset and magnitudelmsms. During the study period
(January 2004 to May 2007), three growth cyclesevadrserved and differed in timing,
magnitude and persistence. Macroalgal biomass [ynOsta species) varied annually
and interannually (3 g DW Thto 432.7 g DW nf), peaking during the spring and
summer. On an annual scale, macroalgal blooms atafter reductions in freshwater
discharge and associated decreases in water ledeéhereases in salinity and retention.
These hydrological parameters were influenced kacipitation which, in turn, is
affected by the El Nifio Southern Oscillation. Onimterannual scale, the largest bloom
was observed during a weak-moderate El Nifio yeardixect relationship was found
between biomass peaks and water nutrient conciemisatout tissue nitrogen content
indicated no nitrogen limitation. However, a treraf increasing phosphorus
concentration (resulting in decreased DIN:DIP gtimay be associated with the largest
bloom observed. Under favourable hydrological ctods for growth, wind action
affected the algal transport in shallow areas,etmercontrolling the magnitude and
persistence of the blooms. The macroalgal abundauecel in the PLE was comparable
to that found in temperate eutrophic lagoons, ggiing an algal-dominated period
triggered by the combined effects of climate andrblpgical factors in a post-El Nifio

period.

Keywords: drift macroalgae blooms, El Nifio Southern Osciliafi hydrodynamics,
advective transport, phase-shift.



71

Introduction

Drift macroalgae are important primary producersihmllow estuarine waters,
together with seagrasses, microphytobenthos aniplaykton (Valiela et al. 1997). In
eutrophic estuaries, macroalgae play a major molautrient cycling, acting both as
sinks and sources of nutrients in the water coland sediment (Fong et al. 2004).
Drift macroalgae are mainly composed of opportunispecies such aSlva spp.,
Cladophoraspp.and Chaetomorphapp Compared with rooted seagrasses and larger
perennial macroalgae, these species present hmgligent uptake and growth rates,
therefore thriving in eutrophic conditions (Smetac& Zingone 2013). Although
recruiting first at the bottom, drift algae can toensported by wind-driven waves and
currents (Flindt et al. 2004). Under favourable doyaolgical conditions, drift algae can
grow and accumulate in shallow areas, forming gtelss (Liu et al. 2009).

An increasing trend in the frequency and abundaic¢green tide” events has
been observed worldwide during recent decades, Iynaatributed to coastal
eutrophication (Smetacek & Zingone 2013). Excessigal growth affects the water
guality and benthic ecosystems by reducing lightyscng anoxia and releasing toxic
compounds during decay (Cummins et al. 2004). Gnbsdtoms, the thick algal mats
intercept the flux of nutrients between the seditreerd the water column, disrupting
estuarine biogeochemical cycles (Fong & Kennisoh020Thus, overgrowth of drift
macroalgae can impair the structure and the funcid estuarine and coastal
ecosystems.

Increased nitrogen levels can stimulate the grosftbpportunist macroalgae;
however, the onset and persistence of green tidesndl on multiple factors and differ

among coastal regions and events within a regiooas@l eutrophication (e.g.
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Teichberg et al. 2010), mariculture (e.g. Liu et a009), overfishing and local
hydrodynamics (e.g. Martins et al. 2001) are relatethe growth and accumulation of
opportunist algae. Furthermore, wind action deteesithe transport and accumulation
of planktonic or drifting organisms throughout cahareas (Liu et al. 2009). Therefore,
identifying the causal factors of green tide eventdifferent coastal areas may help to
establish suitable management and mitigation measufor this increasing
environmental problem (Smetacek & Zingone 2013).

In the Patos Lagoon Estuary (PLE), Southern Bralziff macroalgae are an
important component of the submerged aquatic vagetéSAV) along with seagrasses,
freshwater grasses and microphytobenthos (CopernoSeeliger 2010). The
distribution, abundance and composition of driffjaa in the PLE vary in space and
time on different scales (Coutinho & Seeliger 198®er recent decades, large blooms
and green tides have been observed in this estiodiowing periods of extreme
precipitation (Copertino & Seeliger 2010). Howevdre driving factors behind the
formation of the blooms as well as their frequenaoy persistence in the PLE are still
poorly understood.

The region of Southern Brazil is strongly affecteg the ElI Nifio Southern
Oscillation (ENSO) mode and its effects on regioméimatology. Precipitation
anomalies leading to wet and dry periods are aatamtiwith ENSO’s warm and cold
phases (i.e. ElI Nifio and La Nifa respectively; Gnirat al. 1998). Autumn—winter
anomalies in the year following El Nifio events hdaen associated with extreme
floods in the region. Because the Patos Lagoonivezdhe precipitation and fluvial
discharge from an extensive watershed (~ 200,009, khve influence of ENSO on the

hydrology and ecology of the estuary is impresgerg. Odebrecht et al. 2010). During
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El Nifio years, the PLE is dominated by high riiemf water level, turbidity and low
salinity. The very low light levels reaching thettoon, in combination with high wave
energy and sediment resuspension, causes decr@as&AV distribution and
abundance, as observed during El Nifio events i7-1998 and 2002-2003 (Copertino
& Seeliger 2010). After EI Nifio periods, shalloweas are quickly covered by drift
macroalgae to the detriment of seagrass and o#imehilc primary producers in the PLE
(Copertino & Seeliger 2010).

Therefore, the present study aimed to investigegenhset and variability of drift
macroalgae abundance and distribution in the Plibguhe SAV reductions following
the strong-moderate El Nifio in 2002-2003. We armalyhe influence of climate and
hydrology based on the hypothesis that while thaurement and growth of drift
macroalgae are related to favourable water phydhemical parameters, their

accumulation and distribution across a shallow deggend on wind action and patterns.

Materials and Methods

Study site

The Patos Lagoon is the largest (10,0009kehoked coastal lagoon in the world
(Kjerfve 1986). With a semi-diurnal microtidal rege (~0.47 cm), the driving forces
behind the estuarine hydrology are regional préatipin, fluvial discharge and wind
patterns (Moller et al. 2001). Peaks of dischargeup during winter-spring, while

drought periods prevailed during summer-autumn (\ézal. 2006). Long-term,

interannual variability is strongly affected by EQSwith anomalous flows occurring

during El Nifio years. The prevailing northeast¢N§=) and southwesterly (SW) winds
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affect the outflow and inflow of water, respectiebetween the estuary and the
adjacent coast. During flood periods, the PLE bexi river-dominated system with
the mixing zone restricted to the mouth of the astuonly strong SW winds can
reverse the outflow forces (Mdller et al. 2001).ring drought periods, seawater enters
the inner estuary and shallow areas, with the rgizione advancing to the upper limits
of the PLE. Consequently, marine and euryhalineditmms usually occur in the
summer/autumn, while freshwater and oligohaline ddwns prevail in the
winter/spring. Overall, high levels of nutrients time water column and sediment are
maintained through nutrient inputs from the watedsimacrophytes and anthropogenic
sources (Baumgarten & Niencheski 2010).

Submerged aquatic vegetation (SAV) can occextgnsive areas (>120 Rjpof
the shallow bottoms (< 2 m depth), peaking duringhser (Copertino & Seeliger
2010). SAV is dominated by the euryhaline spe8lappia maritimalLinnaeus and the
oligohaline specieZannichellia palustrisLinnaeus. Several attached or free-floating
macroalgae species oUlva, Cladophora Rhizoclonium (Ulvophyceae) and
Polysiphonia(Florideophyceaeare present amongst the SAV, and species abundance
varies seasonally (Coutinho & Seeliger 1986).

Between January 2004 and May 2007, we studietrdatroalgae in a shallow
(<1 m depth) bay of the PLE adjacent to Pélvorandl (Figure 1), a marshland
dominated by the halophyte&3partina alternifloraLoisel, S. densifloraBrongn and
Bolboschoenus maritimud.innaeus) Palla. The bay is exposed to the pliegaNE
winds, with the NNE direction presenting the highesve fetch (Figure 1). Local
bathymetry shows a depression (60-90 cm in depihpsnded by shallower sand

banks (5-50 cm) with the unconsolidated substrateposed of 50-90% sand, 20-30%
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very fine sand, up to 10% clay and silt and 2-4%aaic matter (Margareth Copertino

2005, personal observation).

Climate, hydrology and physical-chemical parameters

The Oceanic Niflo Index (ONI; National Oceanic andm#éspheric
Administration, NOAA) was used for measurement NS events. These events were
defined as 5 consecutive overlapping 3-month peraicr above the +F.&nomaly for
El Nifio events and below the -0.8nomaly for La Nifia events. Total monthly rainfall
and fluvial discharge data for the Patos Lagoonewgaed were obtained from the
Brazilian Water National Agency, and local wind sgeand direction data were
obtained from the Port of Rio Grande MeteorologiStation. The flow of the three
main tributary rivers (Jacui, Taquari and Camaquers), which accounts for 70% of
the inflow into the Patos Lagoon (Vaz et al. 200@3s assumed to be a proxy for the
total fluvial discharge.

Water parameters were monitored near the study(Biture 1), within the
meso-mixohaline region of the PLE, as part of thazBian Long-Term Ecological
Research (BR-LTER). Water monitoring sites wereselenough to the surveyed area
(~0.8 to 3 km apart) and their abiotic parameteesveell representative of those in the
shoal surveyed, once no significant spatial vametihas been detected among these
sites (data not shown). Water level (fixed rulesd)inity (refractometer A366ATC,
Atago, Japan) and temperature (thermometer) wereitoned daily. Water was
sampled monthly and immediately filtered with glddsre filters for analysis of
inorganic nutrients (Nif, NO,, NO; and PQ*) and total suspended solids (TSS),

following the methodology described previously floe study area (see Haraguchi et al.
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2015 for details).

Drift Macroalgae

Between January 2004 and May 2007, drift macroalgexe sampled monthly
and randomly for percentage of cover and bioma#simi nf quadrats at intertidal flat
zones (in which the salt marsh reaches the lowastwevel, ~ 0-50 m) and subtidal
zones (up to 90 cm in depth) (N = 3 for each zoRedm January 2006 to May 2007,
macroalgae was monitored monthly and weekly (dubloggms) within the depression
area (~ 0.5 kff), where they recruited, drifted and accumulatethiwithe bay. The
percentage of cover and biomass were assessedthleegtransects (150-350 m long,
300 m apart) perpendicular to the coast. The Limertept Transect (LIT) method was
used to estimate macroalgal cover within the swedegrea. This method is designed to
sample within-plot variation and quantify tempormdtanges in plant cover using
transects located within the macroplot (Englishakt 1997). Along each transect,
macroalgae were considered present in a giverségenent if data lines intersected the
plane of the line segment, from the bottom to thdage. Cover was recorded as the
number of metres intersected along the transecatceRege of cover was then
calculated by dividing the number of metres intetsé by the total length of the
transect. The biomass was destructively sampl&@ at intervals within quadrats (0.25
m% N = 3).

In the laboratory, the biomass was washed andnetedy the removal of
invertebrates, debris and sediment, after whichdityeweight was obtained (48 h at
60°C). The carbon and nitrogen contents were obtiairom a 2—-3 mg dried, powdered

tissue aliquot using an elemental analyser (240@e$dél CHNS/O System, Perkin-
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Elmer, USA). Algal sample subsets were fixed (4%mfain solution) for taxonomic

identification.

Data Analyses
The relationship between precipitation and freskwdischarge was assessed through
linear regression analysis. Effects of freshwatesclthrge on water level, salinity,
temperature, TSS, RD concentration and dissolved inorganic nitrogen N(DI
NH4+NO,-NOs3) concentration were investigated through Principainponent Analysis
(PCA). Average seasonal values were used oncelaieed a higher proportion of the
variability than the monthly averages, and variabigere log transformed when
necessary. The seasons were austral winter (Jufefiember), spring (October to
December), summer (January to March), and autunpril(Ao June). Hydrological
parameters were grouped along the PCA axes acgotditheir loadings, which are
analogous to Pearson correlation coefficients. Phacedure allowed data reduction
and provided ecological meanings for the principamponents. As PCA axes are
independent, variables that are highly correlatémhga the same axis are inter-
correlated, and the opposite is true for varialdeselated to different axes. The
relationship between drift macroalgal biomass andirdlogical parameters was
investigated through multiple regression analysaagueigenvalues of PC1, PC2 and
PC3, which explained 50.88%, 23.32% and 13.16%taf hydrological data variation,
respectively, as independent variables. All siaastanalyses were performed using R
software (version 3.2.2).

To assess the effects of wind on the distributidnmacroalgal abundance,

hourly zonal (E-W) and meridional (N-S) componemts wind stress 1), which
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represents the horizontal force of wind on the wateface, were calculated using a

22.5° clockwise rotation according to equationsafid (2), respectively:

Ty = p X Gy X U0 X SInO Eq( 1)

Ty =p X G X U x coD «R)

wherep is the density of air (1.2 kg B, ¢ is the drag coefficient (2.5 x EpElliot
1982), Uy is the wind speed arfd is the rotated angle of the wind vector from traeti
This procedure made the meridional componeptcpincident with the direction of the
highest wave fetch in the bay surveyed (i.e., NNRO®). Positive and negative values
of 1y, represented SSW and NNE winds, respectively. tn, tthe values reflected
conditions of low and high wind action. Temporaktpes of drift mat distribution
along inter- and subtidal areas were analysedlatioa toty. The spatial variability of
algal coverage throughout different time interv@sto 30 days) was also plotted and
analysed in relation to wind action (i.e., direntiand intensity). Wind plots were

constructed using WRPLOT View software (The eafl1).

Results

Climatic and hydrological conditions

Between January 2004 and May 2007, the ONI indeged from -0.7 to 1.0,
oscillating among neutral conditions (2004, 2009&0and weak El Nifio events
(2004-2005, 2006-2007) (Figure 2a). Total prectmtavaried seasonally, with higher

precipitation during austral winter and spring camga with summer months (Figure
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2a). Freshwater discharge was significantly coteeldo seasonal precipitation (linear
regression analysis®s 0.38;p=0.03; N=12; Figure 2b). In turn, increases in lineater
discharge promoted increases in water level andctemhs in TSS and salinity (Figures
3a, b, ). All these parameters were highly coteelalong PC1 (Table I; Figure 4).

The monthly values of dissolved inorganic nutriewtse highly variable with
no apparent seasonal trend (Figure 5a). Despitanoss of increases during high water
flows, the relationship between nutrients and fivilischarge was not direct. An
increasing trend was observed for phosphate coratemts over the study period, with
peaks in the springs of 2005 and 2006 (FigureBejluctions in DIN:DIP ratios during
the spring of 2006 and early summer of 2007 weus®a by the increases in phosphate
levels (Figure 5a, b). P® concentration in the water column loaded on the B&I&
along with water temperature (Table I; Figures 4 &n, c). Water temperature varied
seasonally, with peaks during the summer and emutymn (Figure 5c). Dissolved
inorganic nitrogen (DIN) concentration was highlyrelated with PC3 axis (Table I;

Figures 4 and 5a).

Drift macroalgae

Multispecific mats of macroalgae were found in Hrea, composed mainly of
Ulva clathrata (Roth) C. Agardh along withJ. intestinalis Linnaeus U. flexuosa
Wulfen, Cladophora vagabundalinnaeus (Hoek),C. glomerata var. crassior
(C.Agardh) Hoekand Rhizoclonium riparium(Roth) Harvey. Algal biomass varied
substantially from 3 g DW ih(June 2006) to 432.7 g DW fr(November 2006) and
started to grow in late winter/early spring, maipaking during the spring (Figure 6).

Three main growth cycles were observed and diffarediming, magnitude and
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persistence. Cycle | lasted approximately 8 mo(Beptember 2004 to April 2005) and
presented 2 peaks (spring and late summer/earlyren)f with an average maximum
biomass of 49 g DW thand the larger biomass (256 g DWmeasured in the spring.
Cycle Il was the shortest (January to June 2008xemting low average (19 g DW?3n
and maximum (58 g DW 1) biomasses peaking in the summer (January 2006)eC
[l (November 2006 to May 2007) presented the higlawerage values of biomass (124
g DW mi®) with peaks (432 g DW 1) during the spring.

Tissue nutrient content varied among macroalgawigg cycles and periods,
with N content ranging between 1.2% (spring 2008 aommer 2007) and 2.2%
(autumn 2006) at the end of the growth season €THbICarbon:nitrogen (C:N) molar
ratios in tissues ranged from 12.59 (summer 20023t73 (spring 2006), with higher

values measured during biomass peaks.

The influence of environmental conditions on dn#croalgae

On a short-term (annual) scale, the macroalgalrbtooccurred after high flow
periods when there were reductions in water leaal$ increases in salinity (i.e., PC1
axis), temperature and BO(i.e., PC2), i.e. spring/summer conditions (Figue5 and
6). However, there were no statistically significaelationships among macroalgal
abundance and PCA axes (multiple regression asalgsi 0.26,p = 0.96, N = 12),
highlighting that the effects of hydrological fardoon macroalgal blooms were not
direct. Interestingly, on a long-term (interannustple, the highest biomasses did not
match with the years of lowest water levels anchésgg salinity. The highest algal
bloom was observed during the late spring of a weallerate El Nifio year (2006),

which correlated with increased FPOconcentrations and decreased DIN:DIP ratios
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when compared to data from other years. Nevertbeles statistically significant
relationships were observed between macroalgal dssnand DIN (represented by
PC3) and DIN:DIP ratios (Figures 5a, b and 6).

The persistence of the macroalgal biomass argpédsal distribution across the
shallow area varied according to wind action. Laaigeounts of algal biomass (~ 30 to
100% of occurring dry weight) were found throughthe intertidal flat during spring
2004 and 2006, associated with higher frequency iatghsity of NNE winds (high
negative values of WS; Figures 6 and 7). In contdhging periods of low wind stress
(summer/autumn), macroalgae prevailed in the sabtidne. The spatial distribution of
algal cover supported this trend among the diffetieme scales investigated. As winds
from the N-E quadrant became more intense and drd@qusubtidal mats were
translocated across the sampled area, leadingposiion and high coverage in the
intertidal flat (~ 0-100 m from the coast; Figu&snd 9a). Conversely, during calmer
conditions, drift biomass remained in the subtidahe (Figure 9b). Patterns of
macroalgal transport were predominantly shorewBetause the surveyed area was
protected from SSW winds, the wrecked biomass gtexgion the intertidal flat until its

decomposition and disappearance.

Discussion

Our results showed that the onset, magnitude antngmence of drift
macroalgae in the PLE are controlled by the valitgbih freshwater discharge, mainly
due to its effects on water retention, nutrientilabdity, light levels (measured as water

level and turbidity) and salinity. The amount okedhwater entering the PLE is
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significantly affected by regional precipitationhieh in turn varies according to ENSO
episodes (Mdller et al. 2001). During the strong\iio of 2002-2003, the anomalous
fluvial discharge caused reductions in the distidouand abundance of SAV in PLE
(Copertino & Seeliger 2010). Seagrasses were abdarihg our study period,
contrasting with previous years whBuippia maritimameadows prevailed from spring
to late summer and drift macroalgae occurred utaerto moderate abundances from
autumn to early spring. Therefore, there were langas of bare sediment available to
be colonized by the fast growing macroalgal matse present study shows that these
macroalgal mats can attain high coverage and bi®roasiparable to that of blooms
reported in other eutrophic coastal areas (e.gndfétez et al. 1997; Valiela et al. 1997;
Martins et al. 2001). We suggest that transiti@anegportunistic macroalgae-dominated
periods can occur on a multi-annual scale in th&,Pdriven by climate and local

hydrology.

Seasonal and interannual variability

Blooms of drift macroalgae followed decreases @sliwater discharge. These
decreases were accompanied by increasing wataitgatsulting from the inflow of
coastal saltwater, a process regarded to enhantsr wetention within the system
(Odebrecht et al. 2015). Increased water retemoluces flushing forces out of the
PLE, which can attenuate currents speeds from I to 4-25 cm & in shallow areas
(Fernandes 2001). Advective transport is an impbrtaechanism controlling drift
biomass retention (Flindt et al. 2004). Currentesisebelow erosion thresholds for
suspension, as well as transport and export offfoe¢éing mats in the water column

(i.e. ~10 cm &; Flindt et al. 2004) enables the accumulationrefiger amounts of algal
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biomass in shallow areas. Thus, in the PLE, aniamal inter-annual variations of
freshwater discharges will determine the occurrentefavourable hydrodynamic
conditions for the onset of algal blooms, with temgb variations in their timing and
persistence.

Variations in freshwater discharge determined gkann water salinity, level
and TSS, factors known to control algal biomasslpetion in shallow estuarine waters
(Martins et al. 2001, 2007). We suggest that whidshwater discharges control the
occurrence of algal blooms, associated changesaterwhysico-chemical parameters
modulate seasonal variations in magnitude. Ourltesupport the notion that water
salinity positively affects the growth of bloom-foing macroalgae (Martins et al. 1999;
Taylor et al. 2001). Accordingly, build-up phasésmacroalgal blooms were associated
with increased values of salinity (~10-19) in tH&EPThe salinity levels were above the
critical range for spore germination (i.e. 5; Soesal. 2007) and within the range of
optimal growth rates ofJlva intestinalis(10-22; Martins et al. 1999) andl clathrata
(10-30; Fitzgerald 1978). These conditions occusiaultaneously with reductions in
water level and intermediate values of TSS, whioksfbly promoted sufficient light
availability for algal growth at the bottom. Congeaqtly, the conjunction of changes in
level and salinity, associated with temperaturessecl to optimum values for
opportunistic algal growth (15-20 °C; Taylor et2001) may contribute to the onset of
high-drift macroalgae blooms in PLE during the sgri

Reductions in algal abundance occurred towardsrarautumn, which can be
partly explained by further increments in wateirsgl (30-35) above optimum reported
ranges for bloom-forming species growth (i.e. 17{42rtins et al. 1999; 23-27, Taylor

et al. 2001). However, the dominant species atRbE (U. clathratg exhibits high
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growth rates in increased saline conditions (Ctati& Seeliger 1986), which indicates

that other factors, such as light and temperataeg; have contributed to the observed
biomass reductions. Opportunistic macroalgae cdhstand high water temperatures,
with tolerance ranges varying according to the terafures experienced in their natural
habitat (Taylor 2001). High growth ratesWf clathratahave been observed in the PLE
during midsummer (Coutinho & Seeliger 1986; Copertet al. 2009), when water

temperatures approach optimum reported valuesréatf (i.e. 25°C, Fitzgerald 1978).

However, when temperatures reach seasonal highsngiallocation of biomass to the

formation and release of spores (swarmers) is ggeathereby resulting in declining

biomass (Niesenbaum 1988). In addition, the lowester levels during the summer

promoted air exposure and desiccation of algal bgsnin shallow areas. Thus, the
combined effects of the lowest water levels andhésy temperatures during the study
period may have caused the decline in biomass wédén summer/autumn.

In shallow coastal areas, the most noticeable efiéautrient enrichment on
primary producers is the shift from the dominandeperennial macroalgae and
seagrasses towards ephemeral macroalgae (Valielal®97; Fong & Kennison 2010).
Fast growing species aflva, Cladophora Rhizochloniumamong others, are capable
of quickly taking advantage of nutrient pulses @hhnutrient concentrations (Fong et
al. 2004). The PLE is a nutrient-replete systemrégachi et al. 2015); the excess of
dissolved inorganic nutrients is related not owlyricreases in freshwater discharge but
also to anthropogenic and sedimentary sources (Baren & Niencheski 2010).
However, we did not find a statistically signifi¢amlirect relationship between drift
macroalgal blooms and nitrogen concentrations m water column. This can be

explained by the rapid nitrogen uptake and decagptietween uptake and growth of
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opportunistic species (Fong et al. 2004lva clathratg as othetJlva species, is highly
efficient in nitrogen uptake, stripping up to 80%0dN from its environment within 3
days when cultivated in extremely high nitrogenanirations (>50 mM; Copertino et
al. 2009). Consequently, tissue nutrient contemat letter proxy of nutrient availability
for algal growth (Fujita 1985). During high biomads®oms, such as in the spring of
2006, tissue nitrogen contents were below to alitialues for growth (i.e. ~2%, Fujita
1985). Despite sufficient nutrient availability fgromote blooms, it is likely that
nitrogen limitation may have occurred after thenass build-up phases. Accordingly,
high C:N ratios (23) in this period reflect the usfetissue N during growth. Tissue
nitrogen did not reach values well below the caiticalues for growth in the summer-
autumn. These data support our previous assefi@nsimilar to other studies (e.g.
Hérnandez et al. 1997; Martins et al. 2007), irtieva effects of abiotic factors other
than nutrient may control biomass abundance ingéigd.

In nitrogen-enriched systems, P supply controls ghewth rates of bloom-
forming macroalgae (Teichberg et al. 2010) and annproduction has been shown to
be P-limited in the PLE during drought periods (&tarchi et al 2015). We suggest that
the increasing trend in phosphorus concentratiesu(ting in low DIN:DIP ratios) is
responsible for the largest blooms observed dutiregspring of 2006. Competition
among different groups of primary producers mediat®yy increasing N and P
concentrations has been reported in coastal lagaonsiwide, leading to phase shifts
dominated by macroalgae mats (Fong et al. 1993hettheless, although our results
may suggest an on-going, similar process, moraedate necessary to investigate this

hypothesis in our study area.
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Drift macroalgae spatial distribution

Northeasterly winds promoted the deposition oftdriicroalgae biomass to the
intertidal and the lower salt marsh, corroboratthg hypothesis that wind-driven
currents and waves affect the transport and acatmonl of drift biomass between
subtidal and intertidal stock. In this context, suggest that local wind action may play
an additional role in controlling macroalgal blooninder favourable hydrodynamic
conditions, such as those observed in the spring0066, the permanence of mats in
subtidal areas promoted excessive algal growthnaay trigger extensive green tides.
As reported here, the large macroalgal biomassnguthese periods and high
productivity in the PLE enable the mats to outcotapmicroalgae possibly through
nutrient competition and the release of toxic aletthic compounds (Copertino et al.
2009). Following high biomass peaks, drift algafesuquick decomposition, leading to
anoxic conditions, toxic concentrations of ammoama sulphides and the consequent
collapse of benthic communities (Cummins et al.Z0Bdvective transport caused by
strong northeasterly winds during highest biomasakp dispersed significant amounts
of drift biomass to intertidal flats, preventingetbuild-up of large stagnant blooms and
limiting their potentially deleterious effects imlgidal areas. Nonetheless, consequent
adverse effects may still occur in intertidal areasa result of the wrecked biomass
decomposition (Sutula et al. 2014).

In conclusion, the combined effects of climate.(iENSO and rainfall) and
hydrology (i.e. freshwater discharge and water @oyshemical parameters) drive the
onset and magnitude of drift macroalgae bloomshm shallow areas of the PLE.
During bloom periods, wind action further contrdlse persistence and possible

occurrence of large green tides. Our results sugbodies showing that hydrodynamics
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is the major factor controlling the occurrence djaha blooms in warm temperate
eutrophic estuaries (e.g. Martins et al. 2001)hlgting that similar mechanisms may
apply in subtropical areas. Further studies based larger spatial scale as well as the
integration of experimental and modelling approacbeuld provide better information
for locations most prone to green tide eventsJifatthg a more effective management
of the estuarine ecosystem. Furthermore, long-suties are necessary to determine if
the algal-dominated periods observed reflect a gghgt in the SAV and consequent

effects on the estuarine structure and function.
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TABLES

Table 1. PCA loadings (correlation coefficients \@riables making up PCs) of the
hydrological factors in relation to the axis PCICZPand PC3 which explained,
respectively 50.88, 23.32% and 13.16% of total dataation. Values in bold highlight

the highest loadings for each factor.

PC1 PC2 PC3
Freshwater discharge -0.91 0.14 -0.18
DIN -0.32 0.36 0.86
PO, -0.24 0.86 -0.09
Level -0.81 0.31 -0.06
Temperature 0.36 0.58 -0.14
Salinity 0.86 -0.08 0.29

Total suspended solids 0.88 0.40 -0.15
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Table II. Values of tissue nitrogen and carbon enhind C:N molar ratio (meanSE)
of the drift macroalgadJlva clathratg Patos Lagoon Estuary. Samples without

replicates are indicated by NR.

% N % C C:N
Summer 2005  1.93 (40.18) 23.21 (9.21) 14.50(%.09)
Summer 2006  1.99 (40.30) 13.56 (1.90) 14.19(5.92)
Autumn 2006 2.20 (nr) 25.25 (nr) 13.39 (nr)
Spring 2006 1.21 (nr) 24.68 (nr) 23.73 (nr)
Summer 2007  1.20 (40.48) 11.37 (2.30) 12.59 (8.75)
Autumn 2007 1.65 (40.14) 18.26 (2.24) 13.23(8.12)
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FIGURE LEGENDS

Figure 1. Patos Lagoon Estuary in South Americataedocation of the studied site,
next to Polvora Island. Closed circles represeatittitial point of transects T1, T2 and
T3 and arrows show the monitoring sites for watmameters. Lines and number show
wave fetch values (in km) at each 22.5° for theabbarveyed. Please note that highest
wave fetch line (i.e. 14.3 km, NNE) is not totadlgpicted in order not to lose resolution

of the studied shoal.

Figure 2. Data on a) total precipitation (full )nend ONI index (dotted line) and b)
freshwater discharge. Grey areas are daily values kdack lines the mean of 30

running days (January 2004 to May 2007).

Figure 3. Monthly variation of a) water level, @liaity and c) total suspended solids
(TSS) from January 2004 to May 2007. Grey areaslailg values and black lines the

mean of 30 running days.

Figure 4. Results of PCA on the relationships amtmg hydrological parameters
freshwater discharge (Disc), level (Lev), saliniBal), temperature (Temp), dissolved
inorganic nitrogen (DIN), phosphate (P and total suspended solids (TSS) and the
principal components axis. PC1, PC2, PC3 explaineshectively, 50.88%, 23.32%

and 13.16% of total data variation. Data are sessaiues.

Figure 5. Monthly variation of a) total ammoniumtragen (NH', bold line),
nitrite+nitrate (NQ+NOs, dotted line) and phosphate (FQopen circles), b) DIN:DIP

ratios and c) water temperature from January 2004ay 2007.
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Figure 6. Variability of drift macroalgae dry biossa(mean +SE; N=3) at intertidal
(grey) and subtidal (black) areas at the NE facBa¥ora Island (August 2004 to May

2007). Areas represent the cumulative average s&8E) for each zone.

Figure 7. Daily variation (mean values of hourlyaseres) of a) wind direction and
magnitude and b) meridional wind stress (WS) atrtfuaith of Patos Lagoon Estuary

from August 2004 to May 2007.

Figure 8. Drift macroalgae percentage cover indtugly area at Pélvora Island, Patos
Lagoon Estuary, and the prevailing wind from mididay to mid-March 2006. The
wind rose shows the frequency of average wind sp@eddirection 7-27 days prior to

sampling.

Figure 9. Drift macroalgae percentage cover indtuely area at Polvora Island, Patos
Lagoon Estuary, and the prevailing wind from a) #Nmvember to early-December of
2006 and b) late-January to mid-February of 200& Wind rose shows the frequency

of average wind speed and direction 7-10 days poisampling.
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Figure 7
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Figure 8
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Figure 9
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Apéndice 2

Esse apéndice refere-se ao artigo intitulado “Dyonsiof estuarine drift macroalgae:
growth cycles and contributions to sediments oflehaareas” submetido para anélise

no periodicdMarine Ecology Progress Series.
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ABSTRACT

Large accumulations of opportunistic green macrmlgepresent either a sink
and a source of nutrients in the water column aalihsents, potentially leading to self-
regenerating blooms in eutrophic areas. We invatgd) the contributions of drift
macroalgae blooms to sedimentary organic mattesidering their natural patterns of
abundance and their driving factors. The hydrolalgend meteorological conditions
determining the occurrence, magnitude and persisteri drift macroalgae blooms,
along with macroalgal biomass contributions toltotganic carbon and total nitrogen
in the sediments, were monitored in a two-yearkl fGampaign in estuarine shallow
bays of the Patos Lagoon estuary (southern Braadger different wind exposure. Our
results showed that effects of a high nutrient labdity for the onset of macroalgal
blooms were modulated by variations in freshwatsclthrges and associated changes
in water retention and physico-chemical parametésice established, blooms
magnitude and persistence were positively affebgednshore wind-driven waves and
currents, with largest accumulations in the mosposed stations representing
substantial stocks of nutrients within the syst®mgardless spatio-temporal differences
in the magnitude and persistence of accumulatiomsignificant increases in sediment
TOC and TN were observed. Isotopic analysis redealeerall low contributions of
macroalgal biomass to the sedimentary organic maittdicating that larger wind-
driven biomass accumulations were not translatéd mgher incorporation within
sediments. Therefore, the present study highligheés influence of hydrodynamics
conditions on macroalgal blooms feedbacks on mitegcling with possible effects on

long-term nutrients balance within estuarine system
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Keywords: macroalgal blooms, hydrology, advectikensport, plant bound nutrients,

sedimentary organic matter.

INTRODUCTION

In shallow estuarine areas worldwide, an increasiagd in the frequency of
blooms of fast growing ephemeral macroalgae has bbserved (Lyons et al. 2014).
Blooms of macroalgae such as the species of thergéHhva can outcompete other
autotrophs such as seagrass and microphytobentinosufrients and light, causing
shifts in primary producer dominance (Valiela etl®97). While nutrient enrichment is
recognized as a primary cause of ephemeral maa®algcessive growth, the onset and
magnitude of the bloom may be triggered by thetrggmbination of water physico-
chemical and hydrodynamic conditions. In shallowuasne waters, the growth of
macroalgae are controlled by the availability ghti at the bottom, water temperature
and salinity, but the conditions for bloom formatidepends on water residence time,
which enable (or not) the retention and accumutatibthe biomass produced (Martins
et al. 2001, McGlathery et al. 2007).

Most green tides are composed of macroalgal maishvere detached from the
substrate due to waves and currents action (heregifting macroalgae). Due to their
easy transportation as part of the bedload or @etifig mats, drifting macroalgae
blooms can be quite unstable, presenting unprddéctaatterns of spatial distribution
(Berglund et al. 2003, Flindt et al. 2004, Kennis&nFong 2013). In this context,
studies have called into attention the importancehysical processes such as wind-
driven waves and currents determining the occugaeand magnitude of the

accumulations of the macroalgal biomass producath@tiow bays and estuarine shoals
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(Pihl et al. 1999, Berglund et al. 2003, Liu et 2013). In exposed areas, larger drift
macroalgal blooms tend to occur resulting from alseumulation of locally produced
biomass as well as from mats drifting in from thersunding areas (e.g. Berglund et al
2003, Liu et al 2013).

Once established, macroalgae blooms play a mdmirrautrient cycling acting
initially as a sink of nutrient. Opportunistic maafgae species such bBlva exhibit
high uptake efficiency of dissolved organic andrgamic nutrients from the water
column and sediments (Tyler et al. 2003, Cohen lamag 2004, Fong et al. 2004).
However, due to their “boom and bust” life cyclesldigh tissue turnover rates ranging
from days to a few weeks, drift macroalgae bloomosndt represent a long-term
nutrient reservoir (McGlathery et al. 2007). Durinigmass active growth, collapse and
senescence, the assimilated nutrients are rapetlycled to the water column as
dissolved (DON) and particulate organic nitrogerOKB, where they are partly
processed by the microbial loop, mineralized ongfarred to higher trophic levels
through grazing (Tyler et al. 2001, Fong et al.£00

Although a large bulk of the algal tissue is decosga in the water column,
some material can also become incorporated int@edements during bloom collapse,
increasing the organic matter content (Pihl ef889, Corzo et al 2009, Hardison et al.
2010, Gao et al. 2013). The increase in sedimegdrmc matter may be transitory as
dead macroalgae are rapidly decomposed due taliigyl of their tissues (Banta et al.
2004). During decomposition pore water nutrients raised through bacterial activity,
promoting subsequent effluxes of nutrient acrosssediment-water interface (Hardison
et al. 2010, Garcia-Robledo et al. 2008, 2013, &a. 2013). In this context, the rapid

regeneration of nutrients may help initiate furtgeswth of macroalgae, that along with
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mats continually drifting in from the surroundingea help sustain the large
accumulations of ephemeral macroalgae that occusshallow areas. This self-
regeneration mechanism would set the reoccurrehogaoroalgal blooms and lead to
the disruption of local biogeochemical cycles ituasne shallow areas.

To address the issue of self-regenerating driftroegal blooms, most studies
have focused on macroalgal nutrient removal an@negtion in the water column.
Recently, attention has turned to the sedimentesggsses that link nutrient uptake in
the water column to remineralisation and releasehm sediment during biomass
deposition and senescence onto the substrate. bfoshese studies have been
conducted in micro- and mesocosm experiments, sivert spatial and temporal scales
(e.g. Corzo et al. 2009, Hardison et al. 2010). Seguently, studies measuring the
environmental factors that affect both the spatimyioral patterns of drift macroalgal
blooms and their subsequent contributions to sealiang organic matter on a field
scale have not been considered. This knowledgecgapgerning the potential feedbacks
of green tides on estuarine biogeochemical cygbesyides a limit to our current
understanding of the processes contributing td oréficroalgae occurrence and fate.

In the last decade, the Patos Lagoon estuary (PibE¥outhern Brazil, has
undergone ecological changes, including reducitiotise distribution and abundance of
submerged aquatic vegetation (SAV) and increastgiabundance of drift macroalgae
(Odebrecht et al. 2010). Shifts to macroalgae-datenh states have been mainly related
to changes in hydrological conditions, but may Is® associated with the increasing
trend of inorganic nitrogen concentrations in thatev column (e.g. Haraguchi et al.
2015) and in the sediment pore-water (e.g. Baurega& Niencheski 2010). Local

biogeochemical studies have shown that sedimenig goh important role in nutrient
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cycling of the PLE, recycling a significant portioof primary production and

subsequently providing inorganic nutrients to thetew column (Niencheski & Jahnke
2002). But the role of drift macroalgae on estuarimutrient cycling is still poorly

understood. The frequent occurrence of drift mdgema algae in PLE and it is
variability in time and space is an ideal setting ihvestigating the conditions under
which those ephemeral algae are incorporated h@csédiment, potentially leading to
the self-regeneration processes.

In the present study, we investigated the driveirsteonporal and spatial
variability of the occurrence and magnitude of tdnfacroalgae blooms in estuarine
shallow areas based on two main hypotheses. Mesthypothesized that while drift
macroalgae blooms will result from the coupling fattors affecting both drifting
biomass production and retention in the systemsplagial variability in their magnitude
will be associated to different scenarios of wingb@sure. Second, using the natural
occurrence of drift macroalgal blooms at the stadya, we tested the hypothesis that
drift macroalgae are an important source of sediargrnorganic matter. We suggest
that, while the hydrological factors may act moréfarmly on generating macroalgal
blooms, contribution of macroalgae to the sedimen@y be proportional to the

magnitude of macroalgal blooms (i.e. biomass angage).

METHODS
Study site

The warm temperate Patos Lagoon situated in sautBeazil is the largest
choked coastal lagoon in the world (10,0000%kifFig. 1a) (Kjerfve 1986). Water

exchange between the estuary and the South Atl@ué&an occurs through a narrow
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and deep channel (0.5-1 km wide, 14-18 m depth)ntaiaed for navigation. The
region is influenced by a microtidal regime (~ 0mY and tidal effects are attenuated
within the lagoon. With a large catchment area (@00 knf), the local hydrology is
driven mainly by rainfall, freshwater discharge awdd circulation, which are also the
main factors affecting water level and salinity.eTprevailing NE winds (dominant in
austral spring and summer) and SW winds (dominardautumn and winter) force,
respectively, the outflow and inflow of water beemethe estuary and the coastal
region. During flood periods the PLE becomes artd@minated system, remaining
fresh for several months (Moller et al. 2001). Unsiigong southerly winds, associated
to the passage of atmospheric fronts, larger sttwantrusions occur, blocking
freshwater outflow from the PLE, a process thatdases water retention within the
estuary (Odebrecth et al. 2015). Therefore, maané euhaline conditions usually
occur in summer/autumn, while freshwater and olaole conditions prevail in
winter/spring. Nonetheless, short-term salinityikettons are observed and the PLE
may alternate between fresh-oligohaline, over malswd to marine in the time scale of
hours to days (Abreu et al. 2010). The estuaryisophic, due to both large natural and
anthropogenic sources, with nutrient concentratiortee water column ranging from ~
0.1 to 40 pM N@+NOs; ~ 0.1 to 40 uM NH; and ~ 0.1 to 8.7 pM PD. Sediment
pore water nutrients range from ~ 33.6 to 710.7 NN," and from ~ 0.1 to 14.6 pM
PO,> (Baumgarten & Niencheski 2010, Odebreehal.2010).

About 75% of the estuarine area is comprised oll@hashoals (<2 m depth)
covered in unconsolidated sediments, surroundeddltyand brackish-marshes and
suitable for the growth of submerged aquatic vegetgSAV). SAV is dominated by

the widgeon grasRuppia maritimathe oligohalineZannichellia palustrisand several
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attached or free-floating macroalgae speciedlof, Cladophora Rhizocloniumand
Polysiphonia(Copertino & Seeliger 2010). For the present stulifjerent scenarios of
exposure to local winds, here represented by thieraof the prevailing southwest
(SW) and northeast (NE) winds, were investigatedthhW each wind direction, two
stations were selected according to an a priorirashbetween low (hereafter shelter-
NE and shelter-SW) and moderate-high exposure f&@and exp-SW; Fig. 1). Wind
exposures of stations were determined accordinibeio wave fetch index (Burrows et

al. 2008; Fig. 1 highlighted).

Physico-chemical water parameters

Regional and local hydrological data were provitigdthe Brazilian National
Water Agency (http://www.hidroweb.ana.gov.br) ocdlly obtained during the studied
period. The sum of the flow of the three main rsveras assumed to bepeoxy of the
total Patos Lagoon freshwater discharge (Mdllealet2001). Estuarine water level
(fixed ruler) was obtained daily distant approxietat3 km from the studied stations
within the Brazilian Long-Term Ecological Research Program
(http://www.peld.furg.br/index.php/metadados). Daten hourly wind speed and
direction, obtained at the mouth of the Patos Lagestuary, were provided by the Rio
Grande Maritime Pilotage (http://www.rgpilots.comt)b

The parameters water salinity, temperature, tunpi(Multiparameter HI9829,
Hanna Instruments, USA) and Secchi depth were m@atweekly in each location
from August 2012 until August 2014. Water samplds=(3) were collected monthly

from each station for analysis of dissolved inoigamutrients (NH', NO,, NOs and
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PO,*). Underwater Photosynthetic Active Radiation (PA®R)the bottom §) was
estimated according to Lambert-Beer’s equation:

1= lg*e™ 1)
where § is the PAR at the surfackejs light extinction coefficientl(= 1.7 * secchi®*
Costa & Seeliger 1989) and is depth. We assumed that PAR is 50% of overall
available energy for photosynthesis and a 5% deer@a incident light at the water
surface (Silva & Asmus 2001). Data on hourly swfaadiation in the study area was
provided by the Brazilian National Institute of Metology

(http://www.inmet.gov.br/portal).

Macroalgal and sediment sampling

Sampling was conducted monthly from August 201Atmgust 2014. In each
location, macroalgal cover was measured along ti@@ m transects laid out
perpendicular to the coast, distant 200 m aparh feach other, covering approximately
40,000 M of surveyed area. Drift macroalgae coverage wamated by visual census,
within four 0.25 cm quadrats, at each 50 m intervals (N = 20 per éethsMacroalgae
biomass was sampled in ten points where coverage1®8% with a PVC cylinder
(176.62 crf). Samples of the surface sediment were collectiét & cylinder core
(diameter of 8 cm, 3 cm depth, N = 3) below magakinats within the transects area
and placed in amber glass vials. Macroalgal andrsatd samples were transported in
ice to the laboratory and prepared within the de&tdays.

In the laboratory, macroalgal biomass was cleamech fassociated fauna and
detritus, rinsed with tap and distilled water ame ©ry weight (48h at 6Q) was

determined. Subsamples (~ 100 g of fresh weightgviirred (4% formalin solution) for
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taxonomical identification. The average biomassirfgweight per rf) for each station
were estimate by multiplying the punctual biomaakigs by the mean percentage cover
of the survey area, estimated by visual census @0 guadrats). Macroalgal biomass
and sediment samples were dried (48h &CPH@Gnd grounded for analysis of total
organic carbon (TOC), total nitrogen (TN) and thisivtopic composition3¢*C and

S1N).

Elemental and isotopic analysis

The sediment samples were analyzed for TOC, /¢ and5™N in triplicate
for sheltered stations (shelter NE and shelter-8@ August 2012 up to August 2013
and for exposed ones (exp-NE and exp-SW) up to #wugd14. The*C andd™N of
the macroalgae were analyzed only for 2014. Eleaheamid isotopic analyses were
performed using an automatic elemental analyze0(q28eries 1| CHNS/O System,
Perkin-Elmer, USA) and a mass spectrometer (Stabtepe Laboratory, University of
Georgia, USA), respectively. Previous studies irto®alLagoon have shown the
sediments to contain insignificant sedimentary igabc carbonate. Claudino et al.
(2013) tested the need for descarbonation treatrokematos lagoon sediments and
found no difference in d13C value between acidifed non-acidified samples.
Therefore, sediment samples of the present studg wet previously acidified. The
quality control for the elemental analysis in madgal tissue was conducted using the
certificate reference material acetanilide andsb@iment MESS-3 (National Research
Council Canada). Percent TOC and TN content in a#gal tissue and sediment were
converted to molar TOC:TN ratios and isotope ratieye expressed as parts per

thousand (%.). The Pee Dee Belemnite was used asté#melard for carbon, and
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atmospheric nitrogen for nitrogen. Based on thexdsted deviation of the internal
standard replicates, the analytical precision fanbon and nitrogen content and their
isotopes were €.16, +0.05, +0.08 and #0.12, respectively.

Data Analysis

Differences in mean values of biotic and abioticapaeters were compared
among the seasons, which were: austral spring €8dy@r to November), summer
(December to February), autumn (March to May) amdev (June to August).

Variations in water salinity have been used asoxy of water retention time in
the study area (e.g. Odebrecht et al. 2015). Sipilave used average salinity and
variability (i.e. coefficient of variation, CV) peseason as proxy of water retention
within the estuary. In general, periods of higheatev retention were identified by
increases in salinity associated with low CV, whiefflected, respectively, transitions
from periods of outflow to inflow and the persistenof meso/euhaline waters in the
estuary (Odebrecht et al. 2015).

Intercorrelations among the hydrological paramefieshwater discharge, level,
salinity (mean and CV), turbidity, irradiance, tezngture, NH', NO, and NQ
(expressed as dissolved inorganic nitrogen, DINJ Q> were analyzed through
Principal Component Analysis (PCA). Since no sigaift differences were found
among locations in water physical-chemical pararsefgevel, salinity, turbidity,
temperature and nutrients), the abiotic data wasraged among all stations. All
variables except irradiance were log-transformedad¢bieve a normal distribution.
Hydrological parameters were grouped along PCA agwording to their eigenvector
coefficients. This procedure provided ecologicabmiegs for the PCA components and

allowed data reduction (see section Results forendetails). The relationship between
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macroalgal biomass and hydrological parameters wieus investigated through a
Multiple Regression Analysis using eigenvalues GfLPPC2 and PC3 as independent
variables which explained, respectively, 47.10%40% and 15.21% of hydrological
data variability. Residuals were checked for datembscedasticity and normality.
Spatial patterns of drift macroalgae biomass dhistiton among stations were analyzed
in relation to local wind direction, frequency aspked.

The contributions of drift macroalgal biomass te tbrganic matter in the
sediments were estimated using the bayesian mirmoglel MixSIAR (Stock &
Semmens 2013). The MixSIAR model provides estimttesrelative contributions of
distinct sources to a mixture even in undetermiegstems taking into account the
uncertainty associated to both sample variability anknown sources of error (Parnell
et al. 2013). The mixing model was run for eachsepausing the sampling sites as
fixed factors. Sedimentary organic matter sourcesevsuspended particulate organic
matter (SPOM), drift macroalgae, the euryhalinesgfR maritimaand the saltmarsh
plants Spartina densiflora(C4 plant) andScirpus maritimusand Scirpus olney(C3
plants). Seasonal elemental and isotopic valuesRfomaritima S. densiflora S.
maritimus S. olneyand SPOM in the study area were obtained from ddtauand
collaborators (2013) (see Table SR).maritimaandS. densifloravere pooled in as a
single source due to similarities in their isotopignatures. TOC and NT was informed
for each source. Discrimination effects were neatuded due to the lack of significant
changes in the elemental and isotopic values ofstheces during diagenesis in the
study area (data not shown). Organic matter soupmesterior distributions were

calculated using long Markov Chain Monte Carlo oBafchain length = 1.000.000,
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burn-in = 700.000, thin = 300) and convergence @reecked through diagnostics tests

(see Stock & Semmens 2013 for more details).

RESULTS
Temporal and spatial variation in hydrological parameters and dissolved nutrients

The hydrological parameters water discharge, rietentevel, salinity, turbidity
and irradiance showed a strong seasonal trendghoot the studied period (Fig. 2a,b,
Table 1) and were highly correlated along the farghcipal component (Table 2). PC1
reflected the associated changes in water physieatical parameters related to water
retention, therefore representing the balance @iwetflow (i.e. freshwater discharge)
and inflow (i.e. saltwater intrusion) in the PLEer®ds of high freshwater discharge,
predominantly in winter and spring, were relatedinoreases in water level and
turbidity, and decreases in salinity, underwateadiance and water retention (i.e.
indicated by high values of salinity CV). Water fgenature varied seasonally with the
lowest values during winter and was positively etated along PC2 (Fig. 2c, Table 2).

In general, nutrient concentration in water colusimowed no consistent
seasonal and spatial trend (Figs 3a,b,c). Highecaemrations of N@ + NO;” were
observed during the spring 2012 (mainly October Almyember) and autumn and
winter of 2013 and 2014 (April to July, Fig. 3a)anability in PQ> concentrations
were less pronounced though an increasing trendrtbautumn and winter 2014 was
observed (Fig. 3c). Peaks of bfHwere found mainly during spring 2012 (Fig. 3b).

Average nutrient concentrations among all statinogeased along PC3 (Table 2).

Temporal and spatial dynamics of drift macroalgae blooms
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Drift macroalgal biomass were composed by mixedsmait mainly Ulva
clathrata, U. intestinalis and Rhizoclonium riparium which showed annual and
interannual variability. Peaks of biomass occurdeding early summer and autumn
2013 and autumn and early winter 2014 (Fig. 4).rAge biomass values across all
stations ranged from 0.38 g DW“nfwinter, August 2012) to 566 g DW fr(winter,
June 2014) and, overall, higher mean biomass valges found during 2014 (223 g
DW m?) compared to 2012-2013 (43 g DW?n Results of Regression Analysis
showed that PC1, representing freshwater dischaagésassociated changes in water
retention and physico-chemical parameters, wabdie predictor of the average values
of drift macroalgal biomass values(R0.67, F 1,= 3.55, p = 0.02). On the other hand,
no significant effects of water temperature (heepresented by PC2) or nutrient
concentrations (PC3) on drift macroalgal abundameee detected. Macroalgal tissue
TOC and TN presented slight spatial differenceshwitore dissimilar values in the
station exp-SW (Fig. 5a,b). Mean values for C contaried from 25% (station exp-
SE, April 2014) to 41.6% (exp-NE, May 2014) and dhient ranged from 0.84% (exp-
SW, April 2014) to 4.12% (exp-NE, May 2014). Temgdovariations in C:N ratios
among stations reflected variations in drift matgahabundance, with peaks during
bloom (Fig. 5c).

The results showed a marked spatial variabilitthe occurrence and magnitude
of drift macroalgal blooms. The most exposed statitm the prevailing winds (i.e. exp-
NE and exp-SW) showed the highest values of biorttassighout the studied period
with algal accumulations forming persistent, extemgatches covering up to 90% of
the area surveyed (Fig. 4 and 6). Conversely, asteeltstations (shelter-NE and shelter-

SW) showed lower values of biomass accumulatiorosiggd onto the substrate as
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scattered thin patches. Temporal patterns of bieraasumulation at exposed stations
were in accordance with seasonal variations inllagad action (Fig. 7). The largest
algal blooms at the exp-SW station occurred duangimn (March to May) 2013 and
2014, periods characterized by an increasing frecyuand intensity of winds from the
S-W quadrant. For the exp-NE station, large abdabms occurred mainly in summer
2013 (December to February) and early winter 20L#hé€) under the predominance of

moderate to strong N to E winds.

Contribution of drift macroalgal biomass to sediment organic matter

Sediment isotopic values showed no clear seasoeat tand no consistent
pattern in spatial variability (Fig. S1). The ispio signature of the drift macroalgae
varied from -13.5 to -17.5%. fo3'°C and 7.4 to 8.2%. fo6'°N (Table S1). Mixing
model results showed that drift macroalgae had ahmawer contribution (3.56 +
2.96%; mean D across all stations and seasons) as a sounrgarfic matter to the
sediment compared to other sources such as SPOW(5429.40%),S. densifloraand
R. maritima (30.24 +19.34%) and C3 plants (11.68 #1.10%; Fig. 8 and S2).
Furthermore, algal biomass contributions to theinsedt promoted no significant
increases in sediment TOC and/or TN content (F1g. S

In spite of the large credible intervals, highestrage values of contributions of
macroalgae to the sediment organic matter acréstations occurred during summer
(4.5 +0.36%) and winter 2013 (82%), and autumn (6.4 2.4%) and winter 2014 (4 +
2.26%), periods of highest macroalgal biomass aatation (Fig. 4 and 8a). The only
exception to this pattern was winter 2013, a péstiin period. However, a spatio-

temporal decoupling between algal contributionghe sediments and the observed
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patterns of drift macroalgae abundance were obderkyal contributions were not

proportional to the seasonal and interannual varatin algal blooms magnitude and
persistence observed. In addition, the largest assrblooms, observed at exposed
stations, were not translated into the highesteslf organic matter incorporated into
the sediments. Indeed, the values of algal corttdbuo sedimentary organic matter

were not significantly different among exposed ahéltered stations.

DISCUSSION

Although the interaction between blooms and theedgohg sediment have been
studied in the field using small enclosures (e@zG et al. 2009), to our knowledge, no
study has explicitly investigated the role of dmftacroalgae blooms as a source of
sedimentary organic matter taking into account nahfpatterns of their abundance and
their driving factors (but see Pihl et al. 1999)r@esults showed that interactive effects
of hydrological and meteorological factors credteebrable conditions for the onset of
large drift macroalgal accumulations in shallowaareNonetheless, regardless their
magnitude and persistence, macroalgal biomass hadinar contribution to the
sediment organic matter pool, compared to othengmy producers such as widgeon
grass R. maritimg and salt marsh plants. Therefore, our study Fgbtd the
importance in considering hydrodynamics forceshsas waves and currents, in the

assessment of macroalgal blooms feedbacks on benttrient regeneration.

Temporal and spatial patterns of drift macroalgae blooms
Blooms of drift macroalgae have been documentediquisly at both seasonal

and interannual scale at the PLE (e.g. Lanari &eZimo in review) following floods-
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driven severe reductions of meadows of the widggassRk. maritima(Odebrecht et al.
2010). Drift macroalgae biomass reported herejrarig peaks up to 2 kg DW fn(i.e.
station exp-SW Autumn 2014), are comparable todhssen in other coastal areas
undergoing anthropogenic nutrient enrichments (€agner et al. 2001, Martins et al.
2001). Our results support suggested ongoing transito opportunistic macroalgae-
dominated periods in the last decade simultanewmuiscteases in total nitrogen in the
study area (Haraguchi et al. 2015, Lanari & Coperin press).

Although opportunistic macroalgae blooms is a weitte commonly reported
symptom of eutrophication (Teichberg et al. 201Qons et al. 2014), we did not
observe a direct relationship between monthly ayesavalues of algal biomass and
nutrient concentrations in the water column (i.€2PFigs 3 and 4)This fact may
indicate that monthly sampling is not represengtof nutrient availability in the
system once concentrations in the water column waay at shorter time scales. Fast-
growing species such &fiva can also quickly take advantage of nutrient puéseior
high nutrient concentrations through rapid nitroggstake and decoupling between
uptake and growth (Fong et al. 2004). Consequetisistie nutrient content is a better
proxy of nutrient availability for macroalgal grdwthan nutrient concentrations in the
water column (Fujita 1985). Temporal variations raftrient content in macroalgal
tissue among sites agreed with the spatio-tempgreamics of drift macroalgae blooms
(Fig. 4 and 5). At the beginning of the growing sms (i.e. late spring 2012 and
autumn 2014), values of TN content around 4% weve critical values for growth
(i.e. 2%, Fujita 1985) and similar to those repwriie locations experiencing nutrient
enrichment worldwide (e.g. Teichberg et al. 201Rgductions in tissue TN and

increases in C:N ratios were observed only afteorols establishment and possibly
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reflected nitrogen use during biomass build-up pbasThus, our results suggest
sufficient nitrogen availability to trigger largeid macroalgae blooms at the study area

In nitrogen-enriched systems, P supply may limé& trowth rates of bloom-
forming macroalgae (Teichberg et al. 2010). Acaugdi, largest macroalgal blooms
during autumn and winter 2014 were simultaneousised concentrations of FOin
this period (Fig. 3c and 4), which likely allevidtalready suggested P-limitations for
primary producers at the study during drought mxi@Odebrecht et al. 2005, Lanari &
Copertino in review). However, P content in maogahltissue were not analysed and
more studies assessing both nitrogen and phosphbontent in macroalgal biomass are
needed to elucidate this question.

Effects of increased water nutrient concentrationshallow areas are further
mediated by local hydrodynamics since water rebentvithin a location regulates the
time exposure of the macroalgae to water colummienis (Martins et al. 2001,
McGlathery et al 2007). In Patos Lagoon, annual nmealues of chlorophyll a
decreases significantly with mean values of ralnifieits drainage basis above 1500 mm
per year; beyond this threshold, high freshwatscltairges promote biomass washing
out of the estuary, inhibiting phytoplankton blooneven under high nutrient
concentrations in the water column (Abreu et all®0Similarly, drift macroalgae did
not accumulate during peaks of DIN and .PGassociated to the high freshwater
discharges observed in spring 2012, late winter sprchg 2013 and mid-winter 2014
(Fig. 2a and 3). In these periods, increased fragtnwdischarges blocked saltwater
intrusions (i.e. low salinity values, Fig. 3a) aretluced water retention within the

lagoon (i.e. high values of salinity CV, Table which may hamper macroalgal blooms
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through the advective transport of biomass to ajpend/or deeper areas (Martins et
al. 2001).

In contrast, low to moderate freshwater discharged subsequent increased
saltwater intrusions and water retention during semautumn 2013 and autumn/early
winter 2014 (Fig. 2) reduce currents speeds (186s¢, Fernandes 2001) below
thresholds for macroalgal advective transport,(i-0 cm &; Flindt et al. 2004),
maintaining drift macroalgal biomass in the systebw-occurring increased water
salinity, temperature and irradiance may enhancewtlyr rates of opportunistic
macroalgae such adlva andRhizocloniumspecies, leading to the onset of large drift
macroalgae blooms (Martins et al. 1999, Taylor le2801). Therefore, while local
hydrodynamics is the key factor setting annual emerannual patterns of occurrence
and persistence of algal blooms, associated chamgewater physico-chemical
parameters will set their magnitude.

Effects of wind action set a marked spatial vatigbiin the timing and
magnitude of drift macroalgal blooms. Largest bismaccumulations were detected in
the most exposed stations (i.e. exp-NE and SW 4yignd likely resulted from onshore
wind-driven waves and currents promoting the ctilbecof locally produced biomass
and of mats imported through advective transpannfsurrounding areas (Berglund et
al. 2003, Liu et al 2013). Thus macroalgae may mcdate away from the areas that
represented their nutrient sources and recruitr(feid et al. 1999, Kennison & Fong
2013). Largest macroalgal blooms in exposed areasrepresent accumulations of
nutrient-replete biomass, representing substastaadks of nutrients within the system
(Rossi 2007). For instance, in autumn 2014 mearroalgal N content was 2.09% of

dry weight in the exp-SW station. Given that theamenacroalgal biomass across
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stations was 982 g DW ' this represents a N store of 0.18 tonnes of Nheetare.
Thus, in a nutrient-replete system such as the ELiE,biomass can play a major role
as a sink of nutrients slowing their seaward trartspnd increasing their retention

within the system.

Contribution of drift macroalgae to the sediment C and N

Although increases of sediment C and N content resnlt from macroalgal
biomass depositions (Pihl et al. 1999, Corzo et2@09, Hardisoret al 2010), our
results did not support these findings but is icoadance with the results of other
experimental set-ups with opportunistic macroakyg.(Sundback et al. 1990, Garcia-
Robledo & Corzo 2011). During drift macroalgae bt no significant increases in
sediment TOC and TN were observed, regardless itrefisant differences in the
magnitude and spatial patterns of biomass accuimntaamong stations.

Many factors may have resulted in transitory insesain sedimentary organic
matter of a few days to a few weeks that cannaidiected at the monthly time-scale
adopted in our study (Rossi 2007, Garcia-Robledd. €2008). Due to the fast turnover
of opportunistic macroalgae detritus, the senesbiognass can be quickly recycled
through bacterial assimilation, resulting in eftagxof ammonium (NH), nitrite (NGy)
and nitrate (N@) across the sediment-water interface (Garcia-Rioblket al. 2008,
2013). In this process, ;Oconcentration in the water column influences the
biogeochemical characteristics of sediments (Miolglg) & Lewin 2009). Under the
influence of the high wind action observed in shallareas of the PLE, the promotion
of oxic conditions in the water-sediment interfacey have enhanced microbial

mineralization of organic matter, increasing thiility of elements in porewater and
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transport mechanisms that induce their transfethéo water column (Rigaud et al.,
2013). Nutrients released from sediment can bemdlsased by microphytobenthos
(Hardison et al. 2010), and subsequently consumgdsdrface deposit feeders
transferring nutrient from the sediment to secopdansumers (Rossi et al. 2007).
Although in our study the persistent large biomassumulations in the exposed
stations occurred as extensive dense mats whichautwpmpete microphytobenthos
for light (Hardison et al. 2013).

Transitory small increases in sedimentary orgaratten ranging from 1.7% to
14% for C and 13.5% up to 16% for N have been ofeskeduring experimental
additions of low algal biomass to sediments (e.40-g DW n¥, Rossi et al. 2007; 220
g DW mi?, Garcia-Robledo et al. 2008), in which the valuese similar to the ones
found here in the sheltered stations. At higheellewf biomass accumulations, such as
the ones found in our exposed stations with deress Kie. up to 1900 g DW fnand
572 g DW n¥ in stations exp-SW and exp-NE, respectively) cimgpup to 75 % of the
surveyed areas (i.e. autumn and winter 2014, Bigst&lf-shading on lower layers of
algal mats may occur (Hardison et al. 2013). Sulrseigalgal biomass die-offs may
cause anoxic conditions and the release of plantbamutrients in the sediment-water
interface may occur (Hardison et al. 2010). It vdobke expected that biomass inputs
would override sediment mineralization rates, tf@eecausing C and N accumulations
to occur (Rossi 2007) and increasing the poteritialalgal biomass feedbacks on
nutrient cycling in these areas.

No evidence of macroalgal C and N accumulation alzserved. In fact, stable
isotope analysis showed that overall the low TO@ &N contents in the sediments are

explained by a low incorporation of algal biomas=gardless of the magnitude and
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persistence of accumulations. Algal biomass inc@an within sediments relies on
the existence of hydrodynamic conditions promotthg deposition and burial of
macroalgal tissue (Hardison et al. 2010). We sugipes, although advective transport
may promote large accumulations of drift mats imllshv shoals, the driving force
behind their accumulation, i.e. wind action, majph&ustain the growth of the bloom
and also hamper its long-term deposition and bumighe sediment (Hardison et al.
2010). Studies have shown that the low erosionstuiels of drift mats (Flindt et al.
2004, Canal-Verges et al. 2010) cause resusperssoiiting in unstable deposition on
the sediment surface at small spatial (i.e.,’Land temporal scales (i.e., few hours to a
few days; Biber 2007, Rasmussen et al. 2013). Altogly, wind-driven weekly
variations in the spatial patterns of drift macgaed depositions are reported in the PLE
(Lanari & Copertino,in pres3. The constant relocation of the drift algal metshe
most exposed stations may have inhibited biomas®ffs through shelf-shading and
the maintenance of healthy drift biomass disablestieansfers to superficial sediments
(Sundback et al. 1990, Garcia-Robledo & Corzo 2&l/&n when the bloom collapses,
large amounts of macroalgal derived organic mattay be recycled in the water
column, through higher levels of herbivory and tigsry under normal oxic conditions
(Cébrian et al. 2014).

In this context, low contributions of drift macrgak to secondary production
reported in the study area (Claudino et al. 2018)gsst that our results may have
important ecological implications on estuarine muits retention. Macroalgal
accumulations can have negative impacts on bemptiicary producers that promote
long-term nutrients retention, such as microphytbhes and seagrasses (Hauxwell et

al. 2001, Hardison et al. 2013). The absence arddperennial primary producers (i.e.
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seagrasses), which act to retain nutrients withénestuary or lagoon, may enhance the
mass export of macroalgal-bound nutrient to adjacsrastal areas during high

freshwater discharges (McGlathery et al. 2007)h@&ligh this process may alleviate

possible deleterious impacts resulting from sedfereerating blooms, it may also

generate system oligotrophication in a long-termc@thery et al. 2007, Garcia-

Robledo & Corzo 2011).

In conclusion, the present study highlights the antgince of considering the
environmental context when assessing the initiatiparsistence and subsequent
transport of macroalgae as well as the potentedidacks of drift macroalgae blooms
on estuarine nutrient cycling. Although sedimentrieat effluxes may trigger drift
macroalgal blooms (Sundbéck et al. 2003), our tesllowed that new inputs of algal-
derived fresh organic matter to sustain this precesy on local hydrodynamic
conditions. The hydrodynamic forces in the Patogdom drive advection of
macroalgae from their recruitment areas and theaumulation in the shallow of
exposed areas of the lagoon. These same hydrodyriaroes likely help sustain the
accumulated material in the water column resultinglittle incorporation within
sediments. To determine the generality of thesalteesnore studies evaluating the
effects of dynamic spatio-temporal scales of majzodition on biomass incorporation
within sediments are needed, preferably throughitiaddl tracers of sedimentary
organic matter sources. Long-term monitoring, alesrter time intervals than adopted
here, of the effects on algal-dominated phases uinent cycling may also provide

insights on nutrient balance within estuarine golan systems.
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FIGURES AND LEGENDS

Figure 1. Location of the Patos Lagoon estuary at southeaziBan coastline and the

mesomixohaline area of the estuary with coastal &axposure Indexes highlighted.
Stations are indicated as: (1) exp-SW, (2) exp-(8& shelter-SW and (4) shelter-NE.
Fetch values are given as the number of grid eallss (200 m each) adjancent to a

point.

Figure 2. Variation of the hydrological parameters freshwatecharge, water level
and salinity (a), water column turbidity, irradi@nand pH (b) and temperature (c) from
August 2012 to August 2014. Values are monthly méaiSE) among all stations. W =

Winter, Sp = Spring, S = Summer and A = Autumn.
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Figure 3. Monthly variation of NG+NOs (a), NH," (b) and P@ (c) in the water
column of the sampling stations between August 2@l 2August 2014. Values are

means (+SE, N = 3). W = Winter, Sp = Spring, S = Summaet An= Autumn.

Figure 4. Temporal variation of drift macroalgal biomass (meaSE) from August
2012 to August 2014 among stations. Areas repréeentumulative average values (+
SE) for each station. Grid lines separate diffesgr@isons. W = Winter, Sp = Spring, S =

Summer and A = Autumn.

Figure 5. Monthly variation in total organic carbon, TOC (&tal nitrogen, TN (b) and
C:N ratios in algal tissue of the sampling statibesveen August 2012 to August 2014.
Values are means ($E, N = 3). W = Winter, Sp = Spring, S = Summed &=

Autumn.

Figure 6. Seasonal spatial patterns of drift biomass covefageach station along
transects during blooms periods. Coverage data wet@ned at each 50 m (N = 4)
along 200 m transects deployed 100 m apart. Botddartted lines represent 10% and

5% coverage intervals, respectively.

Figure 7. Wind roses showing the prevalent wind directionsirdy Summer and
Autumn 2013 and Autumn and Winter 2014. The lengththe diamons shows the
percentage of hours that wind blew from a givereation. Different shades of gray

within diamonds represent speed intervals.

Fig 8. Estimated contributions of drift macroalgae bioméss suspended particulate
organic matter, POM (b)Scirpus maritimusand S. olney C3 plants (c) andRuppia

maritima andSpartina densiflorgd) to sedimentary organic matter in differentsesss
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and sampling stations. Data are MixSIAR posterioobpbility means and ©5%
credible intervals. W = Winter, Sp = Spring, S =n8oner and A = Autumn. Please note

different y-scales.
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Figure 4.
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Figure 7.
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SUPPLEMENTARY MATERIAL

Figure S1.Monthly variation in %TN (a), %TOC (by"°N (c) ands**C (d) in sediment
sampling stations from September 2012 to AugustéZBfations exp-SW and sw-NE)
and from September 2012 to August 2013 (statioekeshSW and shelter-NE). Values

are means (6E).

Figure S2. MixSIAR estimated posterior distributions of thent@butions of drift
macroalgae, suspended particulate organic mat®MJP Scirpus maritimusand S.
olney (C3 plants) andRuppia maritimaand Spartina densiflora(denoted as C4 for
simplicity) to sedimentary organic matter amongistes from Spring 2012 to Winter

2014.
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Figure S2.
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TABLES

Table 1. Seasonal mean, standard deviation (SD) and cmffiof variation (CV) of water salinity from Spgr2012 to Winter 2014.

Spring Summer Autumn Winter
Year Mean SD CV Mean SD CV Mean SD CV Mean SD Cv

Salinit 2012-13 10.57 143 0.13 1866 4.76 0.25 1445 322 0.22 56.41.48 0.22
Y 201314 225 156 069 641 413 064 546 031 005 203440 0.1
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Table 2. Eigenvectors coefficients of hydrological factamsrelation to the three first
axis of the PCA. PC1l, PC2 and PC3 explained 47.1%4% and 15.21% of
hydrological data variability, respectively. Valudsighlighted are the highest

coefficients values for each factor.

Hydrological factor PC1 PC2 PC3
Freshwater discharge 0.68 -0.24 -0.16
DIN -0.23 0.03 0.84

PO, 0.14 -0.56 0.64

Level 0.92 -0.16 -0.16
Temperature -0.30 0.81 0.18

Salinity -0.88 -0.29 0.04
Turbidity 0.74 0.47 0.33
Irradiance -0.83 0.27 -0.20
Salinity CV* 0.83 0.33 0.06

# A proxyfor water retention within the study area.
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SUPPLEMENTARY MATERIAL

Table S1.Mean values (4 SD) of8™C, '°N, %C and %N for the sourcésiva sp. andRhizoclonium riparium(drift macroalgae)Ruppia
maritima, Spartina densifloraScirpus maritimusand Scirpus olneyand suspended particulate organic matter (SPONgoted in mudflats of
the Patos Lagoon estuary across seasons (sprimgnesy autumn and winter). Lower case letters indic@urces grouped for mixing models
analysis.

Summer Autumn Winter Data obtained from

dC "N %C %N dC "N %C %N 8tC 8N %C %N

Drift macroalgae -15.7 8.2 33 1.9 -17.5 7.5 34.1 3.4 -13.5 7.4 36.5 3 Claudino et al. 2013
+15 +1.4 +0 +0 +1.6 +0.9 +3 +1.4 +3.3 +1.3 +2 +1 and present study

Spartina densiflora -12.1 6.2 41 0.7 -12.3 6.2 40.7 0.8 -12.2 4.5 40.6 0.9 Claudino et al. 2013
+0.2 +0.5 +1.4 +0.2 +0.3 +0.7 +0.7 +0.2 +0.6 +0.6 +1.2 +0.1

Ruppia maritim&a -10.5 7.3 40.3 3.2 -13.9 7.2 28.6 2 -10.7 6 41 3.8 Claudino et al. 2013
+1.4 +0.4 +1.6 +0.4 +0.9 +0.8 +4 +0.1 +1.2 +0.8 +2.1 +0.7 and present study

Scirpus maritimus -25.2 7 41.7 1.3 -28.1 5.7 39.9 2.2 -27 4 41.3 1.6 Claudino et al. 2013
+0.9 +0.5 +1 +0.2 +0.6 +0.8 +1.9 +0.1 +1.1 +2.1 +1 +0.3

Scirpus olné¥/ -26.7 6 39.8 15 ND ND ND ND -28 6 40.3 15 Claudino et al. 2013
+1 +0.5 +1.5 +1.1 +1.1 +1.2 +0.2 +0.2

SPOM -18.4 6.6 1.8 0.2 -19.5 1.8 0.9 0.2 -18.5* 4.2*% 1.4% 0.2* Claudino et al. 2013
+0.4 +0.3 +0.1 +0 +1.3 +1.6 +0.5 +0.1 +0.8 +0.9 +0.3 +0

2Denoted as a single source in the model due teithidarities in their isotopic signature.
® Denoted as a single source (C3 plants) due teatre photosynthetic pathway.
*Values are averages between Summer and Autumn.
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APENDICE 3

Esse apéndice refere-se ao artigo intitulado “Edfet short-term depositions of drift
macroalgae oRuppia maritimaand associated benthic macrofauna” em preparagéo

para submisséo ao periodidournal of Experimental Marine Biology and Ecology.
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Effects of short-term depositions of drift macroalg@e on Ruppia maritima and

associated benthic macrofauna

Marianna Lanari, Fabio Cavalca Bom, Leonir ColliMgrgareth S. Copertino

ABSTRACT

Large drift macroalgal blooms generate adverse renmiental conditions in the
sediment-water interface during stationary depms#tiand subsequent biomass collapse
and decomposition. Consequently, declines in seagpmpulations and associated
benthic macrofauna are observed. However, manynidoare composed of unstable
depositions of drifting mats which are suggestedlleviate deleterious conditions on
benthic communities. To investigate the effectsslbrt-term depositions of drifting
macroalgal mats on the widgeon graRsippia maritima plants and associated
macrozoobenthos, macroalgal abundance was expdaltyemanipulated in a shoal of
the Patos Lagoon estuary, southern Brazil. Mixedsmaf Ulva clathrata and
Rhizoclonium ripariunequivalent to natural levels of biomass abundgnc00 g DW
m) and to bloom conditions (~ 1000 g DW?jnwere added to experimental plots (0.5
m?) deployed onRuppia meadows. The experiment ran for about a month and
assessments of experimental plots (each 4-7 dag® performed to record biomass
losses and to maintain initial conditions of biomagthin plots according to natural
patterns observed in surrounding areas. Depositadndrift macroalgae mats were
highly unstable with average percentages of biortesssalong the experiment ranging
from 12.25 % (+2.34) to 100% _(©), with similar patterns between biomass treatsien

Rates of biomass losses within plots were positivelated to high fluvial discharges
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and wind action. Significant reduction i maritimaabove and belowground biomass
and the demographic parameters leaves length, slaoot nodes density and rhizome
length were detected, with reductions proportidadhe amount of algal biomass added
(except for nodes density). Slight reduction in roéauna taxonomic richness and no
significant changes in total macrofauna abundare® wbhserved under short-term drift
mats deposition. Nonetheless, decreases of the ndomiinfaunal tanaidacean

Monokalliapseudes schubartieyond those explained by experimental manipuiatio
were detected in biomass plots. Our results indictie potential of transitory

depositions of drift macroalgal blooms to promotdeasive plants dislodgements,
which may be contributing to the slow recoveryRofmaritimameadows reported for

the study area. Moreover, indirect effects of dmftacroalgal mats on benthic
macrofauna structure and abundance may occur thrBugpiaremoval, leading to

long-term impoverishment of benthic macrofauna.réfae, the present study supports
that transitory drift macroalgae mats can negativi@ipact benthic communities, a not

yet widely recognized problem in estuarine shaléveas.

Keywords: macroalgal blooms, local hydrodynamics, advectiballistic effects,

estuarine shallow areas.

1. INTRODUCTION

An increasing trend in frequency and intensity afcnoalgal blooms has been

observed worldwide during last decades, mostlyibatied to coastal eutrophication

(Valiela et al., 1997). Mainly occurring as accuatidns of floating mats that are
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detached from the substrate due to waves and ¢sir@ction (hereafter drifting
macroalgae), macroalgal blooms are composed ofrappstic species of green algae
such adUlva, Cladophoraand ChaetomorphaDue to their very high nutrient uptake
and growth rates, drift macroalgal mats can attégh abundances in nutrient-enriched
coastal shallow areas (Valiela et al., 1997). Esiwesmacroalgal growth and die-off
cause reductions in light penetration, releasexittcompounds, sediment anoxia, with
profound changes in primary and secondary productmogeochemical cycles and
species composition (McGlathery et al. 2007; Cebetal., 2014).

Many of the negative effects of macroalgal bloonaseéhbeen reported over
seagrass meadows and macrozoobenthic communitges Hauxwell et al. 2001;
Cummins et al. 2004). Adverse impacts of macroatyatls deposition primarily include
nutrient competition and shading by algal biomdbkss last being the main factor
leading to decreases in seagrass growth and meemit (Hauxwell et al., 2001;
McGlathery et al., 2001). Harmful biogeochemicahditions within the drift mats and
at water-sediment interface also occur due to highaxoxic conditions related to algal
biomass respiration and senescence, accompaniekighy ammonia and sulphide
concentrations during decomposition (Hauxwell ef 2001; Pedersen et al., 2004).
Under these conditions, overall decreases in alboued biomass, demographic
parameters and growth rates are reported for sesggdHauxwell et al., 2001; Homer
et al., 2011), and the survival of infaunal andfamal invertebrate communities is
impaired (Norkko & Bondorff, 1996).

Most of the deleterious impacts of excessive groweithrift algae on benthic
communities rely on shallow, low energy conditiowbkere stationary algal mats

accumulate (Hauxwell & Valiela, 2004; Rasmussenlgt2012; Cebrian et al., 2014).
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Nonetheless, drift macroalgae mats accumulations lsa highly unstable once
aggregations are driven by factors operating demiht spatial and temporal scales
(Kopecky & Dunton, 2006). High water flow and widdiven waves and currents can
translocate drift mats firstly as bedloads and tlsespended in water column at
increasing current speeds (Flindt et al., 2004,;eBil2007). This process leads to
variations in drift macroalgae depositions on sasgjibeds at small spatial (i.e.,  m
and temporal scales (i.e., one tidal cycle up feva days; Biber, 2007; Flindt et al.,
2004; Rasmussen et al., 2013), contrasting withfittezl nature of mats commonly
simulated in field and mesocosm experiments (elguxwell et al., 2001; Cummins et
al., 2004; Irlandi et al., 2004).

The frequent relocation of drifting mats may shortee exposure of benthic
communities to their deleterious impacts once tlgalamovement promotes well-
oxygenated conditions in the water-sediment interfdor macrozoobenthos and
seagrass to thrive (Cebrian et al., 2014). Howedleft mats short-term depositions
have still been suggested to hamper the reestai#ishof seagrass beds at large spatial
scales possibly through enhanced sedimentary dysatvaldemarsen et al., 2010;
Canal-Vergeés et al., 2014) and physical stresdifeec2001). Once seagrass meadows
support more abundant and diverse faunal commandige to increased structural
complexity compared to unvegetated areas (Boms&roBonsdorff, 1997; Rosa &
Bemvenuti, 2007), indirect effects of drift mats macrozoobenthos may occur through
if the plants are removed. In this context, negagiffects of short-term depositions of
drift mats on seagrasses still remain untestedggatirlandi et al., 2004). Furthermore,

considering the dynamic behaviour of drift mats simallow areas, further studies
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replicating their natural patterns of depositioe aecessary to fully understand the
magnitude and direction of their impacts on bentoimmunities.

In the Patos Lagoon estuary (PLE), Southern Brdb#, shallow areas are
covered by submerged aquatic vegetation (SAV) datath by eurihaline and
oligohaline grasses (mainRuppia maritimalL. andZannichellia palustrid..), together
with benthic macroalgae (manily drift mats &flva spp, Cladophora spp and
Rhizoclonium riparium(Seeliger, 1996). The development of the anfiamaritima
populations is controlled by photoperiod, water penature and salinity (Copertino &
Seeliger, 2010). Plants develop during spring frmrennial rhizomes and seed banks,
with biomass and fructification peaks occurringnfrdate spring to early autumn,
followed by senescence and seed releasing (Caétuai., 1978). Reductions dR.
maritima abundance and distribution have been reported gllast decades, resulting
from high water flow and extreme floods duriid Nifio events (i.e., 1997/98 and
2002/03). AlthoughR. maritimapopulations can be highly resilient to disturbances
recovering quickly from seed banks and left ovezaimes after the reestablishment of
favourable environmental conditions (Anton et @009; Cho et al., 2009), a slow
recovery of the meadows was observed in PLE dueduoctions in rhizome nets and
seed banks after severe storms and high sedinmaobikzation (Copertino & Seeliger,
2010).

The overlap of several disturbances may reducerésdience of seagrass
meadows (Neto et al., 2010). While climate anorsafi# Nifio events) and associated
higher fluvial discharge reduce seagrass abundandedistribution in Patos Lagoon
(Southern Brazil), it is suggested that the slosovery of the seagrass meadows in

postEl Nifio periods is further inhibited by the fast coloniaatof opportunistic drift
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macroalgae (Copertino & Seeliger, 2010; Odebretlai.e2010). In a nutrient-replete
system such as the PLE (Haraguchi et al., 2015kraafgal blooms are mainly
triggered by the combination of decreasing freskwdtscharges and water level and
consequent increasing water residence times anditgalLanari & Copertino,in
presg. Wind-driven waves and currents promote biomassetsion to intertidal and /or
adjacent areas, thereby preventing the developofdatge, stagnant blooms (Lanari &
Copertino,in press;Lanari et al.,in press. In this way, the PLE provides an ideal
scenario to investigate the effects of drift malgaa on seagrass meadows and
associated macrozoobenthos, considering naturt@rpatof abundance and time frames
of short-term algal deposition.

Throughout a combination of a field survey and expent, we tested the
hypothesis that short-term depositions of drifimgcroalgal mats can affect the growth
of R. maritimaplants, therefore contributing for the slow reagvef the meadows,
after natural disturbances. Furthermore, indireffeces of drift algal mats on
macrozoobenthos may occur mediated by removal ef plants. To test these
hypotheses, we simulate sequential depositions ridfind mats on R. maritima
meadows in experimental plots, and quantified sesgdemographic parameters as

well as the abundance and structure of associateithic macrofauna.

2. MATERIAL AND METHODS

2.1.Study area
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The warm temperate Patos Lagoon situated in soutBeazil is the largest
choked coastal lagoon in the world (10,0000%krjerfve, 1986; Fig.1). Water
exchange between the estuary and the South Atl@ué&an occurs through a narrow
and deep channel (0.5-1 km wide, 14-18 m depth)ntaiaed for navigation. The
region is influenced by a microtidal regime (~ 0mY and tidal effects are attenuated
within the lagoon. With a large catchment area (@00 knf), the local hydrology is
driven mainly by rainfall, freshwater discharge amdd circulation, which are also the
main factors affecting water level and salinity.eTprevailing NE winds (dominant in
austral spring and summer) and SW winds (dominardautumn and winter) force,
respectively, the outflow and inflow of water beemethe estuary and the coastal
region. During flood periods the PLE becomes artd@minated system, remaining
fresh for several months. Under strong southerlydaj associated to the passage of
atmospheric fronts, larger saltwater intrusionsuocblocking freshwater outflow from
the PLE (Mdller et al., 2001). Therefore, marinel @uhaline conditions usually occur
in summer/autumn, while freshwater and oligohalimenditions prevail in
winter/spring. Nonetheless, short-term salinityikettons are observed and the PLE
may alternate between fresh-oligohaline, over malswd to marine in the time scale of
hours to days (Abreu et al., 2010). The estuamuisophic, due to both large natural
and anthropogenic sources, with nutrient conceotratin the water column ranging
from ~ 0.1 to 40 uM N@+NOs; ~ 0.1 to 40 uM NH; and ~ 0.1 to 8.7 uM PP.
Sediment pore water nutrients range from ~ 33.81@.7 uM NH" and from ~ 0.1 to
14.6 pM PQ* (Baumgarten & Niencheski, 2010; Odebrecht et2010). Our study
was conducted in a shallow shoal (>1.5 m depththef PLE moderately exposed to

wind action.
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2.2.Experimental design

To assess the effects of short-term depositiondrifting macroalgal mats on
seagrasses and benthic macrofauna, we conductlda eiperiment during austral
autunm of 2014 where mixed drifting algal mats, posed mainly olJlva clathrata
(Roth) C. Agard andRhizoclonium riparium(Roth) Harvey, were added to R.
maritima bed. Drift macroalgae abundance were manipulayeddding fresh biomass
within fenced experimental plots (0.5 X 0.5 m, lhigh). A plastic mesh was used to
fence the plots, which were open at the top. Thedebottom was buried into the
substrate by using bamboo poles. Mesh-size {lomas small enough to retain
macroalgae biomass during calm hydrodynamic camtsti here represented by low
fluvial discharge and wind action, and at same tditenot constrain water circulation
and minimized flow reductions within plots. Undeiglhn hydrodynamic periods (i.e.
high fluvial discharge and/or wind action), the masze enabled the movement of the
algal mats out of the plots or their filaments egtament in the surrounding mesh. This
allowed us to simulate naturally occurring timenies of algal depositions and to
control the rates of drifting macroalgae losses. (decreases in biomass, percentage
cover and canopy height) according to differenhaces of local hydrodynamism. The
experimental plots (16 in total) were deployed Sapart of each other in a random
design over a ~200 Tarea occupied by establishBd maritimameadows. Meadows
presented a patchy arrangement, varying in size 6 tolm. Experimental plots
were set up in relatively homogeneous meadows, evivteverage was 100% and
canopy was ~ 10 cm. Experimental area was also gensmus in terms of bottom

granulometry (98% sand, 1.2% silt and 0.8% clay) aariations in water level which



163

ranged from 0.3 m (drought period) to 1 m (floodripd), depending on the
inflow/outflow regime. Due to the bottom topograpfig. a concave bank), drift algal
mats did not occur naturally at the experimentaaapbnce they accumulated in
surrounding depressionggs. Obs.

Four treatments were applied, each having 4 pldtesn(N = 4): (1) reference
control (RC), composed by undisturbed plots withiauices; (2) fenced control (FC),
fenced plots with no addition of algal biomass; I8y biomass (LB), which 2 kg wet
weight m?(~ 200 g DW nif, 50% of coverage and a 5 cm thick mat) of drifcroalgae
biomass were added to the plots, representingaibturccurring abundances; (4) high
biomass (HB), whereby the addition of 10 kg wetgheim? (~ 1000 g DW rif, 100%
of coverage and a 20 cm thick mat) simulated reciirblooming events in the study
area (Lanari & Copertinan pres3. Plots were randomly deployed in the study area.
Drifting biomass ofU. clathrataandR. ripariumused in the experiment was collected
from adjacent areas and defaunated manually griaddlition in the plots.

Once drift algal mats present a high potentialddvection whilst, at the same
time, their biomass accumulations within an areapeErsist up to six months (Lanari &
Copertino in press; but also see results in sestibd and 4.2 of this thesis), we
simulated sequential depositions of drifting materdQR. maritimameadows. To this,
experimental plots were assessed during six tintervals to assess reductions in
macroalgae abundance through biomass advectiotoaedlocate algal biomass within
plots to maintain initial experimental conditiodssessment time intervals comprised 4
up to7 dayst(, from 31 March to 4 Aprilt2, from 4 to 7 April;t3, from 7 to 14 April;
t4, from 16 to 23 Aprilt5 from 23 to 29 Aprilt6, from 29 April to 2 May). At each

time interval, remaining algal biomass within pletas recorded to estimate biomass
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losses originated from advection. Remanescent lEsnwathin plots was manually
removed from the plots with care not to distRbppiaplants and the associated fauna.
Algal biomass volume was determined using a pl&Q@0 ml graduated cylinder with
a plunger with a diameter approximately similaithe cylinder’s inside diameter. The
plunger was used to compress biomass within thedsd and drain holes, drilled from
the top to the bottom of the cylinder in three fialaows, enabled water removal (see
Robbins & Boese 2002 for more details). Using tetednined algal biomass volume
(x), its dry weight (y) was estimated through thianear relationship express as the
equation y = -5.5 + 0.8399p (< 0.05; R = 0.94; N = 40), which was previously
obtained in pilot sampling in the study area. Doig¢hte simple thallus morphology of
opportunistic macroalgae such d$va, rapid biomass losses through decomposition
occurs (Banta et al. 2004). To disentangle biomasses associated from biomass
decomposition from those related to their advectra@sport, litter bags with similar
dimensions to the plots (i.e. 50 cm X 50 cm) amdilar biomass to the experimental
plots (i.e. LB and HB) were deployed (N = 3) durthg last three time interval (i.&t,

t5 and t6) to control for the amount of macroalgal biomassngeiost due to
decomposition. Biomass reductions within litter ®agere determined according to the
same procedures use for the experimental plots.

After determination of biomass losses within thetgl new fresh biomass was
added to the plots to maintain initial biomass ¢tols. Remanescent biomass was
returned to the plots and new fresh biomass, pusliyodefaunated, was added to meet
the intitial biomass conditions for LB (i.e. ~ 26(DW mi?) and HB treatments (i.e. ~~
1000 g DW rif). For litter bags, only fresh biomass was addelesé values of

biomass were in accordance with natural drift m@&sccurrence observed in the
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adjacent areas, which were assessed during theireepe using seven fixed plots (0.5
m?) randomly positioned in a 0.5 Krarea located outside the experimental area (~ 200
m apart; i.e., non-experimental area) prone tot agniicroalgae accumulations (pers.
obs.) and with similar hydrodynamic conditions audbstrate features. The abundance
of drift macroalgae was weekly assessed and, abelgnning and at the end of the
experiment, percentage cover was visually estimatetiplots had its biomass cleared
for dry weight determination in laboratory (60°C #8 hrs).

The experiment lasted 33 days (from March' 81 May 2'%, until significant
decreases iR. maritimacoverage (~10%) was observed within experimertb pAt
the end of the experiment, destructive sampling ecaslucted. We collected one core
per treatment plot using a PVC corer (10 cm diaméi® cm depth) inserted in the
centre to avoid edge effects. Samples were sidveddgh a 500 um mesh and stored in
plastic bags. In the laboratory, samples were washeemove debris ard. maritima
biomass was sorted out into above and below-grdointhass. The demographic
parameters leaf length, total rhizome length, nunabshoots and nodes were recorded
and above and below-ground dry weight (60°C forrdBivere obtained. Sub-samples
(N =1 to 3) of above and belowground biomass vgeoeind to fine powder, inserted
into tin capsules and analyzed for total organiboa (TOC) and total nitrogen (TN)
content using an automatic elemental analyzer (s [| CHNS/O System, Perkin-
Elmer, USA). Macrofaunal organisms were sorted diked with 4% buffered
formalin/seawater, identified to the lowest taxomotavel (40x stereomicroscopes) and
preserved in ethanol (70%).

During the experiment, hourly wind speed and dioectlata were obtained from

the Rio Grande Maritime Pilotage (http://www.rgpdaom.br/) located at the PLE
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mouth. Daily fluvial discharge for the Patos Lagdoydrographic basin was obtained
from the Brazilian National Water Agency (http://wvhidroweb.ana.gov.br). The flow

of the three main tributary rivers (Jacui, Taquad Camaqua rivers), which accounts
for 70% of the inflow into the Patos Lagoon (Vazaét 2006), was assumed to be a

proxy for the total fluvial discharge.

2.3.Data analysis

To test the effects of local hydrodynamics on \aies of drift macroalgal
biomass within experimental plots, the main andrinttive effects of fluvial discharge
and wind action on mean percentages of biomass wese investigated through
Multiple Linear Regression. Wind action for the ekmental area was expressed as the
index Wave Exposure (WE; Burrows et al. 2008) widombines the wave fetch of the
area with local wind regime (direction, speed amdjdiency). Assumptions of normality
and homogeneity were checked by visual inspectisasidual plots.

To investigate the relationship between the expemiad treatment anBuppias
above and belowground biomass and its demogragraneters leaves and rhizome
length and nodes and shoots density, we performBdreipal Component Analysis
(PCA). PCA was conducted using the correlation mamong the replicates of each
treatment, thus standardizing all variables tostume scale. Prior to analysis, data was
checked for normal distribution.

Effects of drift algal biomass deposition on beatmacrofauna associated to
Ruppiameadows were investigated through data ordinaifaal treatments replicates

using Non-metrical Multidimensional Scaling (hnMD3)ue to the characteristic of
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macrofauna data (i.e. abundance data with the presef zeros), nMDS analysis was
performed using a resemblance matrix among sampksed on Bray-Curtis
dissimilarity index. To this, data was previoudigrisformed to its fourth root due the
dominance of few species. Subsequently to nMDSyaisalto test for significant
differences among treatments, Permutation-based tiWdubte  Analysis
(PERMANOVA, Anderson 2001) were conducted usingyBtartis dissimilarity index
and 4999 permutations, followed by pairwise congmars. For the dominant species in
the community (in our caséJonokalliapseudes schubgrtindividual PERMANOVA
was conducted using Bray-Curtis dissimilarity indend 4999 permutations, followed
by pairwise comparisons, to test for significarffestences in their abundance among
treatments.

All analyses were performed in the software R (eers3.2.2) and PAST
(version 2.08). Due to the low and unequally regilan of carbon and nitrogen content

in R. maritimaabove and belowground biomass, these resultswisrally analyzed.

3. RESULTS

3.1.Patterns of drift macroalgae deposition

Drift macroalgal blooms were persistent at the Rith recurrent depositions of
dense mats during the studied period, in both éxyetal and non-experimental areas.
In the areas adjacent to experimental plots (ba-experimental), drift macroalgal mats
occurred in high abundances from late March toyedhby (Table 1), with no

significant differences between these two peridd&eét for Coverage, t-value = 1.38,
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= 0.19; and Biomass, t-value = 0.@7 0.94). Algal depositions and abundances varied
among the fixed non-experimental plots between $wecessive samplings, reflecting
the natural movement of drifting mats.

Within the experimental plots, the frequency andratance of depositions of
drift macroalgae mats were highly variable acrosekly assessments, generally with
short durations. Macroalgal biomass within the expental plots significantly varied
along assessment time intervals with biomass Igqssean +SE) ranging from 12.25 %
(+ 2.34) to 100% (+0), with similar patterns between Low Biomass (Ld&)d High
biomass (HB) treatments (Fig. 2). The lowest bi@nass (12.25 ®.34%) occurred
duringt, whereas total biomass loss (100%) was observi®! iPercentages of biomass
losses kept high during the following time intes/é96.5 +1.72%, 91.14 ?2.09% and
89.43 +4.44% during4, t5 andt6, respectively). Biomass losses within experimenta
plots differed from those observed in the litteghaThe later showed lower biomass
losses than the experimental plots, with mean galaeging from 8 #% ¢5) to 12.33
+ 3.95% (6; Fig. 2, in detalil).

The losses of macroalgal biomass within the expamiad plots were
significantly related to increases in fluvial dische (Multiple Linear Regression?®R
0.97,p = 0.01) and wind action (Multiple Linear Regressif’= 0.96,p = 0.01), with a
significant interaction between these two factdvhulfiple Linear Regression; R=
0.96,p = 0.02). Highest biomass reductions occurred unamiterate fluvial discharge
(> 2000 ni s*) and/or high WE (>50), as observed during, t4, t5 andt6 time
intervals (Figs. 2 and 3). Conversely, biomassdessere minimal during the short
periods of low discharge (~ 1000°nsY) and WE (<40) (i.e. t2). Although not

quantified, similar temporal patterns of mats ttacation were observed in the adjacent
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surveyed area (i.e. non-experimental area), whégal aetention and dispersion

occurred during low and high hydrodynamic condisiorespectively.

3.2.Effects of drift macroalgae deposition on seagrass and benthic macrofauna

Seagrass above and belowground biomass and leadeghizome length and
shoots and nodes density were inversely correkateédd and HB plots (PCA; Fig. 4).
Accordingly, reductions in seagrass demographiampaters and biomass values were
observed in these treatments, which were propatitmthe amount of algal biomass
added to the plots (Fig. 5). Although not testedistically, changes in TOC and TN in
Ruppia’s above and belowground biomass were neirodd (Fig. 6).

In relation to the associated benthic macrofaumayariability in the spatial
ordination of replicates were detected among treatsn(nMDS; Fig. 7). This result
was corroborated by the PERMANOVA analysis whichovebd no significant
differences in macrofauna abundance and structoomg treatments (Table 2a).

The number of benthic macrofauna taxa was gendmdlyand total macrofauna
abundance did not varied among biomass treatméigs 8a and b, respectively).
Changes in total abundance were explained mainthéyeductions of the tanaidacean
M. schubarti(Mafné-Garzon, 1949), the dominant species in tmencunity (Fig. 8c),
followed by the infaunal polychaete worniteteromastus similigSouthern, 1921),
Nepthys fluviatiligMonro 1937) and.aeonereis acutéTreadwell, 1923; Figs 8d, e, f).
Lower abundances d¥l. schubartiin LB and HB treatments were observed, but also
coincided with reductions in FC plots in a lessgtert, highlighting the effects of

experimental manipulation (i.e. fenced structufgg; 8c). Furthermore, differences in
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the abundance &fl. schubartiamong treatment were not significant (PERMANOVA,
= 0.09; Table 2b). For infaunal polychaete wornts variations were observed among
treatments (Fig. 8d,e,f). Epifaunal species suclraphipods, the isopodd$romunna
peterseni(Vanin, 1985) anKupellonurasp. and the snalieleobia australigMarcus

& Marcus, 1963) occurred in very low abundanceggF8 g,h,i,)).

4. DISCUSSION

The present study investigated the effects of drdtroalgae on a widgeon grass
(R. maritimg meadow and their associated macrozoobenthos shallow estuarine
area, under natural conditions of algal mat defmost During the experimental period,
the algal bloom persisted for a month over the meadilthough biomass retention
within the plots did not last more than a week. @sults corroborate previous studies
emphasizing the high temporal and spatial dynarofcdrift macroalgal mats over a
seagrass bed, driven by the algal advective trah¢pg. Biber, 2007; Rasmussen et
al., 2013).

It is suggested that under conditions of shordersie time of water and low to
moderate algal retention within an area, the bloomy not cause deleterious impacts
on seagrasses and macrozoobenthos communities) dilleviation of light attenuation
and adverse sedimentary conditions (Hauxwell & &ali 2004; Irlandi et al., 2004,
Cebrian et al., 2014). However, our study found thiting algal mats can negatively
affect seagrass plants, even when the accumulatishsshortly (i.e. few days) with
low-moderate and high algal biomass. Significanduntions in all R. maritima

demographic parameters and biomass were deteagdrdiess the amount of drift
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macroalgal biomass deposited. Reductions in lighilability to the bottom are the first
and immediate impact of persistent algal bloomg, wuboth direct shading (Hauxwell
et al.,, 2001) and sediment ressuspension (Cangégeet al., 2010). However, the
decreases in the demographic parameters and bioofaRs maritima found here
contrast with reported survival strategies to cofitd chronic light deprivation. These
include leaf elongation, increased above: belowgdobiomass ratios (Hauxwell et al.
2001), and carbon content reductions due to remabin to meet plants requirements
(Cabaco & Santos 2007). Therefore, although intiemt light deprivation may have
occurred at some extent throughout unstable matesiteon, these were probably not
sufficient to promote the reductions detected.

Given the transitory character of the drift make mechanical stress triggered
by algal advective transport may have contributedhe observed decline in aR.
maritima parameters. Due to their densely packed morpholdgymps of filamentous
algae are prone to get tightly entangled amongrasadeaves and shoots (Kopecky &
Dunton, 2006; Hoffle et al. 2011). The advectivangport of drift mat by waves and
currents promotes the break-off of leaves (Van L&ntVerschuure, 1994) and,
similarly, Ruppialeaves are commonly observed among drift macrbahgas (Fig. 9;
Silva & Asmus, 2001).

Observed reductions in above and belowground bisraad rhizome length are
also typical responses of small-sized seagrassesdiment erosion (Cabaco & Santos,
2007; Han et al., 2012). Small seagrass specied) a8 R. maritima have low
belowground biomass formed by thin roots and rhigemvith shallow anchorage depth
(i.e. 90% of belowground biomass in the first 5 sediments depth; Kantrud, 1991).

Consequently, as reported for others small seaggdesgZostera noltij Cabaco et al.,
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2008),R. maritimaplants are highly vulnerable to sediment remoaiian, which cause
plant detachment and advection (Cho et al., 20BB)vious studies at the study area
have reported dislodgment d®. maritima plants and meadowsdue to sediment
remobilization during high hydrodynamic events (Eamo & Seeliger, 2010).
Nonetheless, our results indicated that depositiohgrift macroalgae mats may
enhance plant dislodgment since the sweep of &lgahass over the bottom disrupt
sediment surface, reducing the thresholds for sewliimerosion and increasing
ressuspension (Canal-Vergés et al. 2010). This thgsts, however, still needs to be
confirmed by studies focusing on the effects of gl mats advective transport on
sediment erosion. Furthermore, we were not abléetermine the rate d®. maritima
reductions across distinct time intervals but adgeh decrease in plant density was
notable, suggesting gradual effects of drift m&s@the experiment.

The dislodgement dR. maritimaplants by drift macroalgae have been observed
in the PLE, mainly at the end of the growing seat®eeliger 2001; Silva & Asmus
2001). Our study quantified reductions in the winlygrass even at low biomass values
of macroalgal deposition (LB treatment), indicatthgt this may be a recurrent process
in the area. Small, opportunistic species sucR.asaritimacan rapidly recover from
rhizome exposure and bed fragmentation through Hasizontal expansion during
vegetative growth (Cho et al. 2009; Han et al. 30Hbwever, recovery depends on
ceasing physical stress (Han et al. 2012). Indbigext, the magnitude and persistence
of the algal blooms observed here, and blooms tegdor the study area (e.g. Lanari &
Copertino,in press, indicates that the ballistic effects of macre@agnR. maritima

plants can be recurrent, potentially leading todépletion of belowground reserves.
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In PLE, transitory drift algal blooms have been wcng duringR. maritima
growing season (i.e. late spring to late autumman@ri & Copertinojn pres$, which
may impair critical periods for meadow establishmamd seed bank formation.
Seedlings lacks rhizome net and have low develomeds, therefore are highly
susceptible to uprooting by the ballistic effectsdaoift mats (Ailstock et al., 2010;
Valdemarsen et al., 2010). Once seeds productionveay according to meadow
abundance and permanence in the shallow areas rfdop& Seeliger, 2010), the
development oR.maritimapopulation in the following year may be drastigakduced
under the influence of transitory algal mats. Wggasted that this process contributed
to the slow recovery oR. maritimameadows in the PLE aftdtl Nifio events (i.e.
1997/98 and 2002/02; Copertino & Seeliger, 201)es drift macroalgae dominated
the estuarine shallow areas during pekNifio periods (Lanari & Copertinon press.
Similar scenarios are reported in Odense Fjord ltfee recovery oZostera marina
meadows has been delayed Fycussp. ballistic effects on seedlings at large spatial
scales, even after the restoration of water qu@Wgidemarsen et al., 2010; Canal-
Vergeés et al., 2014).

In spite of R. maritima reductions, no significant changes in the
macrozoobenthos community were observed. HoweVeerschubartj the dominant
species, presented reduced abundances in biomatss Ipéyond those explained by
experimental manipulation (Fig. 8c). Differentlyifn polychaetes that inhabit deeper
sedimentsstrata and have been shown not to rely on benthic vagatéd thrive (e.qg.
Lee et al., 2001)M. schubartiis a shallow-burrowing suspension feeder that may
benefit from the higher structural complexity andggended organic matter trapping,

promoted byR. maritimabeds (Bemvenuti,1987).
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Due to their planktonic life, drift macroalgae ameobile corridors and can
enhance faunal dispersion (Salovius et al. 200%)thErmore, due to their low
morphological complexity and associated high péitsidor herbivores and detritivores,
increases in secondary production may occur urftdedominance of drift microalgae
in shallow areas (Cébrain et al 2014). However, wutheir short-life cycle and high
vulnerability to be washed out to deeper and/oemd areas during high water flow
(Martins et al. 2001), drift algal mats provide @mstable temporary habitat, compared
to the rotted seagrass meadows. Hence, they caomgtensate for seagrass reductions,
leading to a long-term impoverishment of the maawofl community (Dolbeth et al.
2003). We call into the attention that, despiteatieg effects of unstable drift mats on
benthic macrofauna were not detected in the presady, long-term studies are
necessary in order to establish the effects tleateghlament oRuppiameadows by drift
macroalge beds can have in estuarine secondarygirod over longer time scales.

In conclusion, our study showed that drift algaltgn@an impact seagrass
meadows in Patos Lagoon estuary, even at small states and under low biomass
accumulations. The short-term depositions may meggtaffect R. maritimaplants,
through direct (e.g. mechanical) and indirect (sliading, increasing ressuspension)
effects. Moreover, indirect effects of transitoryriftd macroalgal mats on
macrozoobenthos may occur mediated by seagrassvagnieading to long-term
changes in the abundance and structure of benthicafauna. Negative effects of drift
macroalgal mats on seagrasses meadows has noiMmbay recognized in estuarine
shallow areas (Valdemarssen et al. 2010) and ntoddes are necessary to test the
generality of our results. The ballistic effectsdoift mats may vary according to algal

morphology, which influences their transport (Ftired al., 2004; Canal-Vergés et al.,
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2010) and the type of interactions with seagragbksfle et al. 2011). Similarly,
seagrass size determines their vulnerability toinsext erosion and macroalgal
dragging force (Cabaco et al, 2008; Thomsen eR@ll2). Finally, studies combining
small and large spatial scales investigations, lealiwith modelling (e.g. Canal-Vergés
et al. 2014), may be a powerful tool to forecastriagnitude and consequences of drift

macroalgae at the ecosystem level.
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TABLES

Table 1. Temporal variation of drift macroalgae @@age and biomass within fixed 0.5
m? plots surveyed in an area adjacent to the expetiatethe beginning and at the end
of the experiment (~one month interval). Destruetitomass sampling within quadrats
implied that quadrats were cleared after cover ssssent. Biomass dry weight is

expressed by fn

Initial Final
Plot Coverage (%) Biomass (g DW ) Coverage (%) Biomass (g DW i)

1 100 476.16 20 323.8591
2 100 1377.42 50 462.0088
3 100 483.52 50 662.4391
4 100 1931.83 80 951.1947
5 10 120.59 50 723.0212
6 100 432.56 100 1114.257
7 50 354.99 50 806.81

Mean (+SE) 80 (+13.62) 882.44 (835.28)  57.14(9.68)  720.51(402.72)
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Table 2. Results of PERMANOVA and pairwise companss for benthic macrofauna
(a) and for the dominant speciik schubarti(b). Codes are: Reference Control (RC),

Fenced Control (FC), Low Biomass (LB) and High Bass (HB).

Source df SS Pseudo-F P(perm)
a)

Treatments 3 1602.04 1.98 0.05
Residuals 12 3226.8

Pairwise comparisons

RC FC LB
RC
FC 0.11
LB 0.06 0.63
HB 0.06 0.14 0.09
b)
Treatments 3 7025.4 2.18 0.09
Residuals 12 12882

Pairwise comparisons

RC FC LB
RC
FC 0.28
LB 0.20 0.34

HB 0.05 0.11 0.36
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FIGURES AND LEGENDS

Figure 1. Location of the Patos Lagoon estuary at the Beziiouthern coastline with

the experimental area highlighted.

Figure 2. Drift macroalgae biomass within experimental plgi = 4) after biomass
additions according to the treatments Low ¥eJsusHigh (H) biomass at different time
intervals {1, to, t3, ty, ts andts, see Methods for more details). Horizontal dadirezbs
represent initial biomass values for the treatméaighklighted.In detail: final values of
algal biomass in the litter bags (N = 3) at theetimtervalst,, ts andts. All values are

means (+SE).

Figure 3. Daily variation of the Wave Exposure index (blaakdline) and fluvial
discharge (gray dotted line) from 31 March to 2 N28 4. Assessments time intervals

are indicated.

Figure 4. Principal Component Analysis (PCA) of above andoivgiround biomass,
rhizome and leaves length, and nodes and shootsitgenf R. maritima over
treatments. PC1 and PC2 explained, respectivel¥)28b and 8.63% data variability.
Treatments are: RC = reference control; FC = feromedrol; LB = low biomass; HB =
high biomass. Leav. = leaves length, Nod. = nodesitly, Shoot = shoots density, Abo

= aboveground biomass, Bel = belowground biomakg,. R rhizome length.

Figure 5. Variation of (a) above and (b) below-ground biomds} shoots density, (d)
rhizome length and (e) nodes density and (f) ledeaght across the experimental
treatments. Values are meansSE. Treatments are: RC = reference control; FC =

fenced control; LB = low biomass; HB = high biomass
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Figure 6. Variation of (a) above and (b) belowground totajaoric carbon (TOC) and
total nitrogen (TN) content across the experimem&dtments. Values are meanSE.
Treatments are: RC = reference control; FC = ferooedrol; LB = low biomass; HB =

high biomass.

Figure 7. Non-metrical multidimensional scaling (nMDS) ordiion of benthic
macrofauna based on transformed abundances (faaothand Bray-Curtis similarities
(N = 4 samples). Treatments are: RC = referencé&raoi-C = fenced control; LB =

low biomass; HB = high biomass.

Figure 8. Mean (+ SE) number of species (a), total abundance (b)atehdance per
species or taxonomic group of benthic macrofaumasacthe experimental treatments.
Treatments are: RC = reference control; FC = ferooedrol; LB = low biomass; HB =

high biomass.

Figure 9. Drifting mats as bedloads on unconsolidated bddtdia) andRuppia
maritima biomass entangled in an algal mat floating at dhdace (b) at the Patos

Lagoon Estuary. Photo: Marianna Lanari.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 9.




