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Resumo

O objetivo desta Tese foi estudar o ciclo de vidaarvinaMicropogonias furnieriem
relacdo a utilizacdo de estuarios, mudancas deaba@binteracdes entre estoques presentes na
regido costeira do Atlantico sudoeste, atravésndlise microquimica de otolitos. Entre 2004 e
2005 foram coletados otdlitos de peixes adultcad@d entre 3 e 40 anos) no Brasil, Uruguai e
Argentina e juvenis (0 no Brasil. Com os juvenis foi realizado um cutieom duracdo de 3
meses para avaliar a influéncia de salinidade @e¢estura na incorporagao de Sr, Ba, Mg e
Mn em otdlitossagittae Otélitos de adultos e juvenis foram incluidos sina, seccionados
em serra metalografica e analizados em “laseriablatductively plasma mass spectromer”.
Os resultados sugerem que temperatura influencsgtiymente a incorporagdo de Mg e
negativamente a de Sr. Os resultados apontam plata de que a concentragcédo absoluta do
elemento na dgua ndo é decisivo para sua incogmnags otolitos, mas sim a relagdo do
elemento com o Ca disponivel na dgua. A compardedcorvinas de agua doce e marinha,
demonstrou que as concentracfes de Sr e Ba sadrglicedores de habitat. O Sr aumenta
com a salinidade e o bario diminui. As corvinasetadas na Lagoa Mirim funcionam como
padrées naturais para animais de agua doce. Aneofwi caracterizada como espécie marinha
estuarino dependente, que utiliza estuarios na&s faéciais de vida, podendo prolongar sua
estadia nas proximidades destes locais por até@ds$ @rés padroes de mudanca de hébitat de
longo prazo foram observados. O padrdo “A” inchinaais que tendem a ocupar habitats cada
vez mais marinhos ao longo da vida. O padrdo “Btasenta animais que, apds sairem dos
estuarios, estabilizam sua movimentacdo em maissaguais salgadas; e o padrdo “C”
considera individuos que passam toda a vida nasinudades de zonas estuarinas. Foi
constatada a existéncia de 3 estoques de corvirglaotico Sudoeste: entre Santos e Rio
Grande; entre Rio Grande e Partido de la Costaasepnoximidades de El Rincon. Estes
estoques ocupam &reas definidas, porém com sol@po® que confere a espécie uma

movimentacgé&o latitudinal com baixo grau de filofatr



Abstract
The aim of this study was to evaluate the life eyaiMicropogonias furnierregarding

estuarine use, habitat change and stock interaetiong south-west Atlantic, using otolith
microchemistry. Adult fish were sampled between2@@d 2005 in Brazilian, Argentinean
and Uruguayan coastal waters. Juveniles were sdngpl®atos Lagoon estuary, in order to
evaluate the influence of salinity and temperatmeSr, Ba, Mg, and Mn incorporation in
saggital otoliths. For adult and juvenile, otolithere extracted, included in resin, cut with low
speed saw and analyzed in laser ablation indugtigeupled plasma mass spectrometer.
Results showed Sr negatively and Mg positively uaficed by temperature respectively.
Salinity presented a complex influence. Apparemlgmental incorporation in otoliths is
preferably influenced by elemental concentratiothie water relative to Ca (Me:Ca), and not
by the absolute concentration of elements in theerw&r and Ba were accurate indicators of
habitat when otoliths from fresh and marine watsh fwere compared. When Sr increased
towards higher salinities and barium decreasédturnieri from Mirim Lagoon lived for the
entire life in that environment suggesting its @senatural standards for freshwater. The
results revealed whitemouth croaker to be estual@pendent, using estuaries mainly during
the early life. Some fish, however, stayed in thexpnity of estuaries until 15 yr. Three
patterns of long-term habitat change where foumadkeh “A” includes individuals that search
for more marine habitats along the life. Patterfi itiglicates individuals that tend to stabilize
the long-term migration in high salinity waters.tiéen “C” includes animals that spend the
entire life in areas close to estuaries. There wer@references of patterns between sample
sites. It is suggested the existence of tiMedurnieri stocks along south-west Atlantic Ocean:
around Santos; between Uruguay and Prtido de l@gaCasd, around Bahia Blanca. These
stocks are reasonably overlapped, which suggestis degree of interdependency between the
three countries. These results sugddstfurnieri to have some degree of phylopatry with

latitudinal migration.



Prefacio
Esta Tese foi estruturada conforme o modelo altemproposto pelo Programa
de Pés-Graduagdo em Oceanografia Bioldgica. Portaatprimeira parte do trabalho,
redigida em portugués, foram apresentados aspgetas da introducdo, metodologia,
resultados, discussao e conclusbes. A segunda foartedigida em inglés e inclui
artigos independentes e com objetivos especifistiatarados conforme as normas de
cada revista onde o respectivo artigo foi ou sebinetido. Cada anexo pode ser lido de

maneira independente do restante da tese.

1. Introducéo

1.1 — Espécie em estudo

A corvina Micropogonias furnieri(Desmarest, 1823) é uma espécie demersal
pertencente a Familia Sciaenidae. Ocorre desdentilbas até o golfo de San Matias,
na Argentina (Chao, 1978), habitando aguas doceeX@\ Il), estuarinas (Castello,
1986) e costeiras até 100 metros de profundidadem@vici et al, 1996). Tem
preferéncia por substratos arenosos e lodosos ergdlza migracOes verticais
(Vazzoler, 1975). Quando juvenil, a corvina alinees¢ durante todo o dia,
intensificando o forrageamento durante o periodondi e quando as condi¢cdes de
transparéncia da agua sdo melhores, o que sugereoumportamento alimentar
também associado a visao (Figueiredo e Vieira, REre os itens alimentares mais
frequentes da dieta de juvenis, estdo o0s macrotebrados bentonicos,
particularmente poliquetos e tanaidaceos (Goncalh®37; Figueiredo e Vieira, 2005).
Quando adulta, tende a se alimentar também de ax@equenos carangueijos

(Campos, 1998).



O ciclo de vida da corvina é razoavelmente bemrides® desova é do tipo
parcelada, sendo possivel uma Unica fémea de pmtio desovar entre trés e sete
milhdes de ovos ao longo de uma estacao reprodiMigachiet al, 2003), que ocorre
preferencialmente nos meses quentes e nas proxiesdke estuarios (Vazzoler, 1991),
ou mesmo no interior destes (Macchi e ChristiansE996). Os ovos, que sao
plancténicos, eclodem em aproximadamente 20 a Basleoas larvas recém eclodidas
medem em torno de 1,8 mm (Albuquerque, 2003). @vasvas sao transportados para
zonas mais internas dos estuarios, constituindo dos taxa mais abundantes
encontrados no ictioplancton do estuario da LagsaRhtos (Muelbert e Weiss, 1991).
No Rio Grande do Sul, o tranporte de ovos e latasorvina para dentro do estuario é
favorecido pela ocorréncia de ventos do quadrarntgue promovem a entrada de agua
salgada no estuario da Lagoa dos Patos (Mdllet.,e1$91). Quando ganham maior
capacidade de natacdo, os pequenos juvenis pro@uess de baixio, onde encontram
melhores condicbes de seguranca e alimentacdo &% esg 1997). A medida que
crescem, ainda dentro dos estuarios, vao buscajds &nais profundas e, em torno de
18 a 35 cm de comprimernto total (dependendo dtadat onde se encontra) atinge a
maturacdo sexual, preferencialmente fora dos éstudveja Vazzoler, 1991 para
detalhes). Porém, alguns individuos permanecemradatd estuarios e tendem a
amadurecer sexualmente mais cedo (Castello, 1986).

A corvina representa um dos recursos pesqueiros imgiortantes do Oceano
Atlantico Sudoeste (Haimovici e Umpierre, 1996).e8ar de sua ampla distribuicdo
geografica, se torna economicamente importante thodgs 23° de latitude sul,
constituindo um dos principais recursos demersaisw do Brasil (Vasconcelos e
Haimovici, 2006), o principal do Uruguai (Norbis995) e um dos principais da

Argentina (Lasta e Acha, 1996). No sul do Brasdl,estimativas de biomassa desta



espécie diminuiram de 200.000 t em 1996 para 70e@0@002 (Haimovici e Ignécio,
2005). A captura por unidade de esfor¢co (CPUE)adespécie ainda para o Sul do
Brasil tem diminuido sistematicamente, caindo dexmadamente uma tonelada por
dia de pesca em 1980 para 0,2 tonelada em 2002dheslos e Haimovici, 2006). Na
zona comum de pesca entre Argentina e Uruguaicpkatmente situada no estuario do
Rio da Prata, tem sido observada uma diminuicaccdpsiras anuais, de 60.000 t em
1995 para 30.000 t em 2003 (Carozza et al., 20Désta forma, atualmente é
considerada um recurso sob forte sobrepesca (Veslbmne Haimovici, 2006).

Ao longo de sua distribuicdo na costa leste darmédo Sul esta espécie
apresenta variagbes em padrbes de crescimentopdug@o e caracteristicas
morfométricas e meristicas (Vazzoler, 1991; Haiwioei Umpierre, 1996; Norbis e
Verocai, 2005), que levam a diferentes conclusébresguantos e quais sédo os estoques
de corvina presentes nesta area. Contudo, de aconda@studos genéticos, ndo existe
separacdo entre as populacdes que ocorrem des#@® agé os 40° de latitude sul
(Maggioni et al, 1994; Levyet al, 1998; Puchnick-Legat e Levy, 2006;), mas ocorre
uma separagao significativa entre esses animaip@ualacdo existente no norte do
Brasil (Puchnick-Legat e Levy, 2006).

Como se trata de uma espécie de elevada tolerasailinidade e temperatura, o
qgue caracteriza um animal euridico, é razoavel genpie a corvina pode se
movimentar livremente ao longo da costa sudest@rdarica do Sul, 0 que poderia
ocasionar a elevada homogeneidade genética citadeaoamente. A possibilidade da
livre movimentacdo ao longo da costa promoveu er@sse em se buscar uma
ferramenta que ndo levasse em considera¢cdo céstictey de crescimento, meristicas,
morfométricas ou genéticas, mas que considerasspazo utilizado pelos animais ao

longo de suas vidas, ou seja, a influéncia diretbiente sobre os individuos.



Juntamente com esta duvida sobre distribuicdo mtifibacdo de estoques, surgiu o

interesse em avaliar o tipo de relagdo ecolOgie api corvinas apresentam com 0s
estudrios e que tipo de habitat os adultos busecamvwez que deixam estes ambientes.
A ferramenta aqui sugerida para se estudar estestps € baseada na analise da

composicao quimica de otdlitos, que sera abordaegair.

1.2 Otdlitos: Conceitos e Aplicacdes

Todos os animais vertebrados apresentam estrigimdares em seus ouvidos,
particularmente no que se refere aos canais secuilmies, cuja funcdo mais basica
consiste em perceber a posi¢cdo da cabeca relativaradorca da gravidade (Manley,
et al 2004). O ouvido interno da maioria dos vertebsad&o mamiferos contém trés
orgaos otoliticos, também conhecidos como as ca&nsaeculo, lagena e utriculo, que
apresentam em seus interiores cristais de carbdeatdlcio (Popper e Lu, 2000). Para
a maior parte dos vertebrados esses cristais fororam massa, contudo, em peixes
teledsteos esses cristais sdo solidificados formamda estrurura cristalina e densa
denominada otélito (Poppet al,, 2005).

Os otdlitos crescem através da deposicao conc&riteccamadas de carbonato
de calcio e de uma proteina de alto peso molechkamada otolina (Campana, 1999).
Esse crescimento em forma de camadas induz a faomde anéis de crescimento
diarios, comumentes observados em otdlitos de daevauvenis (Pannela, 1971). Ao
longo do ano, fatores como flutuacdo da temperatepsoducéo e/ou migracdo podem
induzir a formacdo de camadas hialinas e opacabi$Re1899), que parkl. furnieri
estdo associadas aproximadamente as estacfes squenfeas, respectivamente
(Schwingel e Castello, 1990). A funcdo fisiologidestas estruturas estd fortemente

ligada & audicdo e ao equilibrio do animal na @ldidgua. De acordo com a espécie,



0s peixes podem ouvir sons em frequéncias desdeté080.000 Hz (Manet al,
2001). Aparentemente o tamanho do otdlito interfeas caracteristicas auditivas dos
peixes. Grandes otdlitos estdo relacionados a mekiwepcdo de baixas frequéncias
enquanto menores otélitos possibilitam a audicafvetpiéncias mais altas (Fay, 1988).
A corvina também é conhecida como “roncador”. Ehite sons de baixa frequéncia,
gue muito provavelmente sdo percebidos pelos outidisiduos de mesma espécie,
tendo em vista o grande tamanho de seus otglitgistae

Além de ser uma estrutura que marca o tempo dedddaeixes teledsteos, 0s
otélitos também apresentam outras duas caractedstjue possibilitaram os mais
recentes avancos a cerca do estudo da historiaddedos peixes. A primeira € que, a
medida que o animal cresce, além de carbonato Id® & otolina, sdo depositados
outros elementos em pequenas concentragdes, qudaguaima relacdo com sua
disponibilidade na agua em que os peixes se ddsenvdFowleret al, 1995). A
segunda seria que, apos serem depositados o ctrbimecalcio, a otolina e estes
elementos menores, os otdlitos ndo sofrem transigies ou modificagdes quimicas, o
que significa dizer que sdo quimicamente inertesr(@ana e Neilson, 1985). Portanto,
se marcam o tempo de vida e registram informacdésicas relativas ao estado do
meio ambiente, os otolitos guardam a “data” na qestlhs informacbes foram
adquiridas. Como ndo modificam estas informac6edsongo do tempo, € possivel
determinar que condi¢cdes ambientais 0s peixes iexpataram ao longo de suas vidas.

Com base nestas caracteristicas, estudos conostgéissaram a avaliar também
migragao, identificagcdo de estoques, determinagéo latais de nascimento e
reconstrugbes de temperatura e salinidade do ataeb{geja Campana, 1999 para
revisdo). Para se extrair estas informag¢des qusmiltes otdlitos, algumas técnicas

desenvolvidas pela quimica analitica tém sido sd@ee serdo mencionadas a seguir.



1.3. Extraindo informagdes quimicas de otolitos

A quimica analitica disponibiliza hoje de variaxniéas para analise de
materiais carbonaticos, sejam de origem biolégicanineral. Particularmente para a
analise de otdlitos, duas abordagens sao princgrdabrutilizadas:

(1) Andlises de dissolucao do otdlito inteiro (&lpedo e Cirelli, 2006): esta
modalidade analisa amostras em estado liquido,ospadanto necessaria a digestao
acida dos otdlitos. Embora frequentemente utilizadda abordagem descarta toda a
informacdo temporal existente nos otdlitos e digplira ao pesquisador um valor
médio de concentracdo para cada elemento analigagwincipalmente usada para
comparacao de estoques e/ou populagbes, uma vesegspera que animais vivendo
em locais distintos, apresentem diferentes assamtguimicas em seus otolitos. As
ferramentas mais utilizadas para o desenvolvimed&sta abordagem séao
espectrometria de absorcdo atdmica (AAS), especipis de emissdo atbmica através
de plasma indutivamente acoplado (ICP-AES) e espmetria de massas através de
plasma indutivamente acoplado (ICPMS).

(2) Analises de secdes de otdlitos: Para esta miadal os otdlitos sdo cortados
em secOes, sendo mantida a integridade das infoesatemporais. S&o utilizados
equipamentos especificos para extrair o material atélitos, que sdo acoplados aos
equipamentos que medem as concentracdes dos ebsnoeret se deseja analisar. Entre
0S equipamentos mais utilizados estdo o indutgpattdculas por emissédo de raios-X
(PIXE), que permite a andlise de por¢des de olitmm didmetros entre 3 e ftn
(veja Secor e Rooker, 2000 para detalhes), e eepesitia de massas através de
plasma indutivamente acoplado com amostras extradgddaser (LA-ICPMS), que
permite analise em areas com diametros superiobegna (veja Belloto e Miekeley,

2000 para detalhes)



LA-ICPMS foi a técnica usada neste trabalho. Ezatila como método para
analises multi-elementares em amostras solidasdias e geolbgicas. Esta técnica é
fragmentada em dois processos acoplados e indagerd® primeiro € a extracao da
amostra, que acontece através da ablacdo a laspr§urante o processo de ablacao,
parte do material exposto ao pulso de laser é \zgua, parte é liquefeita e parte é
arrancada da amostra em fase sélida, formando uwatara de tamanho previsivel
(Yilbaset al, 2008). Imagens da cratera formada pela ablat@seaem otélitos podem
ser vistos no anexo Il do presente estudo. Apasiext da superficie dos otdlitos, o
material € transportado para o ICPMS juntamente com fluxo de argbénio de
aproximadamente 15 'satravés de tubos de teflon.

Explicando de maneira resumida, ao entrar no ICRMBaterial € bombeado
pelo centro de uma tocha de argbnio indutivamemgplado, onde atinge uma
temperatura que varia de 5.000 a 10.000Nesta temperatura, a amostra passa para
estado de plasma (gas em altissimas temperatwrasiatéria atomizada, ou seja, as
moléculas sao dissociadas em ions. Estes ionsrs@&mdados para dentro do ICPMS,
passando por duas aberturas consecutivas, senidadalr a uma camara com 4
cilindros paralelos (quadrupolo) aos quais é agicam potencial elétrico, que
funciona como ima, atraindo os ions que nao irgarasa analise. Dessa forma, apenas
os elementos de interesse sao quantificados, mtingima sensibilidade da ordem de
partes por milh&o, bilhdo, ou até trilhdo, depeddedo elemento analisado e do
equipamento utilizado (veja Eggins, 1997 para rdeialhes).

Diversos elementos tém sido quantificados com mbjetdiversos. Entre eles, o
mais estudado € o estrdncio. Esse metal existe aiores concentracdes em aguas
salgadas e tem sido usado como ferramenta pardaudoeda migracdo de varias

espécies (Secor e Rooker, 2000). Desta forma, umahmue vive em aguas mais
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salgadas deve apresentar em seus otolitos cong@edranais altas de estroncio que
outro animal da mesma espécie que vive em aguas doaes (vide anexo Il). Outro
elemento bastante utilizado como forte indicadoégigas doces € o bario (Vriesal,
2005). Este elemento é proveniente do sedimentaliderodos continentes e
transportado pelos rios (Nozadd al, 2001). Portanto, animais que vivem em areas de
agua doce tendem a apresentar maiores concentrdgdssio em seus otélitos (vide
anexo Il). Contudo, foi evidenciado que as coneedes desses elementos nos otdlitos
se devem ndo somente a sua concentracdo absolidétguaa mas principalmente a
concentracdo relativa ao calcio (Elsdon and Gikasd 2005; anexo [). Outros
elementos como magnésio, manganés, zinco, dentm®spuém sido utilizados

principalmente para a geracdo de assinaturas cagmiais complexas e, portanto, mais

especificas para determinado local.

2. Objetivo e Hipoteses
O objetivo geral desta tese € avaliar a ocupagpacel da corvind. furnieri
durante sua historia de vida entre o sudeste dsilBr@ norte da Argentina, a partir da

andlise da constituicdo quimica de otdlitos.

Objetivos especificos:

A) Avaliar a possibilidade de se adquirir informagtio-ecologicas a partir da analise
quimica de otdlitos de corvina (Anexos | e ).
Hipétese 1 A concentracdo de elementos quimicos em otdligosorvina ndo é

influenciada por salinidade e temperatura.
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B) Estudar o uso de estuérios e mudanca de hébitedrvina, ao longo do seu ciclo de
vida (Anexo ).
Hipbtese 2 A concentracdo de estréncio em otdlitos de cardiarante primeiro
e segundo anos de vida € semelhante a conceneapécada para
otolitos de animais que utilizaram estuarios ntssta de vida.
Corolario: Se esta hip6tese for verdadeira, corsgduique 0s animais amostrados

passaram a fase inicial de vida (1 e 2 anos) eas &@stuarinas.

Hipétese 3 Uma vez que as concentracfes medias anuais dnast em
otolitos ultrapassam os valores esperados para astaarinas, seus
valores permanecem estaveis, ndo havendo varipede resto da
vida.

Corolario: Se esta hipétese for verdadeira, apdsades estuarios, a corvina tende a

manter-se em um habitat definido (com relacaoiaidatle) para o resto da vida.

Hipbtese 4 Os parametros K e Srprovenientes das curvas de mudanca de
habitat sdo semelhantes entre todos individuosteanos.
Corolario: Se esta hip6tese for verdadeira, a nandpresenta apresenta uma Unica

estratégia de mudanca de habitat ao longo do eatsehte sua distribuicéo.

C) Estudar a interagcéo entre grupos populacionaisodéna entre Brasil, Uruguai e
Argentina (Anexo IV):
Hipbtese 5N&o existem diferencgas significativas entre aspmsi¢cdes quimicas

de otdlitos provenientes do Brasil, Uruguai e Atgen
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Corolario: Se esta hipotese for verdadeira, existainico estoque de corvinas ao longo

do extremo sul de sua distribuigéo.

O detalhamento de cada objetivo é apresentadartiges (anexos) na seguinte

ordem:

Objetivo A— Artigos (anexos | e Il): “The effect of tempenat and salinity on the
uptake of elemental constituents in otoliths oiaenid fish” e “A
Micropogonias furniermetapopulation trapped in a freshwater coastalolago
as a natural standard for otolith microchemistry”.

Objetivo B— Artigo (anexo Ill): “Long-term habitat change anlong-lived sciaenidae
fish: an approach based on otolith microchemistry”.

Objetivo C— Artigo (anexo 4): “Evidence favlicropogonias furnieristock segregation
at Southwester Atlantic Ocean, as revealed bytbtolicrochemistry”.

3. Material e Métodos — linhas gerais
3.1. Coleta de material

As corvinas coletadas para este trabalho sdo, emmsioria, provenientes da
pesca industrial realizada no Brasil, no UruguaiaeArgentina (vide mapa do anexo
IV). As amostragens foram realizadas entre 200005 através de visitas a empresas
de pesca dos trés paises. No Brasil, as amostragans realizadas em Santos e no Rio
Grande do Sul (Rio Grande). Amostras adicionaianprcoletadas na Lagoa Mirim
(interior do Rio Grande do Sul e divisa com Uruy@ano estuario da Lagoa dos Patos,
onde foram coletados os juvenis utilizados no ewpErtto referente ao anexo I. No
Uruguai, as amostras foram coletadas no porto daetétaméo e foram provenientes da

costa uruguaia do Rio da Prata. Na Argentina, &asoforam realizadas em Mar del
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Plata e foram principalmente provenientes da aecpedca situada nas proximidades
das coordenadas 35° S e 56° W, area denominad&tPade la Costa”. Uma pequena
amostra foi tomada em El-Rincén, Bahia Blanca.

Exceto os juvenis coletados para o experimentox(afle todos os individuos
tiveram os otélitosagittaeremovidos, limpos e acondiconados em envelopgmpel.
Foram registrados dados referentes a comprimetdabdcsexo de cada exemplar. Em
laborat6rio, os otdlitos foram emblocados em resiartados em serra metalografica,
tdo proximo ao nucleo quanto possivel. As se¢@eapdoximadamente 0,5 mm foram
fixadas em laminas histol6gicas com cola de secageida e guardadas para posterior

analise quimica.

3.2 — Experimento salinidade x temperatura

Os juvenis coletados na Lagoa dos Patos forarsferados a Estagcdo Marinha
de Aquicultura, onde foram aclimatados e recebetangs juntos, um banho de 24
horas em solugéo salina de alizarina a 150 ppna, iparcar o inicio do experimento
com o objetivo de avaliar a influéncia de salinel@&ltemperatura na deposi¢cao de Sr,
Ba, Mg e Mn. O experimento foi realizado em duasasecom temperatura (14 e 24
°C) controlada. Em cada mesa foram colocados remaes de 15 litros cada, sendo 3
tanques submetidos a cada salinidade (6, 16 eCa@la tanque recebeu 6 juvenis de
corvina. Os animais foram mantidos por 3 mesesnsetma alimentagéo, fotoperiodo
(12 x 12 h) e regime de troca de agua (90% ao Am}érmino deste experimento, 0S
juvenis foram anestesiados através de banhos amésobe benzocaina a 50 ppm e
congelados para posterior andlise. De cada jufemiim extraidos os otélitasagittae

gue foram processados da mesma forma que os stdb®adultos.
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3.3. Andlises quimicas

A quantificacdo das concentracdes de Sr, Ba, MNiIrefoi realizada na
Pontificia Universidade Catdlica do Rio de Janeiatravées de uma colaboracéo
realizada com o Laboratério de Espectrometria dessl® do Departamento de
Quimica. Foram realizadas 3 visitas, totalizandm@dmadamente um més de trabalho
analitico.

Os equipamentos utilizados foram um sistema dacéabl a laser Nd-YAG
(CETAC, LSX 100) operando a 266 nm de comprimer@mada e poténcia de 0,4 —
0,6 mJ pulsd, e dois ICPMS (ELAN 5000 e 6000) operando em mmés de
respectivamente 1300 e 1500 watts. Os aparelhamfoalibrados através de padrées
de carbonato de calcio contendo quantidades caldwedle cada elemento. Essa
calibragem possibilitou a obtencao de limites dedg#o de Sr = 4,9 ppm; Ba = 0,78
ppm; Mg = 0,73 ppm; e Mn = 0,23 ppm. O ajuste dgsigamentos permitiu a
realizacdo de perfis com largura entre 15 @80 que levam a uma resolugéo temporal
de aproximadamente 3 a 4 meses de vida do peiksaita

Para os animais adultos, os perfis foram realgddmucleo até a borda de cada
otolito. Para os juvenis, foram realizados perfsafelos a borda, logo apés a marca
gerada pela alizarina, para garantir que somentaterial depositado durante o periodo
de cultivo fosse considerado. Uma varredura aditito realizada nestes otolitos com
a finalidade de determinar as concentracfes dénesir caracteristicas do estuario da
Lagoa dos Patos.

3.4. Andlise estatistica
A analise estatistica foi empregada de acordo @ainjetivo especifico de cada

estudo. Para o experimento (anexo ) foi aplicadalise de variancia fatorial
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(ANOVA) e teste de Tukey, para comparacao entreoasentracdes de cada elemento
entre os tratamentos de salinidade e temperatgta. leiesma ferramenta foi aplicada
para a determinagdo de assinaturas quimicas eitostpara os diferentes ambientes
(anexo Il). Para a avaliacdo de uso de habitatx(ahid) foram aplicadas funcdes

logisticas e exponenciais com a finalidade de nawdelcaracterizar respectivamente o
tempo de escape da influéncia estuarina (TEEI) reudanca de habitat de longa
duragdo. Analise de variancia foi utilizada paranparar os parametros das funcbes
exponenciais entre locais; teste do Qui-quadradoa @valiar diferencas quanto a
direcdo da migracdo observada no inicio da vida adsltos; e, escalonamento
multidimensional para avaliar se as funcdes obtmaa mudanca de habitat de longa
duracdo formaram grupos significativamente distintBara a avaliacdo de conexao
entre os estoques amostrados (anexo V), foi ajgiescalonamento multidimensional
e andlise de similaridade para testar sobrepoggfi® os estoques em funcdo dos
quatro elementos analisados. As concentracdes snéldiacada elemento quimico

também foram comparadas entre locais através diseadé variancia.

4. Sintese dos resultados

Nas condi¢des experimentais foi observado queasiigiio de Sr, Ba, Mg e Mn
nos otélitos de corvina séo influenciados por tarpea e salinidade de forma bastante
complexa (ver figura 2 do anexo 1). Aparentemeatsalinidade, por si s6, tem pouca
influéncia na incorporagédo destes elementos, serad® importante a concentragcao na
adgua de cada metal relativa a concentracdo deodézdado Me:Ca). O Unico elemento
que apresentou uma tendéncia clara foi o bério, aiores concentracfes observadas

em salinidades mais baixas. Porém, a razdo Barf#éta cresceu com a diminui¢édo da
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salinidade. A temperatura influenciou negativameiateincorporacdo de Sr e
positivamente a incorporacao de Mg.

Em condi¢cdes ambientais (anexo ll), verificou-see d5r e Ba apresentam
tendéncias antagonicas. Estroncio apresentou rsatmecentracdes para otolitos de
animais provenientes de aguas salobras e salgadidsice para aguas mais doces.
Também observou-se que ndo ha influéncia ontogengé incorporacéo de Sr. Bério
apresentou um forte aumento de incorporacdo aoolaay primeiro ano de vida,
podendo se alongar até 5 anos para animais vivemdigua doce (vide figuras 4 e 5 do
anexo Il). As concetracdes de Sr e Ba determinpal@séagua doce, estuarina e marinha
podem ser vistas na figura 6 do anexo Il.

Analisando os perfis de Sr ao longo da vida dasir@s (anexo lll), foi
constatado que enquanto juvenil, a corvina realma busca ativa por salinidades mais
baixas. Foi observado que o tempo necessario paraas| concentracdes de Sr nos
otélitos apresentassem valores superiores aos egaloalculados para influéncia
estuarina (TEEI) variou de 4 (para Rio Grande) @&smda 7 anos (Uruguai). Quatro
padrbes de mudanca de habitat foram observadoacatedo com as tendéncias de
crescimento das concentracdes de Sr em funca@da (slide figura 4 no anexo Ill) . O
padrdo “A” caracteriza 0s animais que apresentaia eoncentracdo de Sr nos otolitos
crescente ao longo de toda a vida. O padrao “Buiramimais cuja concentracao de Sr
atinge um patamar elevado, mas estabiliza depoised@& idade. O padrdo “C”
apresenta concentracfes de Sr baixas e muito paéxaguelas esperadas para areas de
influéncia estuarina. O padréo “D” descreve animais viveram sempre em agua doce.
Estes animais entraram na Lagoa Mirim quando joeefisaram aprisionados apos a
construcdo da eclusa, no canal de Sdo Gongaloliggua Lagoa Mirim a Lagoa dos

Patos. Ndo houve predominéancia significativa dehanen padréo para os diferentes
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locais amostrados ao longo da costa do Atlanticineste. Isso sugere que ndo ha
organizacao latitudinal de comportamentos de mwaddechabitat, ou seja, esta espécie
apresenta uma estratégia de dispersao para tottusa@sem que possa sobreviver.

As andlises de escalonamento multidimensional esiohlaridades para as
concentracdes de Sr, Ba, Mg e Mn (anexo 1V), indiatio grau de separagédo para o
primeiro ano de vida entre animais da Lagoa Mirimlas zonas costeiras (Argentina,
Uruguai e Brasil). Analisando apenas animais da zmsteira, para o primeiro ano de
vida, observou-se uma boa separacdo entre Samdegeatina, Santos e Uruguai e
Santos e Bahia Blanca. Uruguai e Mar del Platarfcgatatisticamente similares, mas
apresentaram razodvel separacdo dos animais dex Bdhnca. Rio Grande né&o
apresentou um padréo estatisticamente diferentedelomis locais. Ao analizar-se o
ultimo ano de vida, Rio Grande apresentou boa agfardo estoque Platense (Uruguai

+ Partido de la Costa) e de Bahia Blanca, mas moes# similar ao estoque de Santos.

5. Avaliacdo das hipoteses e discussao geral dosuléados
5.1. Informagde ambientais em otolitos de corvina

A hipotese 1 aborda a possibilidade de que mudadeaambiente sejam
registradas através da incorporacdo de elementosaps em otolitos de corvina. Esta
hipotese foi recusada, uma vez que a deposicaten®etos quimicos em otdlitos de
corvina foi influenciada por salinidade e tempeamfianexos | e II).

Embora a salinidade sozinha ndo aparente influersignificativamente a
deposicdo de Sr, Ba, Mg e Mn nos otdlitos, a teatpea foi significativamente uma
influéncia positiva para Mg e negativa para Sr (&né. Uma clara diferenca ficou
evidenciada entre as concentragfes de Sr e Ba@iootle animais que viveram em

ambientes diferentes (Anexo ll).
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Estes resultados em principio parecem contrad#dngmis a salinidade nao
influenciou a deposicdo de Sr em condi¢cdes expetan®e mas influenciou no
ambiente. Com base nessa aparente contradici® auquestdo do que seria mais
importante para a incorporacdo de Sr e Ba nos@dolh concentracdo absoluta destes
elementos na 4gua ou sua composicao relativa adc§a@dos recentes mostram que a
composicao relativa é o principal agente influethaiada incorporacdo de elementos em
otolitos (Elsdon and Gillanders, 2005). Isso sigaifque se a salinidade variar e as
razbes Me:Ca na 4gua ndo, a concentracdo dessesntde nos otolitos tende a se
manter constante para diferentes niveis de satirid@ontudo, na natureza, as razdes
mudam entre os ambientes dulcicolas, estuarinosarinmos (Nozakiet al, 2001;
Elsdon e Gillanders, 2005) e esta mudanca acalsidaf nos otdlitos. Isso significa
gue é possivel verificar se um animal passou paa atpce, estuarina ou marinha,
embora para este trabalho, ndo seja possivel, ,adetarminar numericamente as
salinidades experimentadas pelos individuos acolalggsuas vidas. Portanto, estudos
futuros deverdo levar em consideracdo a composigdagua de lagoas, estuérios e

zonas costeiras onde se pretenda trabalhar.

5.2. Sobre 0 uso de estuérios e mudancas de habitat

Estas hipGteses abordam o tipo de uso dos estudrépsestratégia de vida
observada ap6s a fase de adultos desta espédigotade 2 foi aceita e as hipoteses 3 e
4 foram recusadas, ou seja, a corvina utiliza essi& aguas salobras no inicio de sua
vida (hipétese 2); apds sairem dos estuarios, digidtuos, em sua maioria, continuam
buscando aguas mais salgadas (hip6tese 3); e, fobmervados quatro padrdes de

mudanca de hébitat ao longo da vida (hipotese 4).
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A aceitacdo destas trés hipdteses implica na géscde um comportamento
complexo de utilizagéo estuarina em fases ini@aisnesmo em fases mais adiantadas
do ciclo de vida da corvina. De acordo com a hgt2, sugere-se que a corvina seja
classificada como uma espécie marinha estuarinerdigmte, ou seja, uma espécie que
necessita de estuarios para completar seu ciclodde A auséncia de individuos que
ndo apresentam em seus otolitos sinais quimicagiliizacdo de estuarios (figura 2,
anexo 1), permite sugerir que individuos que tideram contato com estes ambientes,
nao representem uma parcela significativa dos estoqdultos. Pelo menos ndo em
namero suficiente para que sejam detectados emanmestra como a realizada pelo
presente trabalho. Sendo assim, o conceito de regtudependéncia proposto por
Darnell e Soniat (1979): “espécies que usualmeatpiarem estuarios para algum
momento do seu ciclo de vida” parece se adequardespécie aqui estudada. Uma
teoria complementar a esta sugere que sejam coadide estuarino dependentes
aquelas espécies cuja perda do estuario podetiar afdversamente suas populacdes
(Whitefield et al, 1994). Portanto, as evidéncias aqui apresentsias de acordo com
ambas as teorias.

Com relacdo ao complexo modo pelo qual juvenisretadultos déM. furnieri
migram de habitat estuarino para marinho e mesmiralele habitats marinhos
(hipétese 3 e 4), foi observado que as idades rdetadas para “fuga” da influéncia
estuarina sao bastante variaveis entre locais. observado um maior tempo de
permanencia em areas de influéncia estuarina pares coletados no Uruguai, onde
ocorre justamente uma maior influéncia das agudidala Prata (Plata Plume Water —
PPW, Pioleet al, in press.). Os quatro padrées de mudanca deahdkitonga duracdo
(ver Fig. 4, anexo lll) parecem representar umaaesiia espécie-especifica que

objetiva distribuir individuos, o que minimizaricampeticao intra-especifica que pode
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acontecer em zonas de alta densidade populacidamhovici et al. (1996) observou
gue maiores corvinas (e provavelmente mais velb@s)capturadas preferencialmente
em zonas mais profundas, o que corrobora os rdssltdeste trabalho, pois maiores
concentracdes de estroncio foram encontradas pada@es mais avangadas, indicando
uma tendéncia de movimentos para areas mais saimasdida em que 0s animais
envelhecem. Contudo, essa maior concentragdo dmest poderia significar também
gue animais mais velhos tendem a passar menos tm@oeas de influéncia estuarina
durante a reproducao. Desta forma fica claro qusteedma mudancga para habitats mais
marinhos, entretanto ndo se pode afirmar se essknpa de habitat é funcédo de
movimentos para aguas mas salgadas ou é funcaers tempo de permanéncia em
adguas mais salobras. Apesar disso, mudancas dathadnia areas de maior salinidade
podem estar associadas ao fato da disponibilida@dirdento aumentar no sentido agua
doce — salgada para animais adultos. Como foi waderpara a costa do Brasil,
Uruguai e Argentina, que a diversidade de crustacparece aumentar com
profundidade e salinidade (Bremec e Gilberto, 2006pitoli e Bemvenuti, 2004;
Gilbertoet al, 2004; Pires, 1992), sugere-se que este sejaogrpaksiveis fatores que

motivem a mudanca de habitat da corvina para anesssalgadas e profundas.

5.3. Interacéo entre estoques no Atlantico sudoeste

A hipotese 5 considera a existéncia de um estegneum e continuo que
abrange o Atlantico sudoeste. Esta hipotese faisata em funcdo da existéncia de
estoques aproximadamente bem definidos ao longoedade estudo ao se considerar a
analise de assinaturas quimicas em otdlitos denzor¥rés estoques foram definidos,
com razoéavel sobreposigcéo: Entre Santos e Rio @rdfrire Rio Grande e Partido de

la Costa e em Bahia Blanca (vide anexo V). Infaydes baseadas em microquimica de
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otolitos tendem a representar o espaco que osspatdizam ao longo da vida. Neste
caso, deve se entender por espaco 0 conjuntoateddtsicos e quimicos que ocorrem
em determinado local. Portanto, estes resultados cofitradizem as informagdes
existentes na literatura, que sugerem uma disti@loucontinua (estudos genéticos) ou
uma distribuicdo particionada (caracteres meristigarametros populacionais), mas
sim complementa estas informacdes. Os resultadste deabalho evidenciam a
existéncia de trés grandes estoques, que apresalgama sobreposicao entre si. Eles
sao representados por animais situados entre SaRas Grande (estoque brasileiro),
por animais situados entre Rio Grande e Mar deéhRé&stoque Platense) e por animais
gue se concentram nas proximidades de Bahia Blanc40° S). Estes trés estoques
apresentam um certo grau de sobreposicédo (TabnéxAlV), que aparenta ser mais
forte em Rio Grande. Uma vez que foram encontraddstes de assinaturas quimicas
para diferentes locais, sugere-se que a corviresapte alguma fidelidade regional. A
auséncia destes padrdoes para Rio Grande no primmewode vida e consequente
presenca de um padrdo para o ultimo ano de vidggreuwue os animais coletados em
Rio Grande sejam principalmente provenientes de@slbcais, mas que mantiveram-se
na costa de Rio Grande por tempo suficiente pagdagse gerado um padrdao quimico
para este local. Contudo, Rio Grande € considenatadas princiais areas de desova
da corvina na América do Sul, o que contradizssipiidade de que animais coletados
em Rio Grande sejam principalmente provenientesodteos locais. E, portanto,
possivel que a forte variabilidade oceanografiesgmte no estuario da Lagoa dos Patos
e zona costeira adjacente contribuam para uma mai@bilidade na microguimica de
otolitos, impedindo a formacdo de um padrdo especffara animais provenientes
desta area. Por outro lado, os animais coletadesetaram diferentes idades. Sabendo

qgue o Estuério da Lagoa dos Patos é um ambientertéevariabilidade interanual, é
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esperado que estes animais tenham experimentafarentes condicbes ambientais
durante sua fase juvenil. Isto também pode tesiosado a variabilidade observada na
constituicdo quimica dos otolitos de animais prames de Rio Grande.

Esta sobreposicdo de estoques, ou grupos popgésiomplica na existéncia
de fluxos de individuos entre Brasil, Uruguai e éuatjna, corroborando resultados
encontrados para estudos com parametros populaci@nacaracteres meristicos
(Vazzoler, 1991; Haimovici e Umpierre, 1996) e dstigenéticos (Levgt al, 1998;
Puchnick-Legat e Levy, 2006; Maggioat al, 1994). Portanto, parece haver uma
migracdao latitudinal entre os trés paises, o que® ajudar a explicar as mudancas de

hébitat de longa duragéo propostas no Anexo lll.

6. Concluséo geral

Otodlitos de corvina sdo capazes de acumular irdodes ambientais relativas a
temperatura (Anexo I) e salinidade (Anexo Il), ad® expressas em diferengcas nas
concetracOes de Sr, Ba, Mg e Mn nessas estrutDoeudo, existe uma influéncia da
ontogenia na deposicdo de Ba, Mn e Mg, aumentarsd@oacentracoes destes
elementos nos estagios iniciais de vida. Estrogciparticularmente indicado para
avaliar mudancas de salinidade, pois ndo apreseariacdo ontogenética, nem &
influenciado por taxas de crescimento (Anexo Il).

A corvina exibe um padrdo complexo de mudarghabitats ao longo do seu

ciclo de vida (Anexo 3), requerendo estuarios eaagealobras em fases iniciais e
buscando aguas mais salinas ap0s a maturagdo .sexuva, esta busca por habitats
cada vez mais marinhos ndo é expressa por todomddgduos da populacao,

implicando na existéncia de trés padrbes de mudalggahabitat, que ocorrem

igualmente entre Brasil, Uruguai e Argentina. Egiadrbes parecem constituir uma
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estratégia especifica para dispercdo destes animaisgo da plataforma, desde zonas
mais costeiras, com forte influéncia de agua dpeadréo 1) até areas mais profundas e
distantes do desague continental (padréo 3).

Foram identificados trés grandes estoquebid&irnieri no Atlantico sudoeste,
que apresentam diferentes graus de sobreposicaprin®eiro estoque habita as
proximidades de Santos, o segundo é situado emuguldi e Partido de la Costa
(Argentina), e o terceiro habita as proximidadesBadia Blanca (Argentina). Os
animais capturados em Rio Grande ndo apresentasmimatras quimicas que
possibilitassem sua separacdo com relagdo aoss@gtoques para o primeiro ano de
vida. Para o ultimo ano, foi observada uma razosephracdo dentre animais de Rio
Grande e dos demais locais, sugerindo um estogtemiente sobreposto com os

demais.
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Abstract

The effect of salinity and temperature on the ipooation of strontium, barium,
magnesium and manganese in otolith of juveMileropogonias furnieriwas tested
under controlled conditions in laboratory. Fielgpwaed juveniles were reared for three
months under two temperatures (14 and@pand three salinity treatments (6, 16, 32).
Otolith slices were analyzed using LA-ICPMS. Eleta¢analysis showed that absolute
concentrations of Sr, Mg and Mn have increased water salinity, but Me:Ca ratios

of these elements remained approximately consédsiolute concentration of Ba and
Ba:Ca ratios in the water decreased with saliftgsults suggested negative effect of
temperature on strontium and positive on magnesngorporation in otoliths.

Strontium was not affected by salinity during pdrad experiment. Barium was
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negatively affect by salinity, however, Ba:Ca ratio the water decreased with
salinities, which did not allow to evaluate the @fie effect of salinity on its deposition.
Magnesium did not show a clear pattern of incorponeamong treatments. A strong
interactive effect of salinity and temperature whserved for manganese, with a slight
trend to decrease towards higher salinities. Thesdts show that the incorporation of
different chemical elements in otoliths respondfecently to temperature and salinity
and emphasize that otolith microchemistry studesikl be developed as a species-

specific issue.

1. Introduction

In recent years, microchemistry of carbonate-$ikeictures in marine organisms
has increasingly been used as a tool to underdtaid life history. Environmental
history reconstruction has been developed fromnfigrdiera (Rosenthal, et al., 1997),
corals (Lea et al., 1989), mussel shells (Gillike®05) and fish otoliths (Elsdon and
Gillanders, 2003). Otoliths are solid structuremposed mostly by calcium carbonate
and little amount of non-collagenous organic mag@ampana, 1999). They are located
inside the inner ear of teleost fishes, and theijjomfunction is related to fish balance
and hearing. Besides calcium carbonate and orgaatdx, other elements have been
found to compose otoliths in lower concentratiarg] there is a general acceptance that
their concentration in the otoliths reflects thavrailability in the surrounding waters
(Campana, 1999). Once deposited, the constituatitsat/be reabsorbed or re-worked,
characterizing otoliths as chemically inert struetu(Campana and Neilson, 1985).
Otolith analysis are also applied to age deternonattudies in annual (Reisbish, 1899)

and daily basis (Pannela, 1971). Therefore, byaasng their time-keeping property
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to the water chemical composition, otoliths are ested to store temporal
environmental information.

In the past two decades many studies have beefogedeto determine the role
of environmental factors on otolith elemental upté&.g. Elsdon and Gillanders, 2004;
Bath and Wunschel, 2006), but controversy on tfecebdf salinity and temperature still
remains. Compiled evidence suggests that otolittakep of different trace elements
respond differently to salinity and temperatureg(®ampana, 1999 for a review). For
example, temperature effect on strontium incorpomatn otoliths was found to be
positive for Leiostomus xamthuru@Martin et al. 2004), negative fddadus morhua
(Townsend et al., 1995) and neutral @irella elevata(Gallahar and Kingsford, 1996).
Although salinity presents a generally positiveeeff on strontium deposition for
Acanthopagrus butchelie.g. Elsdon and Gillanders 2002), a neutral effeag also
been reported foBciaenops ocellatudrooker et al. 2004). The opposite results shown
in these studies reinforce that otolith uptake daffetent constituents responds
differently to salinity and temperature and thesrof their influence seems to be specie-
specific (Geffen et al., 1998; Swearer et al., 30@onsidering the goal of otolith
microchemistry studies as natural tools to infee thast environmental situations
experienced by a fish, it becomes essential to istaled how temperature and salinity
influence elemental uptake in different species.

Whitemouth croaker Micropogonias furnieri Desmatest) is an eurihaline
sciaenid widely distributed along the eastern cadisthe Atlantic Ocean, occurring
from the Gulf of Mexico to the Gulf of San Matia&rgentina). It is a long-life and
multiple spawner species (Haimovici, 1976; Macald &hristiansen, 1992). Spawning
has been registered in coastal and estuarine w@ikerschi et al., 1996; Acha et al.,

1999; Jaureguizar et al., 2008), and in SoutheaziBit occurs mainly during spring
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and summer (lbagy and Sinque, 1995; Haimovici agmhdio, 2005). Juveniles are
found inside Patos Lagoon estuary (South BraziP°S3and 52W) during the entire
year (Castello, 1986) and adults occur in coastal astuarine areas during the
spawning season. Whitemouth croaker supports irmapbftsheries in the south-west
Atlantic shelf (Lasta and Acha, 1996; Vasconcebosl Haimovici, 2006). Although
several methods have been applied to determinek sthiferentiation between
Argentina, Uruguay and Brazil, there is not a gahagreement about stock dynamics
in the region (see Volpeto et al., 2007 for a reyie Additionally, the migratory
behavior of M. furnieri between coastal and estuarine areas is not olgbcti
understood.

Otolith elemental analysis represents an importaat that would be able to
explain M. furnieri habitat change from estuarine to shelf environsieahd
connectivity between stocks of Brazil, Uruguay argentina. In order to do so, the
first step is to understand the role of salinitylaeamperature on otolith composition.
Therefore, the aim of this study is to test théurice of salinity and temperature on the
incorporation of strontium, barium, magnesium andnganese in otoliths oM.

furnieri.

2. Materials and Methods
2.1. Experimental design

A three months experiment was setup to examinéntheence of water salinity
and temperature on trace element incorporation talitlo of juvenile whitemouth
croaker. During winter of 2004, one hundred andyhioung of the yeak. furnieri, of
approximately 130 mm in total length, were collélcte the Patos Lagoon estuary using

a beach seine. At laboratory, all fish were genthnsferred to a 200 L tank for
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acclimatization in 18 seawater. The experiment was projected to tesinftuence of
two temperatures (14 and®) and three salinities (6, 15, and 32) on theripa@tion

of Sr, Ba, Mn and Mg to otoliths d¥. furnieri. A total of 18 tanks were used, with
three replicates for each combination of salinityd atemperature (6 treatments).
Temperature was controlled with 2 hot-cold regulateater tables set for £& and 24
°C. Each water table received nine 15 L tanks with3 salinity treatments. Because of
the large volume of water to be renewed daily (8 2) water salinity was controlled
through direct dilution of seawater using tap waieed for 24 h.

After acclimatization, fish were put in a bath ékarin complexone solution (24
h, 150 ppm), in order to mark new experimentallgerced otolith material. One
hundred and eight fish were randomly selected aadsterred to the experimental
treatments, with density of 6 fish per 15 L tankshFthat died during the first week
were replaced in order to maintain the initial nembAfter the second and third week,
dead fish were removed from the study. Fish that dfter one month of experiment
were individually labeled and frozen for posteramalysis.

Photoperiod was set to 12:12 h and a commercialvehs offered once a day.
During the entire experiment, 90% of the water accumulated detritus were siphoned
daily, and replaced with freshly prepared waterte€Eh300 L stock-tanks with water
under controlled salinity were completed daily nder to guarantee the next day water
change. At the end of the experimental periodisii fvere anesthetized with benzocain

200 ppm, and frozen in individual plastic bagsgdosterior analysis.

2.2. Otolith processing and chemical analysis
Saggital otoliths were extracted, washed, labelad stored dry. Only left

otoliths were embebbed in epoxy resin, sectionealtfh the core using low speed saw
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and separated in slices of 0.3 to 0.4 mm. Secti®@re mounted onto glass slides with
crazy glue. Their surfaces were polished with silicarbide paper {r8000); washed
with deionized (DI) water (Milli-Q, Millipore, Bedfrd, USA); ultrasonically cleaned
for 3 minutes; and, rinsed three times with DI watglides were dried in horizontal
flow cabinet before analysis.

Analytical measurements were performed with a NdSYAETAC LSX 100
Laser Ablation system operating at 266 nm, coupbedn ELAN 6000 (PerkinElmer —
SCIEX) inductively coupled plasma-mass spectromét€&P-MS). The laser was
configured for Q-switched mode operation, defocuseoulse frequency of 20 Hz, scan
speed of 4Qum/s, and power of 0.4 to 0.6 mJ per pulse. Undeseahconditions the
ablated crater in the otoliths presented diamdieutal5um. The ablated material was
conducted through a Teflon coated tube into the-NM(3Pusing Argon as carrying gas
(0.85 dni min?). The ICP was operated at 1500 W, with outer dasv fand
intermediate gas flow of 15 and 1.1 ¥min™, respectively. The determined elements
(masses) wer&Ca, %°sr, *®8Ba, Mg and>Mn.

The quantification was performed using the exteoadibration mode. Standards
constituted by pressed powder CaCdiscs with known analyte concentration, and
suprapur CaCe® discs were used as blanks. These standards weposad and
produced by Bellotto and Miekeley (2000; 2006). Theasured signal (counts per
second — cps) for each element was normalized rneference td*Ca for correction of
the bias induced by differences on the amount atedh material. The limit of detection
(LOD) was obtained by scanning blank discs 10 tinkesh mean profile was used as a
single analyte concentration and the standard tiemigo) from the 10 values was

considered. The LODs were calculated asd®ided by the sensitivity (inclination) of

the respective calibration curve and they were Qg7* for barium, 4.9ug g* for
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strontium, 0.91ug g* for magnesium and 0.3%y g* for manganese.

2.3. Water analysis

Temperature and salinity were measured once &odajl 18 tanks. Three water
samples were taken from the water stock-tanks pemtimfor each salinity. Acid-
washed vials were used to transport the water ssmpl be analyzed by an Optima
4300 DV inductively coupled plasma mass spectrom@erkinElmer). The equipment
was set for external calibration mode using Tit@®sdMerck KGaA, Darmstadt,
Germany) reference material as standards. Deteditioits were 0.010 mg t for
calcium, 0.0002 mg t for strontium, 0.0002 mg tfor barium, 0.0001 mg L for

manganese and 0.002 for magnesium.

2.4. Data analysis

Nominal experimental temperatures {&hd 24 C) and salinities (6, 16 and 32)
will be used for data presentation and discusdiamtition coefficients (Re) between
metals (Me) in otolith and in water were calculatedeach treatment by dividing the
mean Me:Ca ratio in otoliths by the mean Me:Caeorati the respective experimental
water (from the stock-tanks). Differences on ab®olalemental concentrations in
otoliths and partition coefficients among treatnsewere tested for each element using
Factorial Analysis of Variance (Factorial ANOVA)n lorder to satisfy ANOVA
assumptions, data from both magnesium and bariure Wwe(x + 1) transformed, but
for visual purposes all elements are presentedssiute concentrations and partition
coefficients. When significant effect of treatmemisre detected (Factorial ANOVA,

P<0.05), means were compared using Tukey test. f@iffees on . among treatments
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were assessed using factorial ANOVA as well. Sigaifce was attributed whénhand

Tukey tests presentétk0.05.

3. Results

Eleven fish died within one month of experiment] @9 did not produce enough otolith
material after alizarin mark and could not be amady Seventy-seven fish were
analyzed to produce the results presented in thidys40 from 14C and 37 from the

24°C.

3.1. Water chemistry

Absolute elemental concentrations in water weraiaantly different among
all salinity treatments, except for manganese. €pntnations increased with salinity for
Sr, Mg and Mn and decreased for Ba. Mn:Ca ratiogwever only at salinity 16. The
variability of Me:Ca ratios were higher for Mn théor Sr, Mg and Ba (Fig. 1). Slightly
but significantly lower Sr:Ca and Mg:Ca ratios wévend for salinity 6, compared to
salinities 16 and 32. Ba:Ca ratio was inverse, esing towards higher salinities (Fig.
1). Manganese presented the lowest experimentatectrations with the highest
standard errors for all absolute concentrationssignificant differences were observed

between salinities for both absolute and relatiamganese concentrations.

3.2. Absolute elemental concentration in otoliths
Elemental concentration in otoliths did not varythin tanks from the same
treatment (Table 2). Different effects of salinignd temperature on absolute

concentrations were observed for all analyzed aeisne
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Strontium presented lower concentration for’@4(Fig. 2), and its mean
concentration ranged from 1440 to 16a9g4* for 14°C and from 1320 to 1390g g*
in 24°C.

Barium mean concentration decreased towards hggigities, but temperature
and salinity effects and their interaction werengfigant (Table 2). The highest barium
mean concentration in otoliths was observed faatment 6-24C (5.3 g ¢g*) and it
was significantly different from the other treatrteerOtolith barium concentrations did
not differ between the salinities 16 and 32 at lethperatures.

Magnesium mean concentrations ranged from |6g4g* to 32.5pg g
Temperature presented a significant effect on mgigmedeposition for salinities 6 and
32 (Fig. 2; Table 2). Within the 1°C treatment there were not significant differences
among salinities. For 24 magnesium mean concentrations were significdotier
for salinities 6 and 16 than for salinity 32.

Manganese concentration was significantly affedtgdemperature and salinity
with a strong interactive effect at salinity 16 ble 2; Fig. 2). The general pattern
shows two groups of significantly distinct mangane&®ncentrations. The first one
shows mean concentrations aboupg” for salinities 6 and 16 at 1@, and salinity 6
at 24°C. The second presents mean concentrations abegtg4 and is composed by

otoliths from salinities 16 and 32 from 2@ and salinity 32 from 12C.

3.3. Partition coefficients

The results show great variability for all elememt®toliths ofMicropogonias furnieri
(Fig. 3). The lowest coefficients were observed fmgnesium, with values ranging
from 0.00001 to 0.00004 indicating strong elemedistrimination. Strontium partition

coefficients ranged from 0.35 to 0.69. The effettsalinity on D was significant
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(Table 3), with significantly lower B) observed for salinities 16 and 32 than for salinit
6. Temperature affectedspsignificantly for salinity 32, with the colder veatinducing
higher Dy, values. For barium, partition coefficients randexn 0.06 to 0.66. Salinity
presented a positive effect osdTable 3). The general effect of temperature @a D
was positive (Table 3) however, no significant elifinces were observed between
temperatures. For magnesium, partition coefficieatsyed from 0.05 x 1Dto 0.35 x
10*. Temperature presented a positive effect Qg &nd there was an interactive effect
of salinity and temperature (Tab. 3). Therefore, ttmperature 14C there were no
differences of Ry between salinities. For temperature 24 significant differences
were observed between salinities 6 and 16. Mangapastition coefficients ranged
from 0.03 to 0.9. The effect of interaction betwaaknity and temperature on,pPwas
observed for salinity 16 (Fig. 3), following thensa pattern observed for its absolute

concentrations.

4. Discussion

Results observed throughout this study show tmatdeposition of Sr, Ba, Mg
and Mn in otoliths oM. furnieri is not a simple result of absolute or relative (@8
concentrations of these elements in the water. Mewet is product of complex
interactions between elemental availability in tegter, temperature and salinity. Since
a single element can show the same concentratiootaiths from fish reared under
two different sets of experimental conditions (Bseyved for Mn; Fig. 2 and 3), general
patterns of elemental deposition have to be drawim eare. Furthermore, since salinity
and temperature influenced differently each elemiet results observed in this study

will be analyzed and discussed individually.
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4.1. Strontium

There is a general acceptance that in nature atrontoncentrations in otoliths are
positively affected by salinity. Therefore, highgrontium concentrations should be
encountered on otolith from high salinity watere€SCampana, 1999 for a review).
That characteristic turned strontium in a veryahlg element to study diadromy based
on otolith microchemistry. However, different specihave shown differences on the
response of strontium deposition in otolith of fiskared under the same conditions
(Rooker et al., 2004; Swearer et al., 2003) suppprthe idea of a species-specific
pattern of deposition. FAvl. furnieri the absolute strontium concentrations in otoliths
was not influenced directly by salinity (Fig. 2)s abserved foiSciaenops ocellatus
(Rooker et al. 2004).

Some studies have addressed the variations oftistroeposition in otoliths to
the Sr:Ca ratios in the water, and not directlyck@nges on salinity (Gallahar and
Kingsford, 1996; Bath et al. 2000; Elsdon and @idlers 2005). When analyzing
partition coefficients (Fig. 3), significantly highmean [3; was observed for salinity 6
and temperature of 12C (Table 3) suggesting a lower discrimination abstium
(higher D) at low salinities. This pattern was also obserfggdAcantopagrus butcheri
reared under controlled conditions at brackish w@feies et al., 2005). The range of
partition coefficients for strontium observed figk. funieri was higher (0.35 to 0.69)
than the observed for other studies. Eotjanus griseusMartin and Wuenschel (2006)
have observed partition coefficients ranging fron210 to 0.38, despite their
experimental range (salinity from 5 to 45 and terapee from 18 to 33C) being
larger than ours (Table 4). Far butcherj Elsdon and Gillanders (2005) have presented

Ds; varying approximately from 0.2 to 0.5.
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The existence of significant discrimination of sitiam incorporation to otoliths,
and the absence of significant higher strontiumceatration for higher salinities may
be the result of different factors. The variabildg§ strontium discrimination has been
addressed to physiological regulation of the amafnstrontium transported to the
endolinph (Bath et al., 2000). Other possible sewt this variability would be the
phase of ontogeny where fish were at the beginafripe experimentMicropogonias
furnieri at juvenile stanza has been showed to activelyckealigohaline waters
(Albuquerque et ain prep. Therefore juveniles would not be physiologicakady to
be exposed to high salinity waters, which couldseaadditional stress to the fish and
maybe retard the response of strontium concentratiootoliths or cause the higher
variability observed for salinity 32. This largeriaility could mask the final absolute
concentration in otoliths on this experiment.

In the current study, temperature was slightly ree/ correlated to strontium
absolute concentrations and partition coefficiewigh significant effect for salinity 32.
Temperature is expected to be an important var@fdeting strontium incorporation in
otoliths, albeit it does not show a single pattefnnfluence for different species (see
Campana, 1999). One explanation for the inversecefbf temperature is that
physiological process regulating ion transport fribrea ambient water into the saccular
endolinph have been suggested to be relaxed aeloyweratures, intensifying strontium
incorporation on otoliths (Townsend et al., 1992)wever, neutral and positive effects
of temperature have been recorded as well (setoagaon introduction). According to
Kalish (1989) the effect of temperature on stramtideposition may be indirect, with a
primary effect on growth rates and reproductionefpectedM. furnieri juveniles held
in our study grew faster in warmer water, therefa®ontium incorporation was

inversely correlated to fish growth rate, as obsérfor Haemulon plumieri(Sadovy
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and Severin, 1992). The strontium variability olser in otoliths of M. furnieri
difficulted the evaluation of the effect of salyiton its deposition since small
differences (but significant for salinity 6) on Ga ratios among treatments were found.
Therefore, in this experiment it was not possilderédach a conclusive result about
effect of water salinity on strontium incorporatiam otoliths. On the other hand,

strontium was negatively affected by temperature.

4.2. Barium

Barium concentration in otoliths as an environmemaicator has received more
attention in the last 10 years. The variability Bé:Ca ratios in otoliths has been
addressed to the Ba:Ca availability in the surraugpavater were fish developed (Bath
et al., 2000; Elsdon and Gillanders, 2004; Vrieslet 2005). Most part of estuarine
barium comes from barium-rich river-suspended sedinparticles (Nozaki et al.,
2001). The maxima values appear when freshwateyueners saltwater and after the
maxima presents a linear decrease towards morg walers (Coffey et al., 1997).
Consequently it is expected a negative correlati@ween salinity and barium
concentration in otoliths. As expected, in thisdstd. furnieri presented a negative
relationship between otolith barium concentratiomsd salinity and a positive
relationship with Ba:Ca in the water. Since Ba:@&os in the experimental water were
not similar between salinities (see Fig. 1), thBuence of solely salinity on otolith
could not be evaluated. Therefore, analyzing pamticoefficients helped to verify that
barium was more discriminated (lowegdpat lower salinities. The £ observed foM.
furnieri varied from 0.06 to 0.66 which agreed with theges observed in other
species (see table 4). Albeit absolute barium aanagons in otoliths oM. furnieri

followed the trend presented by Ba:Ca ratios inewahe analysis of g3 revealed that
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proportionally more barium was depositedMn furnieri otoliths at higher salinities. In
the same way Vries et al. (2005) found increaseduima discrimination at lower
salinities (with high Ba:Ca in the water) for otbliof A. butcheri These authors argued
that otolith barium uptake was facilitated by irased strontium concentrations in
water, if Ba:Ca levels in the water were highentB@umol mol™.

In the present study, not significant differencesvi@und for barium deposition
in otoliths of M. furnieri between temperatures, except for a significanttipeseffect
observed for salinity 6 (see Fig. 2). Since noctffef temperature were observed for
Dga as well, our data corroborates that temperatues dot affect barium deposition in
fish otoliths as reported fdr. griseus(Martin and Wuenschel, 2006) ahéiostomus
xanthurus(Bath et al. 2000; Martin and Thorrold, 2005;).viwver, temperature effect
has been presented for otolithsAf butcheri(Elsdon and Gillanders, 2002). The last
authors argue that the absence of a temperatwet effi barium deposition could be
related to the insufficient temperature range expamted in other studies. The
temperature range tested here was that commonBgriexiged byM. furnieri in south
Brazil, therefore this experiment seems to be aaitgr designed and it supports the

neutral effect of temperature on barium depositiatoliths.

4.3 Magnesium

Magnesium has been suggested to be a temperatlicator in organisms that
contain internal or external carbonatic structuresd it has been used as a
palaeothermometer, been positively affected by eatpre in the calcite of coralline
algae (Kamenos et al. 2008), foraminifer shellsa(le¢ al. 1989) and bivalve shells

(Klein et al., 1996). The present study revealeat temperature affected positively
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magnesium deposition in otoliths ®4. furnieri, except for salinity 16, where the
interactive effect with temperature was detectaBl@egative but not significant effect
of temperature on magnesium deposition and a pesibrrelation with somatic growth
rates were observed fdr. xanthurus(Martin and Thorrold, 2005), which suggests a
physiologically determined elemental uptake. Asemted,M. furnieri reared at 2
grew faster than in £&, and the difference of the absolute magnesiuncartrations
and Dug could be due to differentiated growth rates antddwe to a direct effect of
temperature.

A general pattern of magnesium deposition in tisliand salinity was not
observed. Although the experimental water presexiffidrent absolute magnesium
concentrations (correlated to salinity, since isvaduted from sea water), the Mg:Ca
ratios were very close among treatments, with @hslibut significant lower
concentration for salinity 6. Magnesium absoluteasmtrations of ~ 5 to 4Qg g*
found in our study were in average higher thandaHosm adults ofGadus morhug~17
— 21pg gt Jonsdottir et al., 2006) arebastespp. (~7 — 1qug g; Campana et al.
2007) studied in nature. The larger concentratiobserved here when compared to
other studies could be due to differences on stagéfe, since high magnesium
concentrations has been showed to occur beforeyeae of life for M. furnieri
(Albuguerque unpubl. data) and in the otolith cofelifferent species (Ruttemberg et
al., 2005).

Significant lower discrimination of magnesium foumok warmer treatment
(higher Dug) reinforces the positive effect of temperaturensegnesium deposition, as
observed for absolute concentrations. The analg§ipartition coefficients, when
compared to other elements allows emphasizing tlieng discrimination of

magnesium for fish otoliths at all salinities. Ma@gium was over thousand times more
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discriminated than the other elements, which agreiid results found for otoliths of
other species (see table 4). Therefore, magneseposition in otoliths seems to be
highly physiologically controlled, as suggestedMsgrtin and Thorrold (2005). Adding
this regulation to the absence of patterns betwsadimities observed in this study,
implies that magnesium might not be useful for esahg changes on environmental

characteristics related to salinity.

4.4. Manganese
Temperature and salinity had a strong interactifece on manganese deposition in
otoliths of M. furnieri. That interaction does not allow designing genpatierns for the
experimental treatments. A large variability on @bt manganese concentrations in
the water was found for each salinity treatmentyédwger it was not reflected on the
water Mn:Ca ratios. When otoliths from treatmentghwsalinities 6 and 32 are
examined (Fig. 1), absolute manganese concentsateomd partition coefficients
presented similar patterns with no significant eldéinces between temperatures, but
they were contrary to the absolute manganese ctratien in the water. Inverse trends
between otolith magnesium concentration and watailability have already been
reported in fish (Elsdon and Gillanders, 2003). @ other hand, temperature
presented a significant negative effect only ainggl16. These results are opposite to
the findings of Fowler et al. (1995) that obsernlegher manganese concentrations at
higher salinities for otolith oMicropogonias undulatusSince we studied a co-generic
species and Fowler et al. (1995) did not measuledental concentrations nor Mn:Ca
ratios in the experimental waters it is hard tolaixpthe nature of this difference.
Absolute concentrations of manganese found in tbtaf M. furnieri varied

from ~1 to 10ug g*. These values are higher than concentrationshefr dish species
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in nature. Campana et al. (2007) found manganeaseesatrations from ~ 0.1 to Ol

g' on otoliths of adultSebastesspp from different locations in Canadian waters.
Manganese concentrations from ~ 0.7 toplg2j* were determined for otoliths of (.
morhua (Jonsdottir et al., 2006). Nevertheless, according the summary of
publications presented by Campana (1999), mangames& concentration amongst
different species would be about 10 ppm, that meppsoximately 1qug g*.

The elevated variability of measurements of mangana otoliths between
replicate tanks (Elsdon and Gillanders, 2002) anthe water between tanks (Martin
and Thorrold, 2005) had made it difficult to intespthe influence of salinity and
temperature on manganese uptake. However, thidgonobhould be minimized with
the use of partition coefficients, as applied byrtiteand Thorrold (2005), who’s found
positive effect of temperature at salinity 15 foggDin juveniles ofL. xanthurus
Interestingly, forM. furnieri we found exactly the opposite, with a strong niegat
effect of temperature for salinity 16. Manganess baen suggested to be mostly
discriminated ([yn<1) for experimental water with Mn:Ca above ambilevels, and
incorporated (Rn>1) for experimental Mn:Ca below ambient levels s(€in and
Gillanders, 2003), which seems to reflect the pblggical activity in order to maintain
homeostasis. If the response of manganese to sinfteemperature and salinity is
already contradictory, we highlight that additiormalre should be taken at laboratory
experiments since manganese has been suggestedtoibdirect indicator of hypoxia
in aquatic environments (Thorrold and Shuttlewor2Q00). Therefore, oxygen
availability would be an extra source of manganes@bility on fish otoliths. Based on
the large variability of concentrations and theegitee of a clear pattern of the influence
of temperature and salinity on manganese depositiootoliths of M. furnieri, we

suggest manganese should not be used as an engmtaiimdicator.
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5. Conclusion

The current study presents the first informatiogarding the influence of
environmental factors on elemental incorporatiorotaliths of M. furnieri. Our data
show the complexity which strontium, barium, magmes and manganese are
incorporated in otoliths. Manganese and magnesiuene wdisregarded as useful
indicators of salinity. We show that strontium centration in otoliths can not be
directly related to salinity if the Sr:Ca in the tema does not increase. Another
experiment stabilizing Sr:Ca ratios in the watedl vile mandatory in order to
determining clearly the salinity effect on stromtiwleposition in otoliths d¥A. furnieri.
Barium presented a good correspondence with te&itive concentration in the water
and it would be used as an indirect salinity inthc# there is a previous knowledge of
its natural dilution between fresh and saltwatdre Effect of salinity and temperature
on elemental uptake in fish otolith remains congrsial, particularly to elements like
magnesium and manganese which just few studies thageto describe. Since many
different conclusions have been shown for all gddelements among many fish
species, we emphasize the importance of studysmgettal uptake as a species-specific

process and not as a general characteristic exgoldar fish otoliths.
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Table 1- Summary of nominal salinity (NS), effeetimean salinity (ES, + SD), and
mean experimental temperature (ET = SD) for watanfeach tank during the

experiment for the two water tables (WT).

WT ETCC)  Tank NS ES
T2 6 6.4+1.5
T8 6 6.2 +2.2
T10 6 6.8+ 1.7

1 136+09 T1 16 15.8+ 1.5
T5 16 16.3+2.1
T7 16 16.2+ 1.8
T3 32 32.3+2.4
T4 32 32.7+2.9
T9 32 32.4+3.0
T12 6 6.6 +1.4
T16 6 6.3+1.4
T19 6 6.4 +3.2

2 23.8+17 TI3 16 16.7 + 1.4
T17 16 157+ 1.1
T20 16 159+ 1.3
T14 32 32.2+2.4
T15 32 31.8+2.5

T18 32 31.8+2.6
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Table 2 — Result for 2-way ANOVA for testing thdesft of salinity (S), temperature
(T) and replicate tanks (Tk) on the mean absolueacentrations of
strontium (Sr), barium (Ba), magnesium (Mg) and gaarese (Mn) on

otoliths of M. furnieri reared in laboratory.

Sr Ba
Effect df MS F P MS F P
T 1 389012 7.75  *0.007 22.80 11.49  *0.001
S 2 76786 153  0.225 70.56 35.57  *0.000
Tk 2 45463 090  0.409 0.129 0.06 0.937
TXxS 2 31259 062  0.539 17.16 8.65  *0.000
TxTK 2 10639 021  0.809 1.498 0.75 0.474
S x Tk 4 104974 2.09  0.093 0.156 0.07 0.988
TxSxTk 4 116977 233 0.066 0.166 0.83 0.506
Mg Mn
Effect df MS F P MS F P
T 1 14.97 4853  *0.000 100.53 8.62  *0.005
S 2 1.76 5.70 *0.005 159.30 13.66  *0.000
Tk 2 0.08 026  0.773 5.27 0.45 0.638
TxS 2 0.83 2.68  0.077 81.18 6.96  *0.002
TxTk 2 0.09 031 0.736 0.30 0.02 0.974
SxTk 4 0.18 0.60  0.661 13.18 113 0.351
TxSxTk 4 0.35 1.16  0.337 17.37 1.48 0.217
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Table 3 — Result for 2-way ANOVA for testing thdesft of salinity (S), temperature
(T) and replicate tanks (Tk) on partition coeffitsebetween water and.

furnieri otoliths for strontium (Ig), barium (&s), magnesium (R) and

manganese ().

DSr DBa
Effect df MS F P MS F P
T 1 0.04 7.92 *0.000 <0.01 14.76 *0.000
S 2 0.07 14.81 *0.005 0.16 464.51 *0.000
TxS 2 0.01 2.36 0.099 <0.01 0.017 0.983
DMg DMn
Effect df MS F P MS F P
T <0.01 106.50 *0.000 0.07 70.39 *0.000
S <0.01 1.34 *0.259 0.06 64.48 *0.000
T°x S 2

<0.01 17.80 *0.000 0.03 32.00 *0.000
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Table 4 — Synthesis of partition coefficients (0)Sy, Mg, Mn and Ba, found on the literature, refjag temperature and salinities ranges

evaluated in each study.

Species Temp. Salinity Dsr Dwmyg Dwmn Dga Author

range {C) range

L. griseus  18-33 545 0.21-0.38 7.6x108.9x 10 0.018-1.02 0.043—0.45 A

A. butcheri 12-24 5-30 0.42-0.6 0.0004 — 0.0005 0.2-0.5%.26 - 0.79 B
L. xanthurus 17-26 15,25 0.2-0.43 0.00014 - 0.001 0.06®2 0.11-1.123 C
A. butcheri ~21 5,32 ~0.22 -0.55 - - ~0.03-025 D

M. furnieri 12, 24 6-32 0.35-0.69 6x3063.4x10 0.03-0.9 0.06 - 0.66 E

A — Bath Martin and Wuenschel (2006)

B — Data from Elsdon and Gillanders (2002), aswsied by Bath Martin and Wuenschel (2006)

C — Matrtin et al. (2004) and Martin and Thorrol@@8), withdrew from Bath Martin and Wuenschel (2006
D — Vries et al. (2005)

E — Present study
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Figure Captions

Figure 1 — Mean concentrations and Me:Ca ratiostodntium (Sr), barium (Ba),
magnesium (Mg) and manganese (Mn) in experimenddmat salinities 6,
16 and 32. Bars (left) denote absolute concentratiand lines (right)
indicate the Me:Ca ratios. For Mn, ratios were tipli#d for 10 to improve

graph visualization. Error bars = standard error.

Figure 2 - Absolute mean concentrations of strontiisr), barium (Ba), magnesium
(Mg) and manganese (Mn) in otoliths Bf. furnieri reared in laboratory
under different salinities and temperatures. Blakd white squares
represent treatments of °Gtand 24C respectively. Error bars = standard

error.

Figure 3 — Partition coefficients calculated betwetolith Me:Ca and water Me:Ca for
strontium (Sr), barium (Ba), magnesium (Mg) and gaarese (Mn). Circles

and triangles represent treatments dfCldand 24C respectively.
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ANEXO Il

Micropogonias furniertrapped in a freshwater coastal lagoon as a atura

standard for otolith microchemistry

Albuquerque, C.Q., Miekeley, N., Muelbert, J.H.

(Submetido a Marine and Freshwater Research)
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Micropogoniasfurnieri trapped in a freshwater coastal lagoon as a
natural standard for otolith microchemistry

Cristiano Q. de Albuquerg@®, Norbert Miekeley, José H. Muelbeft

A Programa de P6s-Graduacdo em Oceanografia Bioldgicalacdo Universidade Federal do Rio
Grande; Av. Italia, Km. 8, Rio Grande — RS CaixatBb474 Brazil, Cep: 96201 - 900

® Department of Chemistry, Pontificia UniversidadeédBea do Rio de Janeiro; Rua Marqués de
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¢ Department of Oceanography, Fundacao Universifaderal do Rio Grande; Av. Italia, Km. 8,
Rio Grande — RS Caixa Postal 474 Brazil, Cep: 962000

P Corresponding author. Emailoccqa@yahoo.com.br

Abstract. We analyzed strontium and barium concentratiortgatiths of M. furnieri
collected from freshwater and marine water habaaSouth Brazil. Otoliths were analyzed
using LA-ICPMS with the objective of establishingmental signatures for each habitat
and to examine the applicability of otolith chemysds a tool for study habitat use by fish.
The results suggest a positive effect of salinitystrontium accumulation and a negative
one on barium deposition. Strontium and barium nreégnatures in otoliths &l. furnieri
were respectively 710 and 111§ g for freshwater, 2069 and 16 ¢* for estuarine,
and 2990 and 2.fig g* for marine water. Barium concentrations in otaiffom

freshwater specimens presented significantly higbacentrations than the observed in
other species and ontogenetic processes were edserincrease barium deposition at the
initial fish life. For marine fish, mean strontiutoncentration increased from about 2000 to
2900pg g* along the fish’s life, suggesting a change frotnasne to marine habitat.
Strontium in otoliths from freshwater fish decredhsea low and uniform level of about
710ug g* for the rest of the life, characterizing a singuiae of sea-to-freshwater
migration forM. furnieri. Strontium and barium are suitable for studyingitsd use byM.

furnieri.

Additional keywords: Strontium, barium, laser ablation, ICPMS, whitetocroaker
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Running head: Strontium and Barium as fish habitat indicators
Introduction

Otoliths, or ear stones, are calcified structw@sposed of aragonite and otolin that
develop inside the inner ears of teleost fish. Thaye been extensively used in fisheries
and fish ecology studies, since their propertieagesand growth indicators were described
(Reisbish 1899; Pannela 1971). In the last two desaa new and powerful approach for
otolith studies has emerged: the association aé-pneserving properties of otoliths to the
environmental conditions experienced by fish thioug their life (Radtke 1984). Otoliths
are metabolically inert structures and the elemémterporated to it are related to their
concentration in the surrounding waters as fishwgrdherefore, otolith chemistry is
expected to reflect physical and chemical chareties of the environment (Campana and
Neilson 1985; Fowleet al. 1995a). Due to these attributes, the lifetimeisi fcould be
recorded as chemical information in the otolithso&tium, barium, and other trace metals
(e.g. Zn, Pb) can be deposited into the otolithrixateflecting spatial and temporal
changes of the environment where fish grew. Theatteristics have been used to study
fish migration between salinity gradients and fbe tdetermination of nursery areas
(Thorrold et al. 1998; Volket al 2000; Tzenget al 2002; Zlokovitzet al. 2003). Some
studies have used this approach to identify fisicks (Campanat al 1999) and to
determine fish age (Kalish 1993).

In general, Sr and Ba in otoliths increase accagrtiintheir availability in the water
(Bath et al. 2000; Elsdon and Gillanders 2002). Since strontzoncentrations trend to
increase towards saltwater and barium towards rasr (Surge and Lohmann 2002;
Jacquetet al. 2005), it is expect that salinity affects posilweér and negatively Ba
deposition in otoliths. The validation of this apach has mostly been conducted under
artificial conditions that can hardly reproduce ttsural environment. AlImost no attempts
have been made to confirm laboratory results viidsé¢ obtained from wild conditions (but
seeElsdon and Gillanders 2005a). In the present stuelynimic laboratory conditions in a
natural environment. We investigated strontium badum concentrations in otoliths of the
whitemouth croakerMicropogonias. furniericollected from two different habitats: a
freshwater coastal lagoon (Mirim Lagoon) and a nmebrackish water environment (Rio
Grande) in Southern Brazil (Fig. 1).
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The Patos Lagoon complex (Fig. 1) is the worl@igést chocked coastal lagoon
system (Kjerve, 1986). It is an oligohaline-freskevaecosystem and its southern area
presents the common high variability on salinityestuarine waters (Seeliger 2001). The
communication to the ocean occurs through a singlem width entrance channel, and the
hydrology is mainly influenced by wind and fresheratlischarge (Kjerve 1986; Mdllet
al. 2001). During summer, the estuary commonly rexeiarge inputs of saltwater, which
are enhanced when there is an association to lowgphetric levels and predominance of
SE wind (Castello and Mdller 1978). These saltwatétusions reach the Sdo Gongalo
channel, which is the unique communication betweatos and Mirim lagoons (Fig. 1). To
avoid damages to the rice farms in this regionzBean and Uruguayan governments have
constructed a floodgate on S&o Gongalo channeP#y XFig. 1-A) to control saltwater
intrusion. Since then, the Mirim Lagoon has beerarabterized as a freshwater
environment.

Whitemouth croaker is a eurihaline sciaenid widdistributed along the eastern
coast of the Atlantic Ocean, occurring from the fGuilMexico to the Gulf of San Matias
(Argentina). It has a relatively long life-span lwibbserved ages of about 37 years
(Haimovici and Umpierre 1996). Together with otlseraenidsM. furnieri supports over
50% of the total fisheries production in Southema#ll (Vasconcellos and Haimovici
2006) and it is a biomass-dominant species, whghalso an important fisherys in
Argentina and Uruguay (Lasta and Acha 1996). Spagvhias been registered in coastal
and estuarine waters (Macdatial 1996; Achaet al. 1999; Jaureguizaat al.in press, and
in Southern Brazil it occurs mainly during summiaag@y and Sinque 1995). Juveniles are
found inside Patos Lagoon estuary during the egger (Castello 1986) and adults can be
captured mainly during spawning season. This spesialso caught in the Mirim Lagoon,
despite 30 years of isolation from estuarine waiBusnset al 2006).

Therefore, this situation presents ideal cond#ifor a natural fresh/brackish/marine
water experimentM. furnieri in the Mirim Lagoon inhabits an environment witlo n
salinity variability for the last 30 years, whilts icounterparts in the estuary and adjacent
marine coast are influenced by both, salinity ardpgerature. We use this setup to test the
hypothesis of strontium and barium incorporation atoliths as a result of salinity

variability and ontogeny using the freshwater imdiinals as natural standards for otolith
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microchemistry. Furthermore, results of this stwdil provide basal concentrations for

strontium and barium in the otoliths Bf. furnieri that may allow better understanding of
its life cycle (e.g. migration), habitat use, arfte tlong-term variability of elemental

fluctuations in fish otoliths.

Materials and Methods

Sampling and sample preparation

Ten adults oM. furnieri were sampled in December 2005 in the north arélaediirim
Lagoon (Fig. 1) with a 300-m long gillnet (50 am@*mMm mesh size). Fish specimens were
randomly sub-sampled from the total capture. Otéveradults were obtained from
commercial fisheries in the coastal Rio Grande @fen 1) at the same time. All sampled
specimens were sexed, measured in total lengthsaggital otoliths were extracted,
cleaned and stored dry. The left otoliths were t@bedded in crystal polyester resin and
transverse sections were cut with a low-speed dianltade saw as close to the core as
possible. Thin sections (0.4 mm) were mounted gtass slides with glue. Prior to
chemical analysis, otolith surfaces were polishét silicon carbide paper {r8000),
washed with deionized (DI) water (Milli-Q, Millipet Bedford, USA), sonicated for 3
minutes, and rinsed three times with DI water. Sldes were dried in a horizontal flow

cabinet before analysis.

Elemental determinations by LA-ICPMS

Analytical measurements were performed with a NdGGYBETAC LSX 100 Laser

Ablation system operating at 266 nm, coupled t&BAN 5000 (PerkinElmer — SCIEX)
inductively coupled plasma-mass spectrometer. aberlwas configured for Q-switched
mode operation and operated at a pulse frequen2§ bliz, a scan speed of gh/s, and a
laser beam energy of 0.6 — 0.8 mJ. This low enes@yy used to avoid perforation of the
thin sections; however, it obviously compromiseel dichieved detection limits. Under
these experimental conditions, the ablated crageneter on otoliths was about gt

(Fig. 2). The sampling time allowed two average soeaments per second, and each
measurement was the result of 10 laser shotsrtegjrated an area of approximately 1300

pm? (50 um of length ). Since most part of annuli presermteddth between 200 and 300
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152 um and each measurement is based onjad@ng scan, the temporal resolution

153 corresponded between two and tree months of fife.tMore information on the

154 operational characteristics of the LA-ICPMS systesad is summarized in Table 1.

155 The determined elements (masses) Wiga,2°Sr, *®Ba, **Mg and>>Mn, but only

156  results fo’°Sr and***Ba are presented in this study. Analytical quardtion was

157 performed in the external calibration mode usirsgides of matrix matched in-house

158 standards. These standards were constituted bygareewder CaCgiscs with known
159 analyte concentrations, and similar discs of supr&@aCQ were used as a blank. These
160 standards were proposed and produced by Bellottdvaekeley (2000; 2007), and further
161 details on their preparation, validation and aggtlan were described in these publications.
162 The measured signals (counts per second — cp¥SFoand-**Ba were normalized with
163  reference td*Ca for correction of the bias induced by differenoa the amount of ablated
164 material. Limits of detection (LOD,d, determined from the blank discs and the

165  sensibility (inclination) of the respective calitiom curve, were 0.4Ag g for barium and
166  5.31pg g for strontium. All concentrations were expressechasograms of Ba or Sr per
167 gram of otolith material, considering otolith maaéas a virtually pure CaCO3 matrix.
168 Due to the difficult visualization of the otolitlore in the CCD camera picture, three
169 parallel scans were conducted perpendicularlyéaytbowth increments (Fig. 2), from the
170 core to the edge of each otolith section. Onlystten yielded over or closest to the core
171 was considered. In order to improve the accuradh@measurements, the otoliths were
172 randomly analyzed and a blank scan without laseragaducted after each otolith scan.
173 The laser chamber was purged for 60 s prior to eaghotolith analysis to clean the

174 chamber of residual aerosol from the previous abiat

175 After chemical analysis, otoliths were photograpbeder a microscope. Otolith

176 images were measured using the UTHSCSA ImageTogramme (University of Texas
177 Health Science Center at San Antonio, Texas, fitexXfad6.uthscsa.edu) in order to assign
178 ages to specific locations of the scanned profifiual growth increments have been
179 validated by Shwingel and Castello (1990). Sineegtofiles have a very similar pattern,
180 and in order to avoid too many graphs, we will stwowy four representative profiles from
181 each environment.

182 Model assumptions and statistical analysis
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183 Whitemouth croaker from the coastal area spend ithiéal life at estuarine environments
184 and move to the marine adjacent waters, whereltveeyas adults, reproducing close to the
185 estuaries (Vazzoler 1975; Vazzo#dral. 1999). Because of that presumed behavior, a
186 tendency of increased strontium concentration geeted along their life span, due to the
187 general higher concentrations of this element envgater (Surge and Lohmann 2002;

188 Rosenthal 1981). By the other side, fish that edtéine Mirim Lagoon as juveniles were
189 trapped in a freshwater environment, and strontaitherefore not expected to increase
190 with fish age. Otherwise, we expect to find higharium concentrations in otoliths from
191 the Mirim Lagoon freshwater environment since tie&ment presents commonly higher
192 concentrations in fresh than in saltwater.

193 Based on these assumptions, statistical comparngeresmade regarding integrated
194 concentrations for the first year of life (FYL) rfthe last year of life (LYL) and for the

195 whole fish life (WFL, complete profile). Differens@®n average concentrations of

196 strontium and barium were analyzed between sangvksk and time of life using one-way
197 ANOVA and Tukey HSDpost hodest (Sokal and Rohlf 1969). In order to satisiy t

198 assumptions of normality and homogeneity of vagasnboth variables were log-

199 transformed according to lggx+1). Significance was attributed R 0.05. Trends on

200 strontium increase through the life were assesseudlinear correlation (Sokal and Rohlf
201 1969) and significant increase was admitted forcttreelation that reached both p < 0.05
202 andr > 0.6.

203 A semi-quantitative model was established to ififethistory patterns oM. furnieri
204 and to attribute fresh, estuarine and marine waggratures to otolith composition. Based
205 on literature data (Muelbert and Weiss 1991; Cls1€86), we assund. furnieri had its
206 larval and initial juvenile phase in the estuaryPatos Lagoon. Therefore, the estuarine
207 chemical signature was inferred from strontium hadum concentrations measured for
208 the FYL region for otoliths from fish collected iihe ocean. The marine and the freshwater
209 signals were determined for the LYL assuming tisdt $pent the last year around the site
210 where they were collected. Ontogenetic effects masdyzed based on the assumption that
211 if an elemental pattern is ontogeny-mediated, ousth be observable for both freshwater
212 and estuarine/marine environments.

213 Results
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Despite being older, fish obtained from the Miriragoon were significantly smaller
(ANOVA, P < 0.05) than fish collected from the coast of Riale (Table 2). Mean
barium concentration was significantly higher inldhs from freshwater fish (ANOVAR
< 0.01) and strontium was higher in coastal fisNQVA, P < 0.01, Table 2).

Strontium

Strontium mean concentration presented differemds and values between the sampled
areas. Considering the concentration for wholetbtsurface averaged for all individuals,
saltwater fish presented a mean value of 2496 #866" (Table 2), which was
significantly higher than the value observed fessfiwater fish (728 + 6dg ¢*, ANOVA,

P < 0.05). Analyzing the otoliths surface by periadsfe, significant differences were
observed among all combinations of FYL and LYL (lEaB).

The general pattern shows higher strontium comagons in otoliths from saltwater
fish (Fig. 3). Among them, average strontium com@dions for FYL ranged from 1845 to
2300pug g'and they were significantly lower than mean conegiuns for LYL, which
ranged from 2175 to 4180y g* (Table 3, Fig. 3). For otoliths from freshwatestfj the
inverse occurred, with mean concentrations for EMinging from 632 to 96{dg g*)
slightly higher than for LYL (642 to 8%y ¢g*). Strontium concentrations measured along
the scan axis of otoliths from freshwater fish praed a stable and flat pattern almost
through the complete otolith surface, but with @créase of concentration observed at the
FYL region (Fig. 4). Except for otolith number 3, @toliths from freshwater fish presented
significant higher strontium concentrations at R¥ian at LYL region (TukeyiSDtest,P
< 0.05, Fig. 3). The uniform patterns observecadgtrontium curves for fish from the
Mirim Lagoon were not observed in fish from Rio Gde, where the concentrations
increased significantly with fish age% 0.6 and® < 0.05, Fig. 4). Strontium begun to
increase between one to five years, for most gaheoindividuals. Mean + sd strontium
signatures were determined as 2990 +68%j" for marine, 2069 + 23fg g for
estuarine and 710 and 111§ ¢* for freshwater habitats (Fig. 6).

Barium
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244  Barium patterns showed an inverse behavior frorhftand for strontium, with higher

245 concentrations measured close to the core. Higeannaalues were observed for otoliths
246 from freshwater than from salt water (ANOVR < 0.05, Table 2). FYL presented higher
247  barium concentrations than LYL for fresh and satewéish (Table 3). For otoliths from the
248  Mirim Lagoon specimens, barium ranged from 83 tt 24 g* for FYL and from 83 to 167
249 g g'for LYL. Otoliths from coastal Rio Grande presentedan concentrations from 0.6
250 to 42ug g'for FYL and <0.46 to 11.8g g*for LYL.

251 For most freshwater individuals, the otolith coregented barium concentrations
252 above 10Qug g* (Fig. 5). After the otolith core, towards the edarium concentrations
253 were followed by a peak around the first year feshwater and before one year for

254  saltwater fish (Fig. 5). In those individuals banimaxima reached almost 309 g*,

255 declined to about 100g g* after 5 years, and remained at approximatelydbigentration
256 for the rest of fish’s life.

257 For fish from marine habitat, maximum barium coricaion reached about 4@ g*
258 and presented a fast decline before the first iekavels sometimes below 0.4 g* (Fig.
259 5). In general, barium profiles presented a sinpkttern within habitats, with minor

260 differences due to the peak intensity, and theratesef a peak for one otolith.

261 Mean + sd barium signature for freshwater fish (Bljgwas characterized by

262 concentrations of about 111.6 + 8@ ¢g*, which contrasted with the much lower signal of
263 otoliths from the marine habitat (2.7 + 31§ g*). Barium mean signature for estuarine fish
264 was estimated as 16.7 + 1§ g*.

265

266 Discussion

267  Strontium and barium profiles

268 Strontium and barium variability in fish otolithe$ibeen increasingly applied to evaluate
269 migration between fresh and saltwater environmaitst studies point out that strontium
270 deposition is an indicator of water salinity (esgcor and Rooker 2000; Elsdon and

271 Gillanders 2002; Rookeat al.2002; Araiet al. 2007), and that barium varies inversely to
272  salinity (Vrieset al. 2005; Bath and Wuenschel 2006; Harteal. 2006). In marine waters,
273 concentration of barium is lower than estuarinéeshwater and controlled by barite

274 (BaSQ) precipitation (Jacquett al. 2005). Due to this fact and the higher solubiity
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strontium in sulfate-rich environments (e.g. oceater), the partitioning of strontium
between water and otolith (and also other carbelikdestructures: e.g. corals, mussel
shells) is more favorable. Our results corrobotiaite assumption. Otoliths from freshwater
specimens presented strontium concentrations aftébto 4 times lower than otoliths
from estuarine and marine fish. Barium concentregtion otoliths from freshwater fish were
up to 100 times higher than that from marine habita

For ocean-collectell. furnieri, strontium concentrations increased as fish grows,
with high concentrations towards the edge of disliAfter strontium began to increase, its
concentration did not return to the same previeusll If we consider the increase of
strontium concentrations in otoliths as an indicafiosalinity (e.g. Campana 1999), that
pattern could indicate a move towards a marinetaal8trontium increase towards otolith
edge was observed for chum saln@mcorhynchus ketaas an indicative of fish migration
as well (Araiet al.2007). However, a magnification of strontium camtcation due to slow
growth rates at old ages has been observeldmephelus guttatuySadovy and Severin
1994), suggesting that strontium could not be wsedake inferences about fish migration.
According to Elsdon and Gillanders (2002), ontogedags not affect the incorporation of
strontium in otoliths oAcanthopagrus butcherThe influence of salinity, temperature and
growth rates on elemental composition of otolitagénalready been studied in
Micropogonias undulatuand variability on strontium deposition have ba#nbuted to
otolith size, as promoted by differences on expental temperatures, and ontogeny
(Fowleret al. 1995 a,b). However, there is not a general agraeaimut the influence of
growth rates and ontogeny on otolith microchemisktye growth rate effect on elemental
incorporation was also not established for otoldhkeiostomus xanthuru8athet al.
2000). SinceM. furnieri from the Mirim Lagoon lived constantly in freshwaand there
was no strontium increase toward older ages, whieeumably presents lower growth
rates, this indicates that strontium is not inflcessh by fish ontogeny nor growth rates.
Therefore, otolith strontium concentration can beduas a good indicator of water salinity
where fish grew. We believe that the temporal ngsmh of 2 to 3 months obtained from
the LA-ICPMS equipment used here would be detalsaligh to reveal a seasonal
temperature effect on strontium deposition. Howether absence of a visual seasonal

pattern suggests that strontium deposition ismebrtantly influenced by temperature.
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306 The barium profiles showed temporally well-defirpghks during the first year of
307 life. After those peaks towards the otolith edgajlm concentrations in otoliths decreased
308 to very low levels for fish from coastal Rio Grarated maintained about 1Q@ g* for fish
309 from Mirim Lagoon. Despite the difference in maguolié, with higher barium concentration
310 measured for otoliths from Mirim Lagoon fish, thecarrence of the peaks was consistent
311 between environments. This consistency and thed&ek equivalent pattern in the

312 strontium profiles suggest that barium depositiootoliths ofM. furnieri is regulated by
313 an ontogeny-mediated process during its initial lAccording to Ruttenbegf al. (2005),
314 thereis a trace metal enrichment (including bajiumhe core region for a variety of fish
315 species worldwide and it could be inherited byrti@her. In a recent work about

316 transgenerational mark of embryonic otoliths, Thlatet al. (2006) have injected

317 radioactive barium*t’BaCb) into females oAmphiprion melanopuandCentropristis

318 striataand observed clear barium signatures in otoliti fthe progeny. This finding

319 suggests that the concentrations of barium in tbktlo core could reflect the mother’s

320 environment. However, the peaks observed for Mltagoon specimens got extended to
321 almost five years of life, and that exttaposition of barium could not be inherited by the
322 mother for such long time. The effect of ontogempiolith microchemistry seems to be
323 specific to for different elements and species.fdileghere is a certain negative

324 relationship between environmental salinity andusarconcentration on otoliths ®.

325 furnieri, that relationship is masked during the beginmihthe life. Therefore, barium

326 concentration must be interpreted carefully dutmgfist years of life, under the risk of
327 obtaining incorrect conclusions about fish movenat environmental conditions.

328 When comparing strontium and barium profiles fesfrwater fish, it becomes

329 evident that strontium represents a better indidatosalinity because it delineates a more
330 constant pattern along of the fish’s life than thlaserved for barium. Assuming similar
331 temperature fluctuations for both sampled areascandidering temperature as the other
332 main variable acting on the freshwater environmeut,results show that temperature

333 could not mask the change in strontium concentratiomtoliths as a result of salinity

334 variations during fish’s life. In other words, th#ect of other environmental variability
335 (e.g. temperature) on strontium deposition is we#kan changes in salinity. This indicates

336 that strontium concentration in otoliths can beca@gely used to study. furnieri habitat
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change between marine, brackish and freshwateierBiftly, the oscillations observed for
barium concentrations in otoliths from freshwaterakers were sometimes higher than 60
ug g (excluding the values observed during the fivdahitears). That oscillation is

higher than the total barium range observed foresprarine individuals. It could be
expected that barium concentration in otoliths flmstable freshwater environment should
be therefore similarly stable, but that was no¢ tiRelatively strong variability was
observed for barium concentrations along the graxth ofM. furnieri otoliths. For
estuaries, Elsdon and Gillanders (2005b) foundifsegmt variability of barium and other
elements in the water over periods of hours, dageks and seasons. Most part of
estuarine barium comes from barium-rich river-susigel sediment particles (Nozadtial.
2001). Removal and release of trace elements ianaa¢ processes mainly controlled by
precipitation and sorption (including ion-exchangejo particles (Coffegt al. 1997).

Since the Mirim Lagoon receives water from a ladlggginage basin (together with the Patos
Lagoon, the drainage basin is about 263,876-kiBeeligeet al 1996), it is therefore
suitable that barium fluctuations in otoliths frdfirim Lagoon fish are related to other

environmental factors than local salinity or tengtere.

Strontium and barium reference concentrations

Considering thé. furnieri group in the Mirim Lagoon as an indicator for frester
signature, the concentrations of strontium andubameasured in their otoliths may be
used as a natural and reliable reference for fraghwenvironments (about 70§ g* for Sr
and 100ug g* for Ba, see Fig. 6). By the other side, the elemlesignatures in otolith
from saltwater specimens (about 29G0g" for Sr and 2ug g* for Ba, Fig. 6) may also be
considered as a reference for marine environments.

Based on the life cycle &fl. furnieri, which allows us affirming that this species
spends its initial life in estuarine waters (Vazzdl975; Macchi and Christiansen 1996;
Sinque and Muelbert 1997; Aclkéaal. 1999; Vazzoler 1999; Jaureguizdral. 2003), a
typical signature may also be inferred for thisissryment. This signature can be estimated
from the mean concentration of strontium and barfionthe first year of life for fish

collected at Rio Grande coast (about 20605* and 16ug g* for Sr and Ba respectively —
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Fig. 6). Complementarily, we used the freshwater saltwater signals as reference values.
to confirm the coherence of the estimated estua@oneentrations.

Campana (1999) has summarized trace element coatens in otolith from the
tree major aquatic habitats and reported strontialnes (mean * standard error) of 2137 +
127pg g+, 1937+ 70ug g*, and 698 + 11jug g* for marine, estuarine and freshwater
species, respectively. He also presented bariunm m@acentrations of 3.7 + 08 ¢ for
marine, 8.2 + 2.7ug g* for estuarine and 11 + 218 g*for otolith from freshwater fish. In
our study, we observed very similar strontium comcions for freshwater and estuarine
environments, but higher and more variable conaéintrs for the marine habitat (2990 +
635ug g4), corroborating the mean concentrations of ab800fig g* reported for
strontium in otoliths oM. furnieri from the San Blas Bay, Argentine (Volpedo and Iire
2006). For barium, the concentrations determined tvere about ten times higher for the
Mirim Laggon than the mean concentration publisteedreshwater species (Campana
1999).

In theory, the concentrations of metals in otadittould preserve a distinct
relationship to their concentrations in the watéarfieret al. 2006; Elsdon and Gillanders
2004; Bathet al. 2000), but sometimes this may not occur due tcisgspecific
characteristics (Swearet al. 2003). The noticeably higher barium values deteeatiin
otoliths ofM. furnieri from freshwater (Mirim Lagoom) could be promotedabnormal
high barium concentrations in its water. Unfort@hgtwater data are not yet available,
neither comparative data on Ba concentrationstfditles of this species from other
freshwater environments. This information wouldnleeessary in order to define the
barium concentration levels found here as a spagesific attribute or as an

environmental-induced result.

Implications for M. furnieri life cycle

Strontium and barium results from our study sugggstesting information on the life
cycle ofM. furnieri. Fish collected in the Mirim Lagoon were 35 yeaidson average.
Strontium values were high close to the core, sstyggthose fish entered the lagoon
before one year of life. Lower and relatively camtstrontium values observed thereafter

suggested thal. furnieri lived inside the Mirim Lagoon for the rest of thife. Since no
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398 adults younger than 30 years were captured, ibeanferred that no more entrance of this
399 species has occurred in the Mirim Laggon. Abouy@érs ago, a floodgate was built in the
400 Sao Gongalo channel, the only communication betwleerestuary of Patos Lagoon and
401 Mirim Lagoon. Our results demonstrate that thisuate was effective on preventing

402 significant fish migration between the coast of Biande and Mirim Lagoon, and it is the
403 most plausible explanation for the absence of ydishginside the Lagoon. M. furnieri

404 could reproduce in the Mirim Lagoon, the absenchkigifier strontium concentration at the
405 otolith core would be common. It is known ti\at furnieri spawning in the Rio de la Plata
406 estuary is coincident with the bottom salinity fréMacchi and Christiansen 1996; Acbia
407 al. 1999). In the Patos Lagoon Estuary, spawning gdcucoastal waters (Ibagy and

408 Sinque 1995) and larvae occurrence is associateattavater intrusions (Sinque and

409 Muelbert 1997). Therefore, these evidences inditeteM. furnieri requires salt water for
410 its reproduction and therefore it would not be dbleatch inside the Mirim Lagoon.

411 For this reason, we characterize the Mirim Lagbbriurnieri as a land- locked

412 group and not as a population, since reproductitigity is one of the attributes defining
413 the biological concept of population. Moreover tthaoup will probably be extinct in the
414 near future because of the fishery activity in ttegoon, and the absence of adequate stock
415 renewal.

416
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685 Table 1Operating conditions for the ICPMS instrument amelld: YAG laser (266 nm)

686
687

688
689

690
691

used in this study.

ICP MASS SPECTROMETER

ELAN 5000A (Perkin-Elmer/Sciex)

Sweeps/reading
Replicates
Scanning mode
Dwell time

Forward power

Carrier gas flow (Ar)
Outer gas flow (Ar)

Intermediate gas flow (Ar)

Isotopes measureth(?

3

200 — 360 (depending on the otolith size)

“Peak-hop”
40 ms
1300 W

0.850 dmi / min
15.0 dni/ min
1.00 dni / min

*3Ca,®sr, *Ba, Mg and>*Mn

LASER ABLATION SYSTEM

LSX-100 (CETAC)

Mode

Laser beam energy
Beam divergence
Beam size diameter
Defocus

Crater diameter in otoliths
Pulse width

Repetition rate
Rastering rate
Distance between lines
Pre-ablation time

Total acquisition time

Q-switched
0.6-0.8 mJ
0.8 mRad
1.0 mm

10 um
about 30 um
<8-12ns
20 Hz

40 um/s

80 um

6s

100 - 200 s (depending on the otolith size)




692
693
694
695
696

697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716

87

Table 2.Mean age, total length (TL), and mean concentratarSr and Ba in otoliths of
M. furnieri sampled at the coastal Rio Grande (marine halsitat)the Mirim

Lagoon (freshwater habitat). SD = Standard dewmatio

. Age (years)  TL (cm) Srug gh*  Ba(g gl
Region n

mean * sd mean * sd mean * sd meant sd
Rio Grande 10 14.1+6.7 60.7+7.2 2496 + 366 55
Mirim Lagoon 10 343zx1.1 41.7+3.2 728 £ 64 ®32

*Concentrations averaged for all otoliths using #rdire scanned profile from each
otolith.
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Table 3.Comparison of Sr and Ba concentrations betweeng@enf life and sampled areas

for otoliths ofM. furnieri. Mean concentrations and standard deviation {0

individuals per sampled area) for the first yealifef(FYL) of fish from the Mirim

Lagoon and Rio Grande are expressed ag lind Ry, and for the last year of life

(LYL) as M.y. and Ry, respectively. Th® values (resultant from Tukey’s tests)

were e expressed as <0.01 to avoid large decinmabats in the table.

Sr (mearug g* + sd)

Ba (mearpg g* + sd)

MevL RevL MyyL Rive

Mreve  Reve My Ruve

834 2069 710 2990
+194 +238 +76 +635

138 16.7 1116 2.7
+57 +204 +30 33

Mgyl - <0.01 <0.01 <0.01
Pvalues Ry_ - <0.01 <0.01
Mive - <0.01

- <0.01 045 <0.01
- <0.01 <0.01
- <0.01
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740 Figure Legends
741

742  Figure 1— Sampling area at South Brazil. A = Floodgat&@b Gongalo Channel.

743

744  Figure 2 — Photomicrograph of a left otolith section of&y&ars oldM. furnieri from Rio
745 Grande showing the laser ablation rims. The imagese taken using incident light
746  (principal image) and transmitted light (zoom appign The otolith core is indicated by
747 the letter C and the locations of annuli are ingideby numbered arrows. Scales represent
748 1 mm (white bar) and 10@m (black bar).

749

750 Figure 3 — Strontium and barium average concentrationgh#first (FYL) and last (LYL)
751 vyear of life forM. furnieri otoliths from the Mirim Lagoon (white bars) andastal Rio
752 Grande (grey bars). Error bars indicate standavéhtien.

753

754  Figure 4 — Strontium concentrations for whole analyzed sdan otoliths ofM. furnieri.
755 The arrows indicate the location of the 1, 5, 26 a8" annuli for specimens of the Mirim
756 Lagoon, and 1, 5 10 and®2@nnuli for the Rio Grande individuals.

757

758 Figure 5 — Barium concentrations for whole analyzed scan®folith of M. furnieri. The
759 arrows indicate 1, 5, 20 and™&nnuli for specimens of the Mirim Lagoon, and 1,06and
760 20" annuli for the Rio Grande individuals.

761

762 Figure 6 — A semi-quantitative conceptual model of strontiand barium signatures in
763  otoliths ofM. furnieri for marine, estuarine and freshwater habitatoattsBrazil.
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ANEXO Il

Ontogenetic habitat change in a long-lived sciammiitsh: an approach

based on otolith microchemistry

Albuquerque, C.Q., Miekeley, N., Muelbert, J.H.
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Abstract

Strontium concentrations on otoliths of whitemoattbakerMicropogonias
furnieri from Brazilian (S&o Paulo and Rio Grande), Uruguegnd Argentinean
coastal waters were examined in order to deterpétierns of estuarine use and fish
migration towards coastal habitats in the South{#dantic continental shelf.
Additionally, samples from a Brazilian freshwateastal Lagoon (Mirim Lagoon) and
an estuary (estuary of Patos Lagoon) were takpnoide elemental reference
concentrations for freshwater and estuarine habifatLA-ICPMS calibrated with

CaCQ standards was used to measure absolute strontinoeitrations along profiles
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from the core to the edge of the otoliths. Thergtumn profiles were individually
averaged by fish age and analyzed for the inteapoet of estuarine use through
evaluation of initial strontium concentrations (ageand 1). Habitat change was
assessed interpreting the time of escape frommstuafluence (TEEI), measured as
the time at which strontium concentration in otwibave reached values about 2060
g*. Long-term habitat change was interpreted by didigin exponential function to
the strontium profiles along fish life time. Thesuéts show strontium concentrations in
otoliths to be about 800y g* for freshwater, 1800 for estuarine and generatro
2000pg g* for coastal marine habitats. Whitemouth croakesented consistent
signals of estuarine habitats for the ages 0 aridfor all regions. The average TEEI
ranged from 4 yr for south Brazil to 7.5 yr for duay. This result suggests estuarine
dependence as a species-specific attribute cleaisdnt of M. furnieri. Three long-term
habitat change patterns were observed: (1) Paiteepresents fish that do not stabilize
the long-term habitat change and search more sakiters for the entire life; (2)
Pattern B comprises fish that stabilizes long-teahitat change at high salinity waters;
and, (3) Pattern C represents fish that spendritie dife close to estuarine influenced
areas. Except for the absence of pattern A for Atigean coast, the lack of latitudinal
organization of these migratory patterns suggestseaies-specific strategy of fish

displacement along the South-West Atlantic contialeshelf.

Keywords:Micropogonias furnierj otolith microchemistry, strontium, estuarine use,

habitat change, fish migration.
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1. Introduction

Many theories have been proposed and many conicapésbeen elaborated in
order to explain and understand the existing movesngerformed by fish among
habitats for different taxonomic groups [1]. Undargling the migratory patterns of
animals in nature represents key information oroggg particularly when regarding to
their conservation. In this study we will approdlh study of movements of fish from
estuarine-brackish towards coastal-marine habiatsin seasonal, but in life-time
basis. Therefore, the term “migration” would notapgropriate here. Recent studies
raised two classifications approaching the usestifagies by fish [2], regarding fish that
move but do not complete the fresh-marine wateratign: “Marine stranglers” which
contains species that spawn at sea and typicaky estuaries only in low numbers;
and, “Marine migrants” which refers to species #@awn at sea and often enter
estuaries in substantial numbers.

The whitemouth croakeMicropogonias furnieriis an eurihaline long-lived
(>40 years) sciaenid species widely distributec@lihe eastern coast of the Atlantic
Ocean, occurring from the Gulf of Mexico to the fafl San Matias (Argentina).
Together with other sciaenidgl. furnieri supports over 50% of the total fisheries
production in Southern Brazil [3] and it is a bisaalominant species, which also
represent important fisheries in Argentina and Weayg[4]. It is one of the most studied
fish species in South America and ecological aspetated to reproduction, growth,
diet, nursery areas and spatial distribution ameaaly known in Argentina and Uruguay
[5, 6, 7] and Brazil [8, 9, 10, 11]. In ArgentinadaUruguayM. furnieri spawns
preferably in the inner part of the Rio de la Pkgtuary [12] and in Brazil it spawns
mostly in the outer part of Lagoa dos Patos estliffjand Cananeia Lagoon [13] Eggs

and larvae are transported to estuaries [9] anguttemiles inhabit estuarine shallow
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zones [7]. Despite the seasonal reproductive momtsniewards estuarine regions, the
movements carried out Y. furnieri during its life is not well understood. It is
suggested that during the first sexual maturatmmyg adults emigrate to the coastal
zones where they spawn, and occupy the continehédfl being fished mostly under 50
m of depth (8, 14). Therefore, at a first approlitropogonias furniericould be
considered a “marine migrant” fish species, asngefiby previous studies [2].
However, there is not a conclusion concerning treegyies of estuarine utilization for
this species along the life. Estuarine dependeb6ldnd estuarine opportunism [16]
have been described as strategies of habitat ust faynieri. These evidences
demonstrated that whitemouth croaker movementpatend life cycle may be more
complex than suggested so far.

Many techniques have been developed in order kawidish movement over
time. Some examples are mark-recapture methodstgl@metry [18], passive
integrated transponder [19] and natural [20] anifi@al [21] chemical tags on otoliths.
Otolith microchemistry has been increasingly useddcess fish migration since
otoliths were described as metabolically inerttites that grow continuously
throughout fish life and store information of thereunding environment [22].
Therefore, otoliths record information about theimmment were fish grew,
particularly regarding salinity [23], temperatu2] and water chemistry [25]. [26]
pointed out the advantages of studying fish migrafrom otolith chemistry based on
the fact that each single fish is naturally tag@mdlith approach) and returns an entire
life of information, while tag methods only providéormation at two moments (time
of tagging and recapture). Strontium and bariumlagity in otoliths have already
been reported as good indicators of habitat udd.yrnieri, with high barium

concentrations observed for otoliths from freshwéasgt and high strontium
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concentrations found for marine ones [27]. Althouaggration regards diverse temporal
scale, from days to years, most part of studiesbrmovements have focused the
attention on the seasonal based migratory behéwigr reproduction). There is almost
no attempts regarding a large temporal scale moneareeventual changes on habitat
change trends along the life of long-lived fish@ps (but see [28]).

In this study, movements M. furnieri based on the interpretation of strontium
profiles in otolith from fish collected at BrazihiaArgentinean and Uruguayan waters is
investigated over large time scales. More spedificare will evaluate the estuarine use
by M. furnieri and test the hypothesis M furnieri as presenting a single habitat

change strategy in the South-West Atlantic Ocean.

2. Material and methods

2.1. Sampling and sample preparation

The study was developed in the coastal regioneBtbuth-west Atlantic Ocean, and
includes the Argentinean, Uruguayan and Brazil@asts (Fig. 1). Between 2004 and
2005, 147 adults of whitemouth croakht. furnieri) were collected from commercial
fisheries at north coast of Argentima= 34), Uruguay (n = 32 ), Rio Grande/Brazl<
31), Sao Paulo/Brazih(= 30) and Mirim Lagoon/Braziin(= 20). Ten juveniles were
collected in the estuary of Patos Lagoon.

All sampled specimens were measured in total lersgtked and sagittal otoliths were
extracted, cleaned and stored dry. The left o®hktlare then embedded in crystal
polyester resin and transverse sections were muigh the core using a low-speed
diamond blade saw. Thin sections (0.4 mm) were realionto glass slides with crazy
glue. Prior to LA-ICPMS analysis, otolith surfasgsre polished with silicon carbide

paper (A 8000), washed with deionized (DI) water (Milli-®jllipore, Bedford, USA),
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sonicated for 3 minutes, and rinsed three timek @ltwater. The slides were dried in a

horizontal flow cabinet before analysis.

2.2. Elemental determinations

Analytical measurements were performed with a NdGYBETAC LSX 100
Laser Ablation system operating at 266 nm, coupdegzh ELAN 6000 (PerkinElmer —
SCIEX) inductively coupled plasma-mass spectrom@@®-MS). The laser was
configured for Q-switched mode operation, defocusgulilse frequency of 20 Hz, scan
speed of 4Qum/s, and power of 0.4 — 0.6 mJ per pulse. Undeeticenditions the beam
diameter was about 38n. The ablated material was conducted through B ebated
tube into the ICP-MS using Argon as carrying ga8%@in? min™). The ICP was
operated at 1500 W with outer and intermediateflgasof 15 and 1.1 drhmin™
respectively. The determined elements (masses)t@ae®°sr, *®8Ba, **Mg and>*Mn.
However, only*®Sr concentrations were evaluated for this work. @entification was
performed using the external calibration mode. Staedards were constituted by
pressed powder CaGd@iscs with known analyte concentration, and sumr&aCQ
discs were used as a blank. These standards wiesed and produced by [29,30].
The measured signal (counts per second — cpsabbr @ement was normalized with
reference td3Ca for correction of the bias induced by differenoa the amount of
ablated material. To obtain the limits of detectib@D), the blank discs were scanned
10 times. Each mean profile was used as a singlgtarconcentration and the standard
deviation @) from the 10 values was considered. The LOD wésutated as 8
divided by the sensitivity (inclination) of the pesctive calibration curve and it was 4.9

ug g*. The limit of quantification (16 / inclination) was determined as 4§ g*.
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2.3.Data analysis and model description

After chemical analysis, otoliths were photograpbeder a microscope. Otolith
images were measured using the UTHSCSA ImageTogramme (University of
Texas Health Science Center at San Antonio, Tdta8maxrad6.uthscsa.edu) in order
to assign ages to specific locations on the scaprefde. The strontium profiles were
analyzed individually by fish and were averaged/bar and plotted against age for
each sex. Therefore, seasonal signals were noidesed in this study. The otolith
strontium concentration relative to the range tfi@sne influence was calculated as the
average concentration and standard deviation ofitstim in otoliths, measured
between ages 0 and 1.

Tree approaches have been considered in ordeataathbrize the long-term
habitat change patterns. The first one studie@ximence of a juvenile pattern of
movement and it is related to the estuarine udd.yrnieri. Juvenile movement was
evaluated thorough the strontium concentrationgmesl for the ages 0 and 1, using
the “juvenile movement index” (JMI) to evaluate tiigection of juvenile movements.
JMI was calculated for all individuals by subtragtistrontium mean concentration of
age 0 from age 1, except for fish from Mirim Lago®herefore, neutral, positive and
negative values of JMI indicate respectively julenesidency, movement toward
higher salinities and movement towards lower stdisj between ages 0 and 1. To be
considered negative or positive, the absolute vafldV1 have to be greater than 9§
g™ (or lower than -9.9ug g*) which represents the limit of quantification bétLA-
ICPMS analysis performed here.

The second approach investigates the moment innvidhidurnieri escapes from
the estuarine influence (Time of Escape from Egtednfluence — TEEI). This

attribute was calculated as the cumulative frequehandividuals out from the
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estuarine influence by age for the four coastabregy These frequencies were fitted (by
least squares) to a logistic function (1) in orbedeterminate the theoretical age where
50% of the individuals are out of estuarine infloeifsg). The logistic model is defined

by the equation:

_ 1
(1) I:i - 1+ G(a_Ti)

WhereF; is the relative frequency of individuals out oftesine influence at agea is
the model parameter that represents the TEETaistthe age.

The third approach described the overall lomgitkabitat change pattern. Since
we arbitrarily expect that individuals older thahylears have already started to express
their pattern of long-term habitat change, a exptiakfunction (2) was fitted to each
strontium profiles for fish older than 10 years (AR= 8; UR,n=21; RGn =21 ; SP,

n = 12) using least squares estimation. The long-teovement curve (LTMC) is
defined by the function:

(2) St =S {1-&™ )
whereSr; is the mean strontium concentration at e, is the level of strontium
concentrations in which the fish have stabilizedaong-term movement; anl,
represents how fast the fish reaches the long-séaility. This procedure was not
performed for Mirim Lagoon fish because LTMC was switable to describe strontium
accumulation patterns for that region. Data fromfikt year (age 0) where removed

from this analysis to improve the curve fitting.

2.4. Statistical analysis
Differences on strontium concentration and LTMCapagters among regions were
tested using one way ANOVA, after the assumptidmsoomality, homogeneity of

variances and mean-variance relationship wereigdriThe LTMC parametér, was
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disregarded from the analysis because of the laekalogical meaning. Differences on
the frequencies of patterns of JMI and LTMC amaitessvere tested using test.
Additionally, LTMC parameters were analyzed by naithensional scaling (MDS) in
order to verify the existence of similarities. Tdignificance of these similarities was
tested trough Analysis of Similarity (ANOSIM). BoMDS and Analysis of Similarity
were carried out trough the Primer 5.0 computekage (Plymouth Marine

Laboratory).

3. Results

Adult whitemouth croaker presented mean totaltlemgnging from 39.2 to 61.2
cm and mean ages ranging from 7.2 to 35.3 yeats (MjaThe number of females (78)
examined was slightly higher than the number ofesé69). Females were predominant
from S&o Paulo, Rio Grande and Argentina and nvaéee predominant in Uruguay

and Mirim Lagoon.

3.1. Strontium signatures

Initial strontium mean concentrations in otolifage 0 and 1) ranged from 645
ug g* at Mirim Lagoon (Fig. 2—A) to 2500g ¢ at Sdo Paulo (Fig. 2-B). Significant
differences on strontium concentrations of iniiges were observed between Mirim
Lagoon (freshwater) and the other areas (Fig. B; TéP < 0.05). However, no
significant differences were observed amongst tastal sampled areas. Average
strontium concentration in otoliths of juveniMe furnieri was not significantly different
from the initial concentration observed for adighf(Tab. 1P > 0.05). Higher mean
concentration was observed for older ages foraamied areas except for Mirim

Lagoon (Fig. 2) and reached 4406 g* in fish from Rio Grande (Fig. 2—C). There



106

were no significant differences on strontium corcions between sexes for age 0 and
1 (ANOVA, P > 0.05) and no differences on visual patterns wéserved on long-term
strontium concentration between sexes.

Negative values of JMI were significantly more alant, particularly for
Argentina, Uruguay and S&o Paulo (Tab 2). The Ergeportion of negative JMI were
observed respectively for Uruguay and Argentina.Fio Grande, the three types of
JMI were equally abundant. Positive JMI values wheesecond most abundant JMI
type and its higher proportion was observed for ®&ande. Neutral JIMI occurred in
significant smaller proportion on individuals frddruguay and Argentina.

The logistic function showed that the time of eschpm estuarine influence
(TEEI) was variable according to the sampled aFég @). Sdo Paulo, Argentina and
Rio Grande presented close values of TEEI when eoedaato Uruguayan ones, which
presented the highest TEEI (Fig. 3). After age d4nore otoliths were observed with
strontium concentration inside the range determfnedstuarine influence.

LTMC parameters were summarized at table 3 anglgroficant differences
were observed among areas (ANOVRA> 0.05). Three theoretical habitat change
patterns were raised according to the shape of LTM@ 4). A fourth pattern (D) was
designed in order to represent the individuals ffieeshwater, and there are no values
of Sr,, andK for this category. The patterns A, B, and C, vwagaificantly different
among themselves (ANOSIN®, < 0.05, Fig. 5). Therefore, long-term habitat apan
strategies were described as follows: Pattern ésqmts very high values 8f,, (>
4000) and very low values K < 0.1); Pattern Pattern B presents High (4000 >Sr,,
> 3000) and intermediat€ values (0.2 X > 0.1); and, for Pattern C it is observed low
values ofSr,, (< 3000) and high values &f(K > 0.2). The co-occurrence of these

strategies did not show any significant predomiednetween sites (Tab. 2). The
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patterns B and C were observed for all sampledsambie pattern A was not observed
for Argentina. Three representative examples oviddal strontium profiles show the
fitting between theoretical and observed curvesifeach strategy of long-term

migration (Fig. 6).

4. Discussion

4.1. Assumptions and concepts

The analysis of strontium in otoliths has beendbrgised to evaluate fish migration
throughout a gradient of salinities [23; 20; 31]pdsitive relationship between
strontium concentration in otoliths and salinity eeen refered in many studies (see
[31] for a review). In sciaenids, positive relathip was observed fddicropogonias
undulatug[32], Pogonias cromi$33] andMicropogonias furnier{27]. Therefore,
differences in the concentration of strontium altimg otolith profile reflect changes in
the salinity of the environment that fish experieth¢hroughout its life time. Existing
evidence supports the assumption that observedyeban strontium concentration is
the result of movements between a salinity gradieime extent of that gradient was not
determined and for that reason we will not refeatbsolute salinity concentrations but
to general patterns of habitat change.

Recent studies demonstrated that whitemouth crabkefived over 31 yr in
freshwater (Mirim Lagoon) lack ontogenetic induadiation of strontium
concentration along the otolith profiles [27]. Tdtelith strontium concentration found
for those fish represent a confident strontium aigre for freshwater fish.

Another important evidence is the capability tagsstrontium signatures to
estuarine areas. Sinb& furnieri reproduction occurs inside and close to estuaaiss,

juveniles are expected to growth mainly inside @s#s (see introduction for
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references), it is assumed that strontium signdturthe range of estuarine influence is
represented by the group of strontium concentratinaasured in otoliths, between 0
and 1 yr. Consequently, the range of estuarinestnm signal is expanded over that
previously estimated [27] according to the valuesented on table 1. Otoliths
analyzed from juvenile fish assure these stronttomcentrations as confident
signatures for the estuary of Patos Lagoon. Sirdese pattern of initial strontium
concentrations in otoliths has been observed faaahpled areas (except freshwater), it
is assumed that initial levels of strontium as sigmatures for estuaries and estuarine
influence areas.

Within many other definitions, estuaries can becdbed in a broad sense as
“transitional water bodies” [2]. That approach bagn recently used because there is
not a single definition able to cover all the typpé®stuaries around the world. Here,
estuaries are taken as dynamic systems able terprealinities ranging from < 1 to 34
PSU [34]. Therefore, under appropriate meteorokdgionditions there will be an
estuarine condition in the coastal adjacent regigside from the physical boundaries
of the estuaries. Particularly, between Rio Graatk Uruguay, a widespread influence
of the continental discharge affects the salinftgaastal waters [35]. That estuarine
influence (salinities lower than 33) reaches 50ersedf depth during winter and could
potentially affectM. furnieri stocks particularly during years with high freshsva
discharges (e.g. El Nifio years). To that estuazomalition along the shelf, we have
attributed the term “estuarine influence”. This arefanding is important because a fish
collected in a coastal area can present a strorgignature in otoliths reasonably close

to the signature expected for a true estuarineect fish.

4.2. Estuary utilization by whitemouth croaker



109

The role of estuarine use fish has been studieaaimy ways and two concepts
seem to be fundamental to describe the fish spwsises estuaries at least in part of
their life cycles: () Estuarine-dependency ang Estuarine-opportunism. These
concepts are variable according to author and goofestudy [36] and leads to a
conceptual confusion that would be easily solvegiayiously defining the terms to be
adopted in any scientific work. Here, estuarineedwjent will refer to fish as “species
which usually require the estuarine habitats fonsstage of the life”[37]. Following
the same author, estuarine-opportunist can beibdedcas “coastal marine species that
inhabit estuaries with some regularity but whichndo require these habitats”.
According to conceptual approaches, a fish spetiesld be considered estuarine
dependent only if the loss of estuarine habitdectd adversely its population [38]. The
strategy of estuarine use by whitemouth croaketbleas discussed and there is still not
definitive conclusions about this issue. It hasnb&gggested thad. furnieri would be
characterized as estuarine-opportunist based dia¢héhat eggs and larvae are
passively transported towards estuarine shalloasaaed on the existence of juvenile
fish growing in the coastal area of Rio Grande [T} the other hand, the use of
estuarine areas . furnieri has been suggested to be obligatory for larvae and
juvenile fish [15]. Nevertheless, there is notwdgtevaluating specifically this issue.
The main question generating different points efwis the presence of juveniles
growing far from estuaries. However, there aretndiss assessing the time extent in
which those fish were really growing outside frostuaries. The juvenile presence
away from estuaries would be related to some pai@dtuary extent to the shelf as
promoted by NE winds [39]. Sindd. furnieri is an eurioic species, there would be no
physiological problems regarding the survival adgé individuals. Many authors have

showed the strong presencewffurnieri along estuarine environments. Salinity and
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temperature were suggested do not influence jurepitial distribution at estuary of
Patos Lagoon [8]. This finding was corroboratedther authors [7] that have
indicated turbidity as the main influence factar tioe youngest age-classes in the Rio
de la Plata estuary, however salinity would be niowgortant for old juvenile and
adults.Our results show that the majority (about 71%)ef juvenileM. furnieri

actively search for low-salinity waters during fivet and second years of life (negative
JMI, table 2). This trend was based on the absodleteease of strontium between ages
0 and 1 (negative values observed for JMI). The 8d#taining fish presented both
emigrational trends (search for more saline wate25%) and residency strategies
(4%). However, not a single fish presented strontaoncentration over the limit
expected for estuarine influence for both age 0lankhis active search for low-salinity
waters and the absolute predominance of estuanmatisim signatures at the otolith
zones corresponding to ages 0 and 1 represengc diridence of brackish water search
by fish. Therefore the association to estuarineergadeems to be an obligatory
characteristic for th#l. furnieri ecological success; indicating tit furnieri should

be considered an estuarine-dependent speciesmfpuetance of estuarine waters for
sciaenid fish has been recognized [40] and spasiesiostomus xanthurys
Micropogonias undulatuandPogonias cromi$as already been proposed to present
the estuarine-dependency strategy of estuaryatiiz [36]. Looking a. furnieri
profiles (Fig. 4), when the range of estuarineuefice over the coastal areas is
considered, this estuarine-dependence seems tasenubore than the juvenile time.
The values of TEEI (Fig. 3) over the sexual mataratime (1 — 3 years, [8; 41, 42]
reinforce the idea that many adult fish still inhidabe vicinities of estuaries after
reproduction. TEEI over 10 yr among the three sachptgions were observed,

suggesting these areas are still being used ferakeold individuals. However, as the
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fish grow there is a decreasing trend of estuarsgwhat characterizes the long-term

habitat change that will be discussed next.

4.3. Long-term habitat change

The examination of otolith strontium ®f. furnieri suggests the existence of
different strategies of long-term habitat changetfie Southwest Atlantic Ocean. The
strontium profiles presented three reasonablyrdispatterns based on the shape and on
the parameters of the LTMC. Pattern “A” can be medi as the behavior in which there
is not a stabilization of the strontium increasengl fish’s life and the asymptotic
concentration is not reached (medm = 5000ug g* and mearkK = 0.04). Therefore,
individuals included on strategy A present a camstearch for more saline waters
along its life. That characteristic may implicatetivo hypotheses: (1) the fish spend
increasingly more time in marine habitats. Singgaduction occurs at mesohaline low
Sr* waters, close to estuaries [10] or into the estisdrl2], that pattern could indicate
that the reproductive period is getting shortelegss frequent as the fish is getting old,
what promotes higher mean annual strontium conagois in their otoliths. (2) Fish
search increasingly more salty waters along the MMherefore, whitemouth croaker
would move to deeper waters as it is getting olahiding estuarine influenced areas
and getting higher strontium concentrations onoitsliths. LargerM. furnieri are
preferably captured at deeper waters [14; 43] vwehgiports the second hypothesis.
However, there is not evidence for either rejecdugrport the hypothesis one.

Pattern B includes fish that stabilize the longrtdrabitat change with high but
reachable asymptotic strontium concentration (m®an= 3378ug g' and meark =
0.13). Consequently fish from strategy B emigratenaarine waters, and at some time it

stabilizes the time spent between marine or esteanfluenced waters. Therefore it
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seems to have reached the equilibrium betweenithe $pent at reproduction (low
salinity waters) and the rest of the year (highnggl waters). If considered in total
number for all sample sites, Pattern B represetitedmost abundant habitat change
pattern.

For the pattern C, the long-term habitat changetdeszmarine waters seems not
occur, and the individuals tend to maintain thexpmity of estuarine waters as
evidenced by the low strontium concentrations dytire entire life (mea8r,, = 2630
ug g* and meark = 0.38). These individuals would in broad sensedlied “short
migrants” and could represent an important pathefpopulation mainly caught by the
artisanal fisheries on the shallow waters of thetBeest American continental shelf.

Migration would be motivated mainly by feeding (s#eof food), climatic
changes (search for more suitable climactic comu and reproduction [1]. For
instance, size-specific dispersion has been ihjitslggested [44] to explain sciaenid
movements towards higher salinities. Accordinghent, the here called long-term
habitat change would represent a trade-off betie@rased predation risk and food
availability since both are positively related #disity. Similar long-term habitat change
trends were for striped bass and were suggestecttor because striped bass larger
preys tend to inhabit more saline waters [28].h&t toastal area of Rio Grande it has
been showed an increment of macrobenthic divetsityards deep waters, particularly
from 11 to 45 m of depth [45]. In Argentinean andiguayan waters it was observed an
increased trophic diversity of Polychaete towardfér salinities [48], and a positive
effect of salinity and depth on macrobenthic diitgrgl9]. In the same way, higher
biomass and density of benthic megafauna were wéddretween 50 to 100 m than
between 10 to 50 m of depth for Sdo Paulo coast 8l6ce the benthic infauna and

epifauna constitute the most importaitfurnieri prey groups [47; 50], it would be
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therefore suggested feeding as one of the possablges for the long-term habitat
change exhibited byl. furnieri. However, additional studies should be develaped
order to evaluate feeding habits for older ageselasBesides food availability and risk
of predation, intra-specific competition would bplausible factor for inducing habitat
change. As suggested by Haimovici & Ignacio (208%8)furnieri growth has been
suggested to be strongly dense-dependent [42ftrer these differential movements
along the life would mean ecological strategieavoid intra-specific competition.
Interestingly, for all sample areas there was aohtisplacement patterns and
an absence of latitudinal organization of the regpe patterns which suggests the
existence of patterns of movement more complex finaposed earlier. Therefore, the
hypothesis oM. furnieri to present a single migratory behavior in the Baatt
Atlantic Ocean is rejected. When habitat changeeggres A, B and C are examined, it
is possible to observe fish occupying very difféneaters as they were “trying” to
avoid common areas where population density woaldigh and therefore the
problems inherent to these densities would be @&bas well. Another interesting issue
to think about would be the possible effect of gdnaommercial capture that could act
as an evolutionary pressure negatively selectstgwiith more aggregative behavior,
and could potentially increase the numbers of fis@senting dispersive behavior. In
future studies, this issue should be investigateeXdamining otoliths from old
collections and comparing the frequencies of largathabitat change types with that

observed in the present study.

5. Conclusion
This study represents the fist evaluation of losgrt habitat change in fish with

the use of otolith microchemistry. The results dtherattention to the existence of
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different behavioral patterns for fish after theacbme adults. These patterns of habitat
use should be considered by life history studié® dnalysis of strontium profiles on
otoliths demonstrated the dependenc®ofurnieri to estuarine and brackish waters,
and showed different patterns of coastal-oceasltdisplacement along the continental
shelf. Future studies should focus on feeding apdoductive strategies among
different ages of adult fish, to help to understdrelreason for the long-term habitat

change observed in the present study.
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Table 1 — Description oM. furnieri sampled at South America. Total length is
indicated by TL and the Estuarine Influence RangHR) was based on

otolith strontium concentration for ages 0 and 1.

Site (Adults) Male  Female Age (years) TL (cm) EIR

mean +SD  mean +SD  mean Srig ') +SD
SP / Brazil 11 19 99 +44 46.2 +3.8 1869 822
RG/ Brazil 15 16 14.8 £9.8 61.2 +5.9 1794 + 213
Mirim Lagoon / Brazil 11 9 35.3+£0.7 429 4.1 28+ 55
Uruguay 19 13 10.7 £5.8 51.7 9.7 1698 + 195
Argentina 13 21 7.2 +6.8 39.2 +95 1755 +£213

Site Juvenilegy
RG/Brazil (n=10) NA NA <1 year 7.8 £0.9 781 +101

* Sr concentration for Mirim Lagoon does not reg@sEIR.

Table 2 — Absolute and relative frequencies of dugeMigratory Index types (JMI)
and Long-term habitat change patterns among stiggificant differences

were tested by test.

JMI Habitat change pattern
Site Positive Negative Neutral A B C
(23%) (66%) (11%) (33%) (40%) (27%)

o] o] o] Tot o] o} o] Tot
Sao Paulo 9 *20 1 30 2 4 6 12
Rio Grande 13 15 3 31 8 8 5 21
Uruguay 5 **27 *0 32 7 7 7 21
Argentina 5 **28 *1 34 0 6 2 8
Total 32 **90 **5 127 17 25 20 62

** a=0.01
*a =0.05
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Table 3 — Mean parameters of long-term migratiomveucalculated by site and

ANOVA results for the comparison for each parambttween sites.

SPA=12) RGA=21) URA=21) ARQ=8) ANOVA

Von Bertalanffy mean (£se) mean (zse) mean (xse) mean (xsef P
Parameters
Sr, 3635 (+316) 3929 (x239) 3501 (+239) 3219 (+387)980. >0.4
K 0.26 (+0.05) 0.15(¥0.04) 0.18 (x0.04) 0.17 (£0.06).92 >0.4

To 3.8 (x1.4) -6.4(x1.1) -7.2(x1.1) -3.3 (x1.7) 08. >0.1
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Figure 1- Study area in the South-West Atlantic d@ceBlack circles indicate
approximately sites werbl. furnieri samples were collected at S&do Paulo
(SP), Rio Grande (RG), Mirim Lagoon (ML), UrugudyR), and Argentina
(AR). Juveniles (J) where collected in the Patogdosm estuary.

Figure 2 — Strontium profiles averaged by ageMofurnieri sampled at Mirim Lagoon
(A), Sao Paulo (B), Rio Grande (C), Uruguay (D) #&rdentina (E). White
and black circles indicate respectively males apthdles. Each line
represents a single individual. Shaded area ineBcathe strontium
concentrations representative for the estuarinkiente range (EIR), as
showed in Table 1.

Figure 3 — Proportion dfl. furnieri individuals out from the estuarine influence range
by age, according to a logistic function for eaeimple site. §, represents
the age in which 50% of the individuals presentiednsium concentrations
in otoliths higher than the estuarine influencegean

Figure 4 — Conceptual model showing the four tygpiesabitat change strategies fdr
furnieri. Types A, B and C were modeled according to thegd@rm
migration curve adjusted for otolith strontium pkesg along fish’s life. Type
D was based in thigl. furnieri group confined in Mirim Lagoon.

Figure 5 — Multidimensional scaling based on loagrt migration parameter& (and
Sr,,) for strategies A, B, and C. Circles indicatesgigant different groups
(ANOSIN, P<0.05).

Figure 6 — Examples strontium profiles in otolithM. furnieri, averaged by age and

adjusted to the strategies A (Rio Grande), B (Atigex), and C (Uruguay).
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Figure 2b
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Figure 2d
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ANEXO IV

Evidence forMicropogonias furnieristock segregation at Southwester

Atlantic Ocean, as revealed by otolith microcheryist

Cristiano Q. de Albuquerque, Norbert Miekeley, AdmirJ. Jaureguizar, José H.
Muelbert

(Periddico a determinar)
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Abstract

Elemental composition d¥licropogonias furnieriotoliths from southern Brazil,
Uruguay and northern Argentina was examined by CRMS in order to evaluate
stock mixture or separation along this region. Aset were performed approaching the
otolith portion related to the first year and lgstars of fish’s life. The results suggest
significant differences on the concentration ofE&, Mg and Mn between otoliths from
freshwater and coastal water fish. Along the coasteas, for first year, stocks were
partially overlapped suggesting a degree of coimmedbetween Bahia Blanca and
Partido de La Costa-Uruguay (Platensis) stock. @h&t®cks presented reasonable
separation from Santos (Brazil) stock. Rio Grantbeks could not be well separated

from Santos and presented a strong overlap witlotiner stocks. For last year of life a
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degree of separation was observed between Rio &ramd Platensis, and Rio Grande
and Bahia Blanca stocks. These results constitutevalence for partial separation of
M. furnieri stocks from Southwest Atlantic Ocean.

1. Introduction

The whitemouth croakeMicropogonias furniericomprises one of the most
abundant fishery resources of the Southwest Adamtean (Haimovici and Umpierre,
1996). Although it is distributed from Antilhas tBulf of San Mathias (Argentina,
Chao, 1978), the major part of the catch is obthinem southern Brazilian, Uruguayan
and northern Artgentinean coasts (Lasta and Acl®®;19asconcellos and Haimovici
2006). Total landings reached about 130,000 t i85190,000 t for southern Brazil
(Haimovici and Ignacio, 2005), and 60000 t for Argee-Uruguayan Common Fishing
Zone (Carozza and Hernandez, in press). Catchmiepueffort (CPUE, t day) was
observed to continuously decrease from about ¥t #1980 to 0.2 t dayin 2002 for
southern Brazil (Vasconcellos and Haimovici, 20G6)¢d total biomass was estimated
to decrease from 200,000 t in 1996 to 70,000 t0®22for southern Brazil,(Haimovici
and Ignacio, 2005) and from 280,000 t in 1991 t®,2Q0 t in 2008 Argentine-
Uruguayan Common Fishing Zone (Carozza and Hermzandepress) (Carozza and
Hernandez, in press). The steady decrease in bsombBthe whitemouth croaker
emphasizes the actual status of heavily overfidtsebry resource (Vasconcellos and
Haimovici, 2006). SinceM. furnieri is captured under a wide latitudinal range,
evaluating the interdependency among the existiogks becomes fundamental to
support production models that assess the exptmtatatus of fish populations (e.g.
Vasconcelos and Haimovici, 2006) and to supportagament strategies.

Many studies based on differences Mf furnieri growth, reproduction and
meristic characters have assessed stock identiican Southwest Atlantic Ocean.
Results from these studies have postulated thempresof two stocks at southern Brazil
(23 — 29 S and 29 — 33S; Vazzoler, 1971); two size groups reproduciniat de la
Plata estuary (35 — 36; Norbis and Verocai, 2005); and, another stookirad Bahia
Blanca coast~40 °S; Volpedo and Cirelli, 2006). On the other sidenefic studies
have indicated existence of a continuous distrisutietween Z3and 49 S (Levy et al.,
1998; Maggione et al.,, 1994:. Puchnick-Legat andyl.e2006). Therefore, stock

differentiation of whitemouth croaker in the soudswAtlantic Ocean remains unclear.
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The trace elements analysis of otolith represemis of the most recent
techniques used to discriminate fish stocks. Theicbgremise supporting the
applicability of this technique is that otolithseachemically inert structures (Campana
and Neilson, 1985) and as rings accrete, traceegltsmare deposited into successive
layers in some relation to environment (Campana)lL9bhus, provided that there are
spatial gradients in environment conditions (etgce element concentration), otoliths
can carry a permanent record, or fingerprint, tidws researchers to retroactively
track fish through time and space (e.g. Fowled.etl895, Gillanders 2002, Frodie and
Levin 2008). The trace elements of otoliths (e.g, Ba, Mn, Mg) have been
successfully employed in stock evaluation (Edmoatsl., 1999; Campana, et al.,
2000; Jonsdottir, et al., 2006). Based on this @ggh, two different stocks d¥l.
furnieri were identified at northern Argentina (Volpedo &idelli, 2006) which raised
the possibility that different stocks could occurather areas of important fishery
grounds (Uruguay and southern Brazil). Here, thecept of stock is understood as an
economically important group of fish inhabiting@mmon area.

The aim of this study is to determine if there igjon changes in the spatial

distribution of trace elements (Sr, Ba, Mg and Mm)otolith of M. furnieri from
Brazilian to Argentinean coasts in order to chaaré the existing stocks along this

area.

2. Material and Methods

2.1. Sampling and sample preparation

The study was developed in the coastal region ®fSbuth-West Atlantic Ocean, and
includes northern Argentinean, Uruguayan and sontlgrazilian coasts (Fig. 1).
Between 2004 and 2005, 173 adults of whitemouthkao M. furnieri) were collected
from commercial fisheries (Tab. 1) from ArgentifRaftido de la Costa, Bahia Blanca),
Uruguay, and Brazil (Rio Grande, Mirim Lagoon, aantos). Eight juveniles (JUV)
were collected in the Patos Lagoon estuary usinggah seine net.

All sampled specimens were measured in total lerggid sagittal otoliths were
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extracted, cleaned and stored dry. The left o®lifere then embedded in crystal
polyester resin and transverse sections were catigh the core using a low-speed
diamond blade saw. Thin sections (0.4 mm) were ri@abanto glass slides with crazy
glue. Prior to LA-ICPMS analysis, otolith surfacesre polished with silicon carbide
paper (i 8000), washed with deionized (DI) water (Milli-®jllipore, Bedford, USA),

sonicated for 3 minutes, and rinsed three timek Witwater. The slides were dried in a

horizontal flow cabinet before analysis.

2.2. Elemental determinations

Analytical measurements were performed with a NdSYAETAC LSX 100
Laser Ablation system operating at 266 nm, coupbedn ELAN 6000 (PerkinElmer —
SCIEX) inductively coupled plasma-mass spectromét€&P-MS). The laser was
configured for Q-switched mode operation, defocuseoulse frequency of 20 Hz, scan
speed of 4Qum/s, and power of 0.4 — 0.6 mJ per pulse. Undeseticenditions the beam
diameter was about 38n. The ablated material was conducted through i ebated
tube into the ICP-MS using Argon as carrying ga8§0dnt min?). The ICP was
operated at 1500 W with outer and intermediate fgag of 15 and 1.1 drhmin®
respectively. The determined elements (masses) t{@ee®°sr, 1**Ba, **Mg and>*Mn.
The quantification was performed using the extewnadibration mode. The standards
were constituted by pressed powder Ca@i3cs with known analyte concentration,
and suprapur CaCQdiscs were used as a blank. These standards wepesed and
produced by Bellotto and Miekeley (2000; 2007). Theasured signal (counts per
second — cps) for each element was normalized neference td*Ca for correction of
the bias induced by differences on the amount Gftedb material. To obtain the limits

of detection (LOD), the blank discs were scannetirh®s. Each mean profile was used
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as a single analyte concentration and the stardfanation @) from the 10 values was
considered. The LOD was calculated asddvided by the sensitivity (inclination) of the
respective calibration curve and it was g@g* for Sr; 0,78 for Ba; 0.73 for Mg; and

0.23pg g'*for Mn.

2.3. Statistical analysis

Concentrations of Sr, Ba, Mn and Mg were averaggdage, based on the
analysis of annual growth increments in otolithshi8ingel and Castello, 1990), and
results relative to first (FYL) last year of lifeYL) from each fish were considered in
the analysis. The elements were individually corepaamong themselves using
analysis of variance (ANOVAP<0.05). The spatial distribution of trace elements
(similarity of otolith elemental composition amorgjtes) was assessed through
Multidimensional Scaling (MDS) and the significanaiethe similarities was tested by
Analysis of Similarity (ANOSIM). Both analyses werarried out trough the Primer 5.0
computer package (Plymouth Marine Laboratory). &inty matrices were produced
using Bray-Curtis distance and the elemental canatons were log(x+1) transformed
in order to decrease the importance of zero valnabe analysis. The ANOSIM results
were interpreted in accordance to the PRIMER mariGédrke & Gorley, 2001),
according to the values & (strength of spatial separation). However, a ckifieé scale
of R-values is proposed as follows: R-values >ndficates strongly separated groups,
R>0.5 indicates overlapping, but clearly differgmoups, R > 0.4 is overlapped and
reasonably different groups, R>0.2 means weak agparand R< 2 indicates no
possible separation of the analyzed groups.

In order to improve MDS visualization of the difaces among sites, three

situations were approached and ANOSIN was appbpdrately for each one. Situation
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A evaluates if there are differences in elemenahmosition of otolith between coastal
(SP, JUV, RG, UR, MAR, EL) and freshwater (Ml); &ition B analyses the similarity
between all sample sites except for freshwater &sld Situation C groups fish otoliths
from Partido de la Costa and Uruguay. This lastigneas called Platensis stock (PLA).

The three situations were tested for both FYL aMd.L

3. Results

Whitemouth croaker presented variable age and §izgs. 1), being largest at
Rio Grande and oldest at Mirim Laggon. Elementahcemtrations in otolith were
significantly different among sites for FYL and LY(Fig. 2; Tab. 2), except for
manganese, that presented no differences amorg)feitelYL (P>0.05). Fish from
Mirim Lagoon presented otolith strontium concentmas & 700 — 900pg g?)
drastically lower and barium concentratiors1(l0 — 160ug g*) over 10 times higher
than concentrations observed for otolith from calafish (Sr~ 170 ug g*; Ba~ 1 —
30 g gY).

ANOSIM analysis showed significant differences betw different pairs of
sample sites (Tab. 3). When all individuals for Fdhd LYL are compared, MDS
shows two well defined groups with no overlappi@iopal R > 0.97; Fig. 3a). These
groups comprise otolith elemental composition shfifrom coastal and freshwater
environments.

The second MDS situation (Fig. 3b) presented aajlbof 0.31 for FYL and
0.26 for LYL, indicating a weaker separation th&e tobserved between fresh and
coastal water fish. For FYL (Fig. 3b), the mainfeliénces were found when comparing
between pair of sites SP-UR, SP-MAR and UR-EL (Babk. 3 for R-values). On the

other side, FYL of fish from Rio Grande presentedidespread distribution over all
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groups (Fig. 3b; Tab. 3). Fish from Bahia Blanca&spnted otolith composition
overlapped but reasonably separated from UrugudyRamtido de la Costa (Tab. 3).
Fish from Partido de la Costa and Uruguay preseptetiths with approximately

similar elemental composition.

When the general division between groups was aed|ykYL data presented
weaker separation (Global R = 26) than FYL (GldRat 0.31; Fig. 3b;4b). However,
otoliths of fish from Rio Grande presented a moeéingéd pattern for FYL than for
LYL, presenting weak to reasonable differences fBahia Blanca, Partido de la Costa
and Uruguay and no separation from Santos. Nordiffees were observed among the
pairs of sites RG-SP, UR-MAR and MAR-EL (see TaboI3R values).

When considering the Platensis stock (SituatioRi@, 3c; 4c), the global R was
0.38 for FYL and 0.24 for LYL. Otolith compositiasf fish from Platensis stock was
well separated from SP (strongest difference) amd, And reasonably different from
RG and EL (Tab. 3). Fish from Bahia Blanca werelamnto SP, RG and JUV fish. For
LYL (Fig. 3c), weak differences were observed bemw&P-RG and PLA-EL (Tab. 3).
Dissimilarities were also present between PLA-SPA-RG, EL-SP and EL-RG. The
spatial arrangement of the sites was improved ifaaton C, and allowed for a better

and simpler understanding of the general stockrozgdion ofM. furnieri.

4. Discussion
4.1 — Assumptions and limitations

Differences on the elemental compositionhdf furnieri otoliths presented in
this study suggest the occurrence of spatiallyirdistfish groups, here called stocks.
Here we understand stock as fish groups inhabdisgecific habitat and presenting a

recognizable chemical signature on the otolithiheir individuals.
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Fish from Mirim Lagoon have spent their entire life a freshwater environment
(Albuguerque et al. in prep a). They were analywedhow that chemical composition
of M. furnieri otoliths can discriminate between two diverse emments (see Fig.
3a;4a). However, interpretation of chemical diffeses as results of fish spatial
distribution requires prudence. The basic assumptiochemical temporal stability of
otolith composition and the environmental influemcethe rate of elemental deposition
have been show for Sr, Ba, Mn, Fe, and Pb (Camd#®%8). However, recent results
have indicated that foM. furnieri barium may change during development with a
higher deposition during the first year of life PbAlquerque et al. in prep a).
Furthermore, this species is expected to move &stuarine to coastal habitats between
juvenile and adult stanza, since lower strontiumcemtrations were measured close to
the otolith cores of marine whitemouth croakersb(&juerque et al. in prep b).
Consequently, comparison between early (FYL) arté ktages (LYL) of otolith
elemental composition fdvl. furnieri has to be interpreted with care. Therefore, only
the patterns within FYL and within LYL should be nsidered to infer spatial
distribution ofM. furnieri stocks.

Once determined that otolith chemistry is influesh&y the environment where
fish grew, it is assumed that if fish are randontbtributed, an identifiable sub-regional
pattern of otolith chemistry will not be present @e other hand, if a recognizable
pattern on otolith elemental composition exists] #me sub-regions present different
chemical and-or physical water characteristicgs toherent to suppose differences on
fish utilization of the main region. Following tlsame logic, if a group of fish presents
any clear pattern of chemical composition, someeakegf philopatry will be credited to
it. Since the chemical profiles analyzed here gmoad to a temporal scale of one year

of life, it is difficult to infer that a fish colleted in one region spent one entire year (for
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LYL) or the entire life (for FYL) around the sameastal region. Nevertheless, if many
fish caught in this region present a pattern oflithtcelemental composition, some

degree of philopatry may be attributed to it. Wiaralyzing the data presented here,
patterns were observed between fish from freshcaagtal waters, and within coastal
waters, suggesting the existence of chemical sigestamong the groups and some

degree of spatial organization of these fish.

4.2. Spatial organization of M. furnieri stocks

This study has shown that whitemouth croakers arerandomly distributed
along the south-west Atlantic Ocean. There areistarg differences in the elemental
composition of otoliths among sample sites, sugggssome degree of spatial
separation of these stocks. It is suggested theepoe of three significantly defined
stocks ofM. furnieri: Santos (around 28S), Platensis (between 3and 38° S) and
Bahia Blanca (38 S southwards). A latitudinal increase or decreafséndividual
elemental concentrations in otoliths was not olEgrbut some elements show a modal
trend. Barium, a strong indicator of freshwateotaliths ofM. furnieri (Alouquerque et
al. in prep-a), and strontium, tracer for marindefs (CITA), concentration presented
the maximum and minimum values respectively arotimedUruguay and Rio Grande.
This pattern is related to coastal environment ufidshwater influence, as Rio de la
Plata (Uruguay) and Lagoa dos Patos (Rio Grand&).Rio de la Plata freshwater input
drains the second largest watershed in South Ametischarging an average of 24.000
m’s* (Jaime et al., 2002), generating an estuarine sysafi¢h an area of roughly 35.000
km? (Guerrero et al. 1997; Framifian et al., 1999,&Palal. 2000). The Patos Lagoon

drainage basin (201,626 km2) is one of the largekatin America, and the freshwater
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mean annual discharge is ca. 2,000 1, although large year-to-year variation can
occur (700—3,000 s Y)(Moller et al. 2001).

When considering coastdl. furnieri, the major differences were observed
between otolith composition of fish from Santos drain the Platensis stock. These
differences were consistent for FYL and LYL, andigated that the groups have spent
considerable part of their life, if not the entirge, in different regions. These two
regions are influenced by two very distinct oceaapbic characteristics. The Santos
stock is under the influence of the warm and saltpical waters (¥>25°C; S >36;
Campos et al., 1995) from the Brazil Current (B@) intrusion of South Atlantic
Central Water (T~ 17.1°C, S= 35.8; Piola et alin pres$ and weak freshwater input.
The whitemouth croaker inhabits Partido de la Qustayuay region are subject to
direct influence of strong freshwater input frone thlata Plume Water (PPW, 10 — 11
°C , 30<S<31; Lucas et al. 2005, Piola etial.pres3. Fish from this region also
experience influence from Sub-Antartic Shelf Wat@8ASW, 7 — 11°C; 33.4<S<34;
Lucas et al. 2005, Piola 2000; Piola et ial.pres3. These distinct oceanographic
conditions are suggested to explain part of thieidihces observed between Santos and
Platensis stocks.

Clear similarities were found between fish fromtklarde la Costa and Uruguay
(Fig. 3, Tab. 3), which allowed to cluster thesshfiin a single stock here called
Platensis Stock (Fig. 3c). When comparing Platesgisk with fish from Santos, as
observed earlier, a remarkable dissimilarity isespsd suggesting that mixture can
occur, but in low extent. On the other hand, aificant dissimilarity was observed
between Partido de la Costa and Bahia Blanca, andudy and Bahia Blanca. These
dissimilarities were stronger than the one obsewleein comparing Platensis and Bahia

Blanca fish, what suggests that grouping UrugualyRartido de la Costa into Platensis
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stock was weakly informative for evaluating thefeliénces between the pairs Partido
de la Costa and Bahia Blanca, and Uruguay and Bdhfea. Bahia Blanca estuary is a
particular environment where the evaporation en@sses the freshwater supply and
salinity can reach 40 during warm seasons (Hoffme3@04). Differences on otolith
composition between Bahia Blanca and Partido deokta were previously suggested
to be significant (Volpedo and Cirelli, 2006) angport the results presented here.

Otolith signatures for fish from Rio Grande ovegded with the other groups,
particularly for FYL. The absence of chemical patseat the early life is suggested to
be due to the strong interanual hydrochemical tdiiy in the estuary of Patos Lagoon
(Niencheski and Baumgarten, 1998). Since the dellelish presented different ages,
they have born in different years. Therefore, thdmsh experienced diverse
environmental conditions at the early life whatl@bly have promoted the absence of a
clear elemental fingerprint for fish from Rio Grandnterestingly, otolith composition
for LYL showed a pattern significantly differentofn Argentina, Uruguay and Bahia
Blanca. The existence of differences or elementpiasures between LYL of otoliths
from Rio Grande and the other regions suggestsfidiatollected in Rio Grande have
remained there time enough to incorporate a lolegthental signature, specific to the
last year of life.

The overlapping oM. furnieri stocks in large or small extent observed in this
study, supported by otolith microchemistry, agreegtth the homogeneity presented by
genetic evidences (Maggione, et a., 1994; Levy.ef1898; Puchnick-Legat and Levy,
2006), since genetic studies are expected to itedipapulation homogeneity even
though small amount of stock overlapping occura{iads, et al., 1989).

The results of this work support the existenca@é stocks oM. furnieri in the

South-west Atlantic Ocean. These stocks are plrtiadverlapped, but significant
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differences on otolith elemental composition suggiesse stocks use preferably one of
the three distinct environments (regions of Santérsiguay/Partido de la Costa, and
south of Bahia Blanca. The stock from Rio Grandédomot be characterized. Otolith
microchemistry techniques have the advantage cfeptea direct evidence of spatial
distribution of fish, while genetic or populatiotudies infer fish distribution based
upon species-specific biological data. Therefore dlverse information oM. furnieri
stock distribution generated by otolith microchemyisgenetics, population parameters
and meristic characters are complementary. Thigates that all methods should be
considered to support management policies. For ispeas M. furnieri, with
homogeneous genetic distribution over a wide regigmopulation parameters differ, it
will be more effective for management purposesivald this region in sub-regions and
manage them separately. Otolith composition studies bring the adequate

information to execute this separation.
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Table 1 — Summary oMicropogonias furniericollected at south-western Atlantic

Ocean.
Site Abbreviation Location n Age (years) TL (cm)
mean + SD mean + SD
Santos / BRA SP 24° S 25 9.6 +5.3 46.2 +3.8
Rio Grande / BRA RG 32°S 31 155 £9.2 60.4 6 7.
Mirim Lagoon / BRA ML 33°S 20 35.3+0.7 429 £4.1
Juveniles - ELP / BRA Juv 32°S 8 <1 year 7.8.20
Uruguay / UY UR 35°S 50 125 £7.2 50.1 +85
Partido de la Costa/ ARG MAR 38°S 38 74 £52 9.23+ 95
Bahia Blanca / ARG EL 39°S 9 33+16 354+17
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Table 2 — Analysis of variance performed separdtaelgach analyzed element between

regions for first (FYL) and last (LYL) years of df in otoliths of

Micropogonias furnieri

FYL LYL

Effect MS F P MS F P

Mg 832 7.9 <0.01 194 1.69 0.14
Mn 82.9 6.2 <0.01 7.8 5.70 <0.01
Sr 29x16 726 <0.01 14xf0 545 <0.01
Ba 49x16 1336  <0.01 47xf0  588.9 <0.01
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Table 3 — ANOSIM analysis comparing dissimilaritigisotolith elemental composition between pairssample regions (Rio Grande = RG,
Santos = SP, Junveniles = JUV, Uruguay = UR, Radilla Costa = PC, Bahia Blanca = BB) for firsdryef life (FYL) and last year
of lyfe (LYL). For situation B the comparisons wgrerformed between all individual regions. For &fton C data of Partido de la

Costa and Uruguay were grouped into Platensis s®akalues indicate the degree of differentiatibeach pair of regions according
to the legend below.

Situation B Situation C

FYL Site RG JuvV UR PC BB Site RG JUV PLA BB
SP 023 024 065 055 031 SP 023 024 058 0.16
RG 0.11 0.24 0.19 0.01 RG 0.11 0.29 0.01
JUV 051 059 0.03 JUuvV 0.48 0.02
UR 0.13 [0.51 PLA 0.274
PC 0.41

LYL Site RG UR PC BB Site RG PLA BB
SP 0.04 033 045 041 SP 005 034 041
RG 031 035 043 RG 0.29 043
UR 0.03 0.21 PLA 0.15
PC 0.05

R-Values

<0.2>0.2 |>04 |=>0.5
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Figure captions

Figure 1 — South-western Atlantic Ocean, showirgggample sites. Santos = SP, Rio
Grande = RG; Mirim Lagoon = ML; Patos Lagoon (juNen= J; Uruguay =
UR; Partido de la Costa = PC; Bahia Blanca = BB.

Figure 2 — Elemental mean concentration (xSD) ayextaor first year of life (FYL)
and last year of life (LYL) measured for otolithisM. furnieri. Sample sites

abbreviations follow Fig. 1.

Figure 3 — Multidimensional scaling for otoliths &fl. furnieri, regarding the
concentrations of Sr, Ba, Mg and Mn for fisrt yedrlife. The data was
grouped according to habitat (A), and accordinghw sample site (B). For
graph C, data from Partido de la Costa and Urugwaye grouped in

Platensis stock.

Figure 4. Multidimensional scaling for otoliths d¥l. furnieri, regarding the
concentrations of Sr, Ba, Mg and Mn for Last yefalife. Graphs A, B and

C follow captions of Fig. 3.
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