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resumo

As tintas vegetativas com tributilestanho (TBT) sé&o utilizadas desde a
década de 60 para prevenir a bioincrustacéo nas superficies imersas. Apesar
de extremamente eficientes no combate a bioincrustagédo sao também
extremamente téxicas para organismos nédo alvo pelo que varias medidas
legislativas restringindo o seu uso foram implementadas em varios paises,
nomeadamente em Portugal.

Concentracdes de TBT inferiores a 0.5 ng Sn L™ promovem imposexo
(desenvolvimento de caracteres sexuais masculinos nas fémeas) em varias
espécies de gastrépodes prosobranquios. O imposexo é o melhor exemplo
conhecido de disrupgéo enddcrina provocada por um poluente sendo utilizado
como biomarcador para monitorizar os niveis de poluicdo por TBT.

No presente trabalho avaliou-se a variagdo espacial e temporal da
poluicdo por TBT na Costa Continental Portuguesa utilizando Nassarius
reticulatus como espécie indicadora. A variacdo espacial foi estudada ao longo
da linha de costa de Norte a Sul de Portugal e, também, da linha de costa em
direcgdo ao largo, na regido NW de Portugal.

Estudou-se também o impacto deste composto nas popula¢des de N.
reticulatus em fases distintas do seu ciclo de vida: fase larvar e fase adulta.
Para a fase larvar estudou-se, com base em experiéncias laboratoriais, a
toxicidade do TBT ao nivel da mortalidade das larvas veligeras. Para a fase
adulta estudaram-se os niveis de imposexo exibidos pelas fémeas ao longo da
Costa Portuguesa e o seu efeito ao nivel da esterilizacdo das fémeas.

O rastreio dos niveis de imposexo e da contaminag¢&@o por compostos
organoestanicos em N. reticulatus foi efectuado entre Maio e Agosto de 2003.
Foram determinados diversos indices de imposexo - %l (percentagem de
fémeas afectadas), VDSI (sequéncia do vaso deferente), RPLI (comprimento
relativo do pénis), AOS (grau de convolu¢éo do oviducto) e %STER
(percentagem de fémeas estéreis) - em 23 estacdes de amostragem e
quantificadas as concentracdes de organoestanicos nos tecidos das fémeas
em 10 estacdes de amostragem. Fémeas estéreis foram encontradas em dois
locais e niveis de VDSI> 5, AOS> 1 e %l= 100% foram diagnosticados em
estacBes localizadas no interior ou na proximidade de portos, tendo estes sido
identificados como os locais onde ocorrem os mais elevados niveis de
poluicdo. Os niveis de imposexo foram também avaliados em 172 estagfes
localizadas no NW da plataforma continental Portuguesa entre Aveiro (40°
38.00 N) e o Porto (41° 09.00 N). Fémeas com imposexo foram encontradas
em 42% das estacdes localizadas ao longo de toda a gama de latitudes e
profundidades, indicando que a poluicdo por TBT se encontra dispersa em
toda a area estudada.



Foi realizada uma andlise da evolugéo temporal dos niveis de
imposexo e da contaminag&o por TBT dos tecidos de N. reticulatus entre 2000
e 2003 na Costa Portuguesa. Esta analise revelou uma tendéncia de
manutenc¢do dos niveis de poluicdo sugerindo uma ineficacia das medidas
legislativas anteriormente introduzidas (Directiva 89/677/EEC). Sendo o ano de
2003 aquele a partir do qual foram abolidas as tintas com TBT, os valores
obtidos no presente trabalho constituem uma base de referéncia fundamental
para analisar a futura evolucdo da poluicdo por TBT em Portugal e avaliar a
eficicia das novas medidas legislativas impostas pela Organizagao Maritima
Internacional (IMO).

O efeito toxico do tributilestanho nas larvas de N. reticulatus foi
descrito pela primeira vez neste trabalho. Realizaram-se ensaios de toxicidade
aguda com veligeras recém eclodidas para avaliar os efeitos do TBT na
mortalidade larvar. Demonstrou-se que este composto tem um efeito letal para
as larvas desta espécie mas os valores de LC,,, NOEC e LOEC obtidos séo
muito superiores as concentra¢des ambientais de TBT. Sugere-se que no
futuro sejam realizados estudos de toxicidade para tempos de exposi¢ao
superiores aos descritos nesta tese (> 96 h) e sejam avaliados os efeitos letais
e sub-letais daquele composto nas larvas.



abstract

Tributyltin (TBT) based antifouling paints are used since the 60s to
prevent biofouling. Although very effective in preventing biofouling they are
extremely toxic to non-target organisms. Hence, several countries, namely
Portugal, adopted measures to ban its usage.

TBT seawater concentrations below 0.5 ng Sn L™ induce imposex
(superimposition of male characters onto prosobranch females) on several
gastropods species. Imposex is undoubtedly the best-studied example of
endocrine disruption among invertebrates, being, therefore, used as a
biomarker of TBT pollution.

In the current work the spatial and temporal variation of TBT pollution in
the Portuguese coast was assessed using the netted whelk Nassarius
reticulatus as a bioindicator. The spatial variation was studied along the
Portuguese Coast from North to South and from the coastline to the offshore, in
the NW Portugal.

The impact of TBT on the different stages of the life cycle of N. reticulatus
was also assessed. For larval stages laboratory experiments were performed in
order to study the impact of this compound upon N. reticulatus veligers
mortality. For adult stages it was analysed the degree of imposex and its
possible impact on female sterilization.

A survey was conducted between May and August 2003 along the
Portuguese coast and the levels of imposex and organotin body burden were
determined. The percentage of females affected with imposex (%l), the relative
penis length index (RPLI), the vas deferens sequence index (VDSI) and the
degree of female oviduct convolution index (AOS) were used to assess the
level of imposex at 23 sampling stations throughout the coast and organotin
analysis in females tissues was performed in 10 of those stations. Sterile
females were found in two stations and VDSI>5, AOS>1 and %I1=100% were
diagnosed in stations located inside or in the vicinity of harbours. Therefore,
harbours were identified as hotspots of TBT pollution.

Imposex levels were also assessed at 172 sites located on the NW
Portuguese continental shelf between Aveiro (40° 38.00 N) and Oporto (41°
09.00 N). Females affected with imposex were found in 42% of the sites along
the entire range of latitudes and depths, which indicates that TBT pollution is
widespread over the study area.



A temporal analysis of imposex levels and organotin body burdens
between 2000 and 2003 was performed. The results indicate maintenance of
TBT pollution levels suggesting the inefficacy of former legislation (EEC
Directive 89/677). Since the beginning of 2003 TBT antifouling paints are no
longer applied, therefore, the results from the present work constitute the
baseline for further studies that aims to evaluate the effectiveness of the IMO
ban.

The toxic effect of TBT upon N. reticulatus larvae was studied for the first
time in the present work. Acute toxicological tests were performed with recently
hatched veligers in order to evaluate the effects of TBT on larval mortality. This
compound is toxic to N. reticulatus larvae although the values obtained for
LCs9, NOEC and LOEC are notoriously higher than the TBT environmental
levels.



Estudo do impacto da poluicéo por tributilestanho (TBT) na
Costa Portuguesa

Impact of tributyltin (TBT) pollution in the Portuguese Coast






Science tells us what we know, but what we can know is little, and if
we forget how much we cannot know we become insensitive to many
things of great importance. [...] Uncertainty, in the presence of vivid
hopes and fears, is painful, but must be endured if we wish to live
without the support of comforting fairy tales.

Bertrand Russell "A History of Western Philosophy”
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Introducao Geral
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1.1. Introducéo geral

1.1.1. Tintas antivegetativas: necessidade e breve resenha historica

A bioincrustacdo (traducdo do original inglés biofouling) consiste no
assentamento e crescimento de uma grande diversidade de organismos marinhos
em estruturas perene ou temporariamente imersas em agua, como cascos de
navios, bdias e equipamentos de navegacao, exutores submarinos, tubagens de
arrefecimento de centrais termoeléctricas ou equipamento de aquacultura (Champ
& Seligman, 1996; Omae, 2003a). Este fendmeno ocorre em duas etapas
distintas: a bioincrustacdo primaria que comeca no exacto momento em que a
superficie é submersa, sendo essencialmente constituida por uma comunidade
complexa de bactérias, protozoarios, diatomacias e esporos de outras algas; e a
bioincrustacdo secundaria, caracterizada pela presenca de organismos mais
complexos, como cracas, algas em estagio adulto, hidréides, moluscos e
esponjas [Fig 1.1] (Omae, 2003a).

A bioincrustagdo gera onerosos problemas a industria naval, uma vez que
aumenta a rugosidade do casco, aumentando o atrito - com uma consequente
diminuicdo da velocidade e aumento do consumo de combustivel - e em
simultaneo acelera a corrosao do casco. Estima-se que um navio no mar durante
meio ano necessita aumentar o consumo de combustivel em cerca de 40% para
manter a mesma velocidade, podendo acumular cerca de 150 Kg m™ de

organismos incrustantes durante esse periodo de tempo (IMO, 1999).
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Figura 1.1. Fotografia exemplificativa do fenémeno de bioincrustacdo no casco do navio
“Snabmar” apés uma viagem de 6 meses em alto mar. Porto de Pesca Longinqua, Aveiro,

Portugal.

Os fenicios devem ter sido dos primeiros povos a tentar activamente
controlar este fendmeno ao utilizarem nos seus barcos laminas de cobre. Por
volta de 2000 AC os cascos eram inteiramente revestidos com chumbo e pontas
de cobre e cerca de 300 AC as primeiras camadas de cera com arsenatos e
sulfatos foram desenvolvidas e aplicadas. S6 em finais do século XIX é que o uso
das tintas antivegetativas se industrializou e apareceram entdo resinas
impregnadas com sulfato de cobre (Champ & Seligman, 1996; Omae, 2003a). Até
a década de 60 do século XX o cobre continuou a ser utilizado, mas sob a forma
de 6xido. Desde essa altura e até tempos recentes o controlo da bioincrustacéo
tem sido assumido pelos compostos organoestanicos (apesar de serem
patenteados desde 1925 como agentes antitracas). Esta viragem resultou de um
estudo sistematico conduzido na década de 50 pelo Conselho Internacional de
Pesquisa sobre Tintas, no Instituto de Quimica Orgéanica em Utrecht (van der Kerk
and Luitjen, 1954 in Hoch, 2001), no qual se verificou a grande capacidade
biocida dos derivados organicos do estanho (Godoi et al., 2003; Hoch, 2001,
Omae, 2003a). A sua comercializacdo comecou na década seguinte e embora se
encontrassem disponiveis no mercado varias alternativas a sua extrema eficacia
no combate a bioincrustagdo tornou estes compostos, particularmente o
tributilestanho (TBT), no biocida mais utilizado em todo o mundo (Bennet, 1996).
Mesmo do ponto de vista ambiental, os compostos organoestanicos foram
inicialmente considerados antivegetativos ideais dada a sua facil degradacéo pela

luz UV e pelos microorganismos (Omae, 2003a).
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No entanto, no inicio da década de 80 surgiu em Franca o primeiro relato
dos efeitos deletérios do TBT em organismos ndo alvo e desde entdo varios
estudos apontaram para a extrema toxicidade deste composto no ambiente
marinho (Alzieu, 1998). O TBT foi mesmo considerado como 0 composto mais
toxico alguma vez deliberadamente introduzido no meio aquatico (Golderg, 1986).
Devido a sua elevada toxicidade para uma grande variedade de espécies
marinhas, a utilizacdo do TBT foi regulamentada em varios paises ao longo das
duas ultimas décadas. A ineficacia das medidas introduzidas levou, porém, a
proibicdo da aplicacdo de tintas com TBT em todo o tipo de embarcacdes a partir
de 1 de Janeiro de 2003, tendo até Janeiro de 2008 que ser removidas ou seladas
dos cascos das embarcacdes (IMO, 1999).

No entanto, as tintas antivegetativas sdo de uma importancia extrema
porque ndo s6 reduzem o consumo de combustivel, que por sua vez reduz as
emissdes de didéxido de carbono e de enxofre para a atmosfera, mas também
porque reduzem o risco de introducdo de novas espécies (espécies exoticas) nos
ecossistemas (Omae, 2003a; Abel, 2000).

Com a proibicdo do TBT mais um desafio é colocado a comunidade
cientifica e a industria de tintas: a procura de um sistema substituinte que cumpra
tanto critérios ecologicos como econdmicos, garantindo simultaneamente

elevados niveis de eficacia.
1.1.2. Compostos organoestanicos
1.1.2.1. Caracterizagao e propriedades fisico-quimicas

Os compostos organoestanicos caracterizam-se pela presenca de um
atomo de estanho (Sn) covalentemente ligado a um ou mais substituintes
organicos (e.g. metil, etil, propil, butil, fenil). Quimicamente estes compostos sdo
representados pelas formulas RSnX3, R,SnX;, R3SnX, R4Sn, na qual R € o grupo
alquil ou arilo substituinte e X é a espécie anidénica como por exemplo haleto,

oxido, hidréxido, cloreto ou fluoreto.
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Figura 1.2. Modelo tridimensional da molécula de TBT. A esfera central amarela representa o
atomo de estanho, as esferas vermelhas os atomos de carbono dos grupos butilo e as azuis os

atomos de hidrogénio, cortesia da Doutora Maria Quintela.

As ligacbes Sn-C sdo estaveis na presenca de &gua ou oxigénio
atmosférico. Sao também estaveis a temperaturas até 200°C, pelo que a
decomposicdo térmica ndo é significativa. O numero de ligacbes Sn-C e o
comprimento das cadeias alquilo tem efeitos nas propriedades quimicas e fisicas
dos compostos organoestanicos (IPCS, 1990).

O estanho inorganico néo é téxico, no entanto os seus derivados organicos
possuem padrdes toxicoldégicos muito complexos. Os efeitos biologicos dependem
da natureza e do numero de grupos organicos associados ao atomo de estanho.
Normalmente, a actividade toxicolégica maxima regista-se para compostos
trisubstituidos da forma R3SnX, como o TBT. A natureza do grupo X tem pouco ou
nenhum efeito na sua actividade biocida, exceptuando os casos em que o préprio
grupo X é um composto téxico. Nestes casos as propriedades biocidas do
organoestanico podem ser potenciadas (Hoch, 2001; IPCS, 1990).

O coeficiente de particdo entre a fase particulada e aquosa (Kp=Csed/Cagua)
varia normalmente entre 1000 e 3000 dependendo da natureza das particulas.
Em solugdo aquosa a forma iénica TBT" encontra-se em equilibrio com as formas
TBTOH e TBTCI. No ambiente marinho em condi¢cdes normais de pH e salinidade
o TBT encontra-se sobretudo na forma TBTOH. A especiagcédo quimica € relevante
no meio aquatico uma vez que a biodisponibilidade do TBT aumenta quando se
encontra na forma TBTOH (pH> 8) (Alzieu, 1998; Fent, 1996).
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1.1.2.2. Producéo e utilizagdes

Os compostos organoestanicos tém um vasto leque de aplicacdes na
agricultura e indastria [Tabela 1.1]. Cerca de 70% da producéo total de compostos
organoestanicos € utlizada na estabilizagcdo de PVC sendo utilizados os
compostos mono e disubstituidos. Os compostos trisubstituidos tém propriedades
biocidas e representam cerca de 15 a 20% da producéo total (aproximadamente
5000 toneladas/ano). O trifenilestanho (TPT) € utilizado na agricultura e em menor
escala nas tintas antivegetativas as quais é adicionado numa pequena
percentagem (<10%). O tributilestanho (TBT) é essencialmente utilizado como
biocida nas tintas antivegetativas ou na preservacdo de madeira (Bennet, 1996;
Hoch, 2001).

Tabela 1.1. Utiliza¢des industriais dos compostos organoestanicos, adaptado de Hoch (2001). R:
grupo substituinte associado ao atomo de estanho, pode ser grupo metilo (Me), etilo (Et), butilo

(Bu), fenilo (Ph) ou octilo (Oct); X: espécie anidnica.

Aplicacéo

Funcéo

Composto

Estabilizadores PVC

Estabilizag&do contra a degradacéo

por luz e calor

RSnX; e R,SnX,,
R= Me, Bu, Oct

Tintas antivegetativas Biocida R3;SnX
R=Bu e Ph
Agro-quimicos Fungicida, insecticida, acaricida R3SnX
R= Bu, Ph
Preservacdo madeira Insecticida e fungicida Bu; SnX
Tratamento vidro Percursor da pelicula de oxido de Me; SnX,, RSnX;
estanho (IV) nos vidros R= Me, Bu,
Materiais de protecgéo Fungicida, algicida, bactericida Bu; SnX
(pedras, couros e papel)
Impregnacao téxtil Insecticida Ph3SnX
Avicultura Desparasitante Bu, SnX,

As tintas antivegetativas consistem numa matriz que contém ingredientes

biocidas e pigmentos. O seu modo de ac¢éo caracteriza-se pela libertacdo de

pequenas quantidades de biocida para a agua, formando uma capa que repele os
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organismos incrustantes. Existem diferentes tipos de tintas que séo classificadas
consoante o seu modo de acc¢éo (Bennet, 1996; Hoch, 2001).

Tintas de associacao livre:

Foram as primeiras a ser introduzidas no mercado. A matriz incorpora
elevadas quantidades de TBT. Existem dois subtipos distintos consoante o tipo de

matriz em que o TBT se encontra (Bennet, 1996).

Tintas de lixiviacdo por contacto:

Incorporam quantidades elevadas de TBT dentro de uma matriz insoltvel.
A taxa de libertacédo inicial de TBT é elevada e controlada através de microcanais
a partir do interior da matriz. Com o decorrer do tempo 0s poros sdo obstruidos
por carbonatos ocorrendo uma diminuicdo exponencial da libertacdo (Bennet,
1996) [Fig 1.3]. Estas tintas tém uma durabilidade maxima de 2 anos e as
embarcacdes ndo podem ser repintadas sem a remogéo da camada anterior de
tinta o que implica uma fonte adicional de poluicdo a partir dos estaleiros (de
Mora, 1996).

uuuu

®  Biocida disperso em matriz de resina

Figura 1.3. Modo de actuacéo das tintas de lixiviagdo por contacto, adaptado de Bennet (1996).

Tintas ablativas em matriz soltvel:
Incorporam o TBT numa matriz debilmente soltvel a partir da qual o TBT

se liberta por difusdo. Periodicamente a camada superficial sem TBT separa-se

deixando uma nova camada em contacto com a agua, reiniciando a ac¢do do

24



biocida; estas tintas possuem uma eficacia erratica e durabilidade de alguns anos
(Bennet, 1996) [Fig 1.4].

Casco

TBT

Capa de pintura

Figura 1.4. Modo de actuacao das tintas ablativas em matriz sollvel, adaptado de Bennet (1996).

Copolimeros de autopolimento (SPC, Self Polishing Copolymer):

Sao tintas insolUveis em que a agua ndo penetra na matriz na qual o TBT
estd copolimerizado, retardando a sua libertagdo para o ambiente aquético [Fig
1.5]. Contém menores quantidades de biocida que as anteriores e podem ser
potenciadas com a adicdo de compostos como o cobre (de Mora, 1996). A
libertacdo do TBT da superficie da tinta € provocada por uma reac¢do quimica
com a agua do mar que hidrolisa a unido entre a resina e o TBT de tal modo que
o TBTO (6xido de tributilestanho) € libertado lentamente a uma velocidade
controlada durante toda a vida da pintura. A hidrélise promove a erosdo da
superficie que permanece polida diminuindo assim o atrito e aumentando a
performance do navio (Bennet, 1996). Estas tintas podem atingir uma durabilidade
maxima de 60 meses (IMO, 1999), ndo necessitando de ser removidas aquando
da repintura. Desde a sua aparicdo em 1978 que conquistaram um lugar cimeiro
na industria naval; em 1991, cerca de 80% dos barcos de tonelagem superior a
4000 T usava reste tipo de tintas (IMO, 1999).
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Figura 1.5. Modo de actuagédo dos copolimeros autopolimerizantes, adaptado de Bennet (1996).

1.1.2.3 Biodisponibilidade e persisténcia

A persisténcia dos compostos organoestanicos no ambiente é regulada
pelos processos de degradacdo. O processo basico de degradacdo do TBT
consiste na perda progressiva dos grupos butilo ligados ao atomo de estanho
originando os seus derivados dibutilestanho (DBT) e monobutilestanho (MBT) [Fig
1.6]. A remocdo dos grupos organicos pode ser provocada pela radiacao
ultravioleta, ou por processos bioldgicos ou quimicos. A degradacao biologica é
promovida principalmente por microalgas e bactérias enquanto que a degradacéo
guimica pode ser provocada por alguns acidos e alquilmetais (Gadd, 2000; Hoch,
2001).

A biodisponibilidade dos compostos organoestanicos a partir da agua
depende essencialmente de dois parametros: o pH e a concentracdo de matéria
organica dissolvida. A biodisponibilidade € elevada a pH neutro ou ligeiramente
basico e reduzida na presenca de matéria organica (Sarradin et al., 1995; Fent,
1996). A bioacumulacdo nos organismos deve-se ao facto do TBT ser lipofilico;
factores de bioconcentragcdo superiores a 7000 foram descritos para algumas
espécies de moluscos e peixes em experiéncias laboratoriais. No entanto, valores
mais elevados foram descritos em organismos obtidos in situ (IPCS, 1990).

Diversos organismos na base da cadeia trofica tém capacidade de
acumular TBT a partir da agua sendo o toxico transferido para os consumidores e
predadores superiores, nomeadamente mamiferos e aves marinhas (lwata et al.,
1995; Takahashi et al., 1999; Tanabe et al., 1998), conduzindo a uma acumulacao

ao longo da cadeia alimentar (Mamelona & Pelletier, 2003). Daqui se depreende
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que para 0s organismos superiores a acumulagdo ocorre preferencialmente
através da dieta, sendo pouco significativa a acumulacao a partir da agua (IPCS,
1990; Alzieu, 1998).

A acumulacdo ao longo da cadeia alimentar pode ser influenciada pela
capacidade que alguns organismos, homeadamente bactérias, algas, crustaceos
e peixes, tém de degradar o TBT em DBT e MBT. No entanto, os mecanismos de
destoxificacdo promovidos por estes organismos podem ser inibidos a elevadas
concentragbes ambientais de TBT (Alzieu, 1996; Laughlin, 1996 in Champ &
Seligman, 1996).

A acumulagdo destes compostos ao longo da cadeia alimentar pode ter
impactos sobre o homem através da ingestdo de peixe e marisco contaminado
(Chien et al, 2002.). Varios estudos revelaram a existéncia de TBT, DBT e MBT
em amostras de sangue e figado humanos (Kannan & Falandysz, 1997,
Takahashi et al., 1999; Kannan et al., 1999). Segundo a Organiza¢cdo Mundial de
Saude a dose diaria maxima de TBT ingerido ndo deve ultrapassar as 205 ng Sn
kg™ dia™ (IPCS, 1990).

H,O CO,
—— (R;Sn),0 — > (R,Sn),CO,
R=Bu
R;SnX — UV ou microrganismos
UV ou microrganismos
H,O M
—— R,.SnOH ——— > (R;Sn0),
R= Ph

UV ou microrganismos

‘ y
O|H

(RSNO-),,
UV ou microrganismos

Sno,

Figura 1.6. Esquema de degradacdo ambiental do TBT e do TPT, adaptado de Omae (2003a). R:
grupo substituinte associado ao atomo de estanho, pode ser grupo butilo (Bu) ou fenilo (ph), X:

espécie anionica; UV: radiacdo ultravioleta.
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O tempo de meia vida (Ty2) do TBT na &gua varia de alguns dias a
algumas semanas e depende de varios parametros ambientais nomeadamente
pH, temperatura, turbidez e luminosidade (Alzieu, 1996; Fent, 1996). Em aguas
estuarinas o Ty, é aproximadamente 6-7 dias a 28°C; nas aguas oceanicas 0 Ty,
aumenta para 17 dias a mesma temperatura (Batley, 1996). Os processos de
degradacédo do TBT em sedimentos sdo mais lentos e o Ty, pode variar entre 1.9
e 3.8 anos nos sedimentos profundos (Batley, 1996), de tal forma que os
sedimentos foram apontados como o0 maior reservatorio ambiental de TBT no

ambiente marinho e estuarino.

Aguas residuais municipais
Esgotos

Escorréncias terrestres
Lixiviados de aterros sanitarios

Aguas residuais industriais

Radiagdo UV

Tintas antivegetativas ! J J
~ \ -
~ -
\A 4 A, -
R4Sn

R3SnX x a
A (e D
. i R,SNX, o, %)@O s
Bioacumulagéo RSnX; o
VRN ;
v

Remobilizagéo

Sedimentacéo

K

Figura 1.7. Distribuicdo, compartimentacdo, principais vias de incorporacdo e eliminacdo dos
compostos organoestanicos no ambiente aquatico, adaptado de Hoch (2001). R: grupo substituinte
associado ao atomo de estanho, pode ser grupo metilo, etilo, butilo ou fenilo, X: espécie anidnica.
As setas a tracejado representam as emissfes de compostos organoestanicos para o ambiente

aquatico.
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1.1.3. Toxicidade dos compostos organoestanicos: efeitos nos organismos

Os compostos organoestanicos, e em particular o TBT, provocam uma
enorme variedade de efeitos (desde sub-letais a letais) em diversos organismos
(desde bactérias até aos mamiferos) e nos mais distintos niveis organizacionais
(do bioquimico ao populacional).

A primeira evidéncia de efeitos nefastos provocados pelo TBT em espécies
nao alvo surgiu na década de 70 em Franca onde se registaram efeitos deletérios
em ostras com graves prejuizos economicos. Verificou-se que as conchas de
Crassostrea gigas sofriam espessamento com a consequente diminuicdo do
volume da parte comestivel, diminuindo o seu valor comercial. A publicacdo de
Alzieu et al. (1981) teve um enorme impacto publico e politico. Estes autores
relacionaram o colapso na producdo de ostras na Baia de Arcachon com o TBT
libertado pelas tintas antivegetativas. Nesta baia um intenso trafego de
embarcacdes de recreio (10000 a 15000 barcos no Verao) coexistia com a cultura
de C. gigas (Alzieu, 1998). No entanto, a hipétese de que o TBT era o causador
de tais anomalias era ainda encarada com algum cepticismo. Mais tarde, esta
evidéncia foi confirmada com a publicacdo de outros trabalhos cientificos
realizados noutros locais geogréficos, como o Reino Unido (Thain & Waldock,
1976), EUA (Stephenson et al., 1986), Japdo (Okoshi et al., 1987) e Australia
(Batley et al., 1989).

Outros efeitos foram sendo relatados como por exemplo a ocorréncia de
caracteristicas sexuais masculinas em fémeas de gastropodes. Este fendmeno foi
designado por imposexo (Smith, 1971) e posteriormente relacionado com a
presenca de TBT (Smith, 1980, 1981a, 1981b) [ver seccédo 1.1.4].

Nos ultimos anos, o estudo dos efeitos toxicos do TBT tem merecido um
grande relevo. Investigacbes sobre os efeitos a nivel bioquimico e molecular
sugerem que este composto: (i) estimula a actividade da adenosina trifosfato
(ATP) inibindo a sua transformacé&o em adenosina difosfato (ADP), provocando
deformagcbes na membrana mitocondrial (Fent, 1996); (i) € um inibidor do
citocromo P450 (Fent & Stegeman, 1991; Bettin et al.,, 1996); (iii) afecta a

homeostasia do calcio intracelular (Marin et al., 2000; Orrenius et al., 1989, 1992;
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Chow et al., 1992); (iv) inibe as bombas i6nicas, como a ATPase Na'/K' e a
ATPase dependente do Ca*? (Pinkney et al., 1989; Cameron et al., 1991 ; Selwyn
et al.,, 1978); (v) afecta a integridade da membrana celular (Hartl et al., 2001;
Sarapuk et al., 2000; Raffray & Cohen, 1991; Zucker et al., 1988); (vi) aumenta as
concentracbes das proteinas hsp 60 e hsp 70 nos tecidos de Dreissena
polymorpha (Clayton et al., 2000), entre outros.

Foi ainda demonstrado que o TBT induz a apoptose em timdcitos de rato
(Raffray & Cohen, 1991; Aw et al., 1990) e de tunicatos (Cima & Ballarin, 1999);
diminui a mobilidade dos espermatozoides de peixes (Rurangwa et al., 2002); tem
propriedades genotodxicas e citotoxicas em embrides e larvas de Mytilus edulis e
Platynereis dumerilli (Jha et al.,, 2000; Hagger et al.,, 2002); tem efeitos
imunotoxicos em hemdécitos de bivalves, reduzindo a fagocitose (Bouchard et al.,
1999); entre muitos outros.

Ao longo das ultimas décadas vérios estudos relativamente aos efeitos
letais e subletais tém sido realizados para iniUmeros organismos em varias fases
do seu ciclo de vida. Os organismos mais sensiveis sao, de uma forma geral, os
organismos planctonicos e os moluscos. Uma extensa revisao bibliografica pode
ser encontrada em Alzieu (1996) e IPCS (1990).

1.1.4. Legislacdo associada ao uso de TBT

As primeiras regulamenta¢des no uso de TBT como biocida nas tintas
antivegetativas foram adoptadas pelo Ministério Francés do Ambiente em 19 de
Janeiro de 1982 em consequéncia do declinio na producéo de ostras na Baia de
Arcachon. Varios governos de outros paises adoptaram medidas internas apos a
divulgacdo dos efeitos nefastos deste composto nas populacdes de bivalves e
gastropodes, nomeadamente o declinio das populacbes do gastropode
prosobranquio Nucella lapillus em Inglaterra. Uma revisdo das medidas

legislativas adoptadas pelos varios paises é resumida na tabela 1.2.
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Tabela 1.2. Medidas legislativas impostas por varios paises relativamente ao uso de TBT como

biocida nas tintas antivegetativas, adaptado de Alzieu (1998).

Pais Ano Medida Legislativa

Franca 1982 Proibicio do uso de TBT em embarcacdes com
comprimento inferior a 25 m;

Reino Unido 1986 Proibicao da comercializacdo de tintas com mais de 7.5%
de organoestanicos copolomerizados ou mais de 2.5% de
organoesténicos livres;

Reino Unido 1987 Proibicio do uso de TBT em embarcagcbes com
comprimento inferior a 25 m e no material de aquacultura

Estados Unidos 1988 Proibicio do uso de TBT em embarcacdes com
comprimento inferior a 25 m;

Proibicdo do uso de tintas antivegetativas com uma taxa
de lixiviacdo do TBT superior a 1,6 pg Sn L™ dia™;

Austrélia 1988 Proibichio do uso de TBT em embarcacbes com
comprimento inferior a 25 m;

Canada 1989 Proibichio do uso de TBT em embarcacdes com
comprimento inferior a 25 m;

Nova Zelandia 1993 Proibicdo do uso doméstico das tintas com TBT

Portugal 1993 Proibicdo do uso de TBT em embarcacdes com
comprimento inferior a 25 m;

Proibicdo do uso de tintas antivegetativas com uma taxa

de lixiviacdo do TBT superior a 1,6 pg Sn L™ dia™.

Na sequéncia das evidéncias cientificas adquiridas ao longo dos anos que
confirmaram a toxicidade dos compostos organoestanicos, particularmente do
TBT, e seus efeitos nefastos para o ambiente costeiro, a Comunidade Europeia
adoptou uma medida de regulamentacao do uso de tintas com TBT proibindo a
sua aplicacdo em embarcagbes com menos de 25m de comprimento e proibindo
a utilizagdo de tintas com uma taxa de lixiviagdo de TBT superior a 1,6 pg Sn
cm?d* (Directiva 89/677/CEE).

Esta medida legislativa foi transposta para o direito interno de cada um
dos estados membros em diferentes datas. Em Portugal, por exemplo, foi

transposta pelo D.L. 54/93 de 26 de Fevereiro de 1993. Apds a implementacao
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destas medidas legislativas ocorreu um declinio da contaminac¢éo por TBT na
agua, sedimentos e tecidos de moluscos, acompanhado por uma diminui¢cdo da
intensidade do imposexo e da deformacdo da concha nas ostras em locais
anteriormente muito contaminados como a Baia de Arcachon ou o sudoeste de
Inglaterra (Alzieu, 1996; Gibbs & Bryan, 1994). No entanto, esta diminuicdo nao
foi generalizada. Por exemplo, em Portugal verificou-se um aumento dos niveis
de poluicdo 7 anos apos a introducdo da legislacdo (Barroso & Moreira, 2002;
Santos et al.,, 2002). Face a estes resultados, e sobretudo a descoberta de
gastropodes afectados por imposexo no mar aberto (ten Hallers-Tjabbes et al.,
1994) e da deteccdo de TBT em mamiferos marinhos e em organismos e
sedimentos de zonas abissais (lwata et al., 1995; Takahashi et al., 1998), novas
medidas legislativas foram propostas para fazer face a poluicdo global
provocada pelo TBT.

Em 1992 na Conferéncia do Rio* foi adoptado o “Principio da Precaugao”
(Seccdo 17.22 da agenda 21) relativamente ao uso deste biocida: ficou entdo
acordado que se devia efectivar a implementacdo da proibicdo total de TBT a
partir de 1 de Janeiro de 2003. Em 5 de Outubro de 2001, a IMO adoptou a
“Convencdo AFS?’, segundo a qual tintas com TBT nao podem ser aplicadas ou
reaplicadas em nenhum navio a partir de 1 de Janeiro de 2003 e os navios nao
podem conter estas tintas apds 1 de Janeiro de 2008. A partir desta data os
navios que ainda possuam tintas a base de TBT nos seus cascos terdo que
remover a pintura ou aplicar uma pelicula que evite a libertacdo deste biocida
para o ambiente. No entanto, esta convencdo nao foi ratificada por todos os
paises, o que implica, em termos praticos, uma transferéncia do problema, uma
vez que os “lobbies” da industria naval sdo muito poderosos e defendem a
continuacao da aplicacdo das tintas enquanto substitutos com igual eficacia néo

forem desenvolvidos. Prevé-se, entdo, uma transferéncia dos estaleiros para

1 “UNCED: United Nations Conference on Environment and Development” no Rio de Janeiro, Brasil. O documento
resultante da UNCED intitulado “Agenda 21” possui um capitulo dedicado aos compostos organoestanicos usados nas
tintas antivegetativas (Capitulo 17: “States to take measures to reduce pollution caused by organotin compounds used in
antifouling paints”)

2 AFS Convention: “International Convention on the Control of Harmfull Antifoulings on Ships” adoptada pela
Organizagao Maritima Internacional (IMO)
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paises pouco desenvolvidos ou em vias de desenvolvimento, como alias ja se
registou na Tailandia (Chien et al., 2002).

Esta possibilidade reforca a necessidade da ciéncia se aproximar cada vez
mais dos decisores politicos, mantendo-se em permanente dialogo, de forma a
garantir uma melhor proteccdo do ambiente marinho. Por outro lado torna-se
iImperiosa a necessidade de desenvolver novos sistemas antivegetativos nao

poluentes.
1.1.5. Efeitos do TBT nos gastropodes: Imposexo

A presenca de caracteres sexuais masculinos em fémeas de
prosobranquios foi pela primeira vez descrita por Blaber (1970) em Nucella
lapillus; um ano mais tarde Smith (1971) observou o mesmo em fémeas de
llyanassa obsoleta e designou este fendmeno de “imposex”. Em 1981 a relacéo
causa-efeito foi estabelecida e o TBT foi considerado como o indutor destas
anomalias (Smith, 1981a, b). Ao longo das ultimas décadas numerosos estudos
revelaram a incidéncia de imposexo em mais de 150 espécies de gastrépodes e a
sua relacdo com a contaminacdo por TBT. O imposexo € o mais evidente
exemplo conhecido de disrupcdo endocrina em invertebrados (Matthiessen &
Gibbs, 1998).

O nivel de imposexo nas populacbes é determinado recorrendo a
diferentes indices (%l: percentagem de fémeas afectadas, VDSI: sequéncia do
vaso deferente, RPSI: tamanho relativo do pénis das fémeas, RPLI: comprimento
relativo do pénis das fémeas, FPL: comprimento do pénis das fémeas, AOS: grau
de convolucdo do oviducto) que permitem avaliar o nivel de contaminagdo por
TBT com elevada precisdo e custos reduzidos. A biomonitorizacdo €
extremamente eficaz uma vez que, em alguns casos, 0S organismos reagem a
concentracfes abaixo dos limites quimicos de deteccao (Oelmann et al., 1996).
Esta previsdo da poluicdio ambiental baseia-se nas elevadas correlagbes
observadas entre os niveis de imposexo e as concentracdes ambientais de TBT

para varias espécies (Gibbs & Bryan, 1996; Stroben et al., 1992a, b). O
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desenvolvimento e evolugdo do imposexo em prosobranquios encontra-se

descrito na Fig. 1.8.

Figura 1.8. Esquema geral de desenvolvimento do imposexo em prosobranquios, adaptado de
Stroben et al. (1992). Ac: capsulas abortadas, cg: glandula da cépsula, gp: papila genital, obc:
bursa copulatrix aberta, ocg: glandula da capsula aberta, ocv: oclusdo da vulva, p: pénis, pd: ducto
penial, pr: prostata, te: tentaculo, vd: vaso deferente, vpd: passagem do vaso deferente pela

glandula da capsula, vds: seccao do vaso deferente.

O mecanismo de indugédo do imposexo ndo se encontra ainda totalmente
esclarecido mas varias teorias tentam explicar o fendmeno, nomeadamente as
teorias da inibicdo da aromatase, da inibicdo da excrecdo de testosterona e dos

efeitos sobre o sistema neuroenddcrino.
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Teoria da inibicdo da aromatase

Segundo esta teoria a inducdo do imposexo ndo se deve a accao directa
do TBT sobre os organismos mas é mediada por um aumento do nivel dos
androgénios. Este composto provoca distirbios na sintese das hormonas
esterdides inibindo a aromatizagdo dos androgénios (androstenodiona e
testosterona) a estrogénios (estrona e 17 estradiol) através de uma inibicédo
competitiva do citocromo P450 (Bettin et al.,, 1996; Oehlmann et al., 1996;
Matthiessen et al., 1998).

MITOCONDRIA

Colesterol

v

Pregnenolona

v

Pregnenolona MICROSSOMA
¢ 3B—Hidroxisterdide-desidrogenase

Progesterona
l 17o~Hidroxilase

17a-Hidroxiprogesterona

'

Androstenediona |« » Testosterona
Aromatase
—) “—
TBT )v‘ dependente do )“ TBT
Estrona citocromo P-450 /1 1 76 Estradiol

Figura 1.9. Esquema da biossintese de hormonas esterdides com indicacéo do possivel alvo do
TBT, adaptado de Bettin et al. (1996).
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Teoria da inibicdo da excrecdo de testosterona

O TBT promove o desenvolvimento de imposexo inibindo a excrecao
eficaz da testosterona. Este mecanismo foi proposto por Ronis & Mason (1996)
para Littorina littorea e prop&e a inibicdo de enzimas do grupo das transferases e

reductases.

Teoria dos efeitos sobre o sistema neuroenddécrino

Feral & Le Gall (1993) defendem que o TBT actua directamente nas
neurohormonas que controlam o desenvolvimento sexual e a reproducéo.
Sabendo que o sistema endocrino dos moluscos é controlado em grande parte por
neurohormonas e nao por hormonas esterdides (Le Blanc et al., 1999) parece
razoavel admitir que o TBT actua a um nivel superior influenciando directamente
0s neuropeptidos que controlam a diferenciacdo sexual e as fungdes reprodutivas.
Assim, Oberdorster & McClellan-Green (1998, 2000) propdem que o TBT actua
como neurotoxina provocando a libertagdo anormal do neuropéptido PMF (factor
morfogenético do pénis) que conduz ao desenvolvimento inicial dos ASO (6rgaos
sexuais acessorios: ducto espermético, vesicula seminal e pénis) que por sua vez
libertam androgénios. Assim, o TBT actua a nivel do sistema nervoso e 0s
esterdides actuam no mecanismo de feedback positivo que mantém os ASO [Fig
1.10]. O neuropeptido APGMamida € proposto por estes autores como o potencial
candidato a PMF (de salientar que este neuropeptido ainda néo foi caracterizado).
A APGMamida induz imposexo em grau superior ao induzido pelo TBT e pela

testosterona e é biologicamente activo a concentracées de 10 ~*° M.
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Figura 1.10. Mecanismo hipotético da inducdo de imposexo por TBT e esterdides, adaptado de
Oberdérster & McClellan-Green (2000). O simbolo (+) indica inducdo do imposexo e o simbolo

(-) representa inibicdo; ASO: orgdos sexuais acessorios; PMF: factor morfogenético do pénis.

1.1.6. Nassarius reticulatus: breve caracterizacao

Nassarius reticulatus (L.) é um gastropode marinho do grupo dos
prosobranquios com uma ampla distribuicdo geografica que se estende desde
as Canarias e Acores até ao Norte da Noruega e em todo o mar Negro e
Mediterraneo (Fretter & Graham, 1984).

Tabela 1.3. Classificagao taxondmica de Nassarius reticulatus (L.) (Graham, 1998).

Phylum Mollusca

Classe Gastropoda
Subclasse Prosobranchia
Ordem Caenogastropoda

Superfamilia Buccinaceae

Familia Nassariidae
Género Nassarius
Espécie Nassarius reticulatus (Linné,1758)
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Esta espécie € também conhecida por Buccinum reticulatum (Linné,1758),
Nassa reticulata (Linné,1758), Hinia reticulata (Linné,1758). Possui uma concha
de alta espiral, com o vértice sempre ausente, apresenta uma ornamentacao
formada por numerosas costas e estrias espirais que se cruzam originando um
padrdo reticulado. A abertura é pequena, oval, com um canal sifonal pequeno e
obliquo. O labro possui externamente uma calosidade e internamente uma crista
com 6 a 9 dentes. As dez voltas encontram-se em suturas que estao
evidenciadas por uma pequena crista subsutural espiral (Graham, 1988).

Tem aproximadamente 30 mm de altura maxima, 14 de largura e a ultima
volta ocupa 60 a 70% da concha e a abertura 40 a 50% [Fig 1.11]. A cabeca
possui 2 tentaculos cada um dos quais com um olho. O sifdo projecta-se muito
para fora do canal sifonal. O pé é longo e estreito, a sua parte anterior possui
pontos laterais recurvados, a parte posterior apresenta-se em forma de V,
terminando cada l6bulo num tentaculo. Os animais sédo pretos e castanhos com
pigmentacao branca (Graham, 1988).

Habitam preferencialmente sedimentos vasosos mas podem ocorrer em
substrato rochoso e arenoso; sdo necréfagos e a sua longevidade pode atingir
os 15 anos (Barroso & Moreira, 1998; Fretter & Graham, 1994; Tallmark, 1980).
Uma extensa revisao bibliografica sobre aspectos da ecologia e biologia deste

organismo pode ser encontrada em Fretter & Graham (1994).

Figura 1.11. Nassarius reticulatus (L.) aspecto geral da concha, adaptado de Hayward & Ryland
(1995).
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N. reticulatus € uma espécie didica com desenvolvimento indirecto; as
suas larvas séo planctonicas e nadam livremente durante aproximadamente um
a dois meses até a ocorréncia da metamorfose (Fretter & Graham, 1994).

O ciclo reprodutivo de N. reticulatus exibe um padréo sazonal bem definido
com o inicio da gametdégenese em finais do Verdo, a libertagcdo do gamétas em
Fevereiro, associada a um aumento da temperatura da agua; a postura ocorre
na Primavera e Verao (Tallmark, 1980; Barroso & Moreira, 1998).

A postura de N. reticulatus consiste na deposicao de capsulas ligeiramente
cOncavas com aproximadamente 5 mm de altura e 4 mm de largura com um
disco basal de fixacdo a partir do qual aderem ao substrato. Cada capsula
contém aproximadamente 50 a 350 ovos que sao libertados sob a forma de
veligeras aproximadamente duas a quatro semanas ap0s a postura. As larvas
possuem um Véu inicialmente bilobado que apresenta no seu bordo exterior
pigmentacdo castanho avermelhada. A concha apresenta uma superficie lisa,
sem ornamentacdes, transparente e possui uma unica volta. No centro do labro
externo localiza-se uma ligeira protuberancia denominada bico. Em cada um dos
lados do bico existe uma cavidade que aloja o véu. A medida que o bico cresce
sofre uma evolugao para o interior permitindo que as duas cavidades se tornem
mais profundas a medida que o véu também aumenta de tamanho [Fig 1.12]. No
final desta fase as larvas podem nadar e rastejar com o apoio do rudimento do
pé, pouco depois ocorre a metamorfose a partir da qual o animal adquire as
caracteristicas do adulto (Fretter & Graham, 1994; Lebour, 1931).
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Figura 1.12. Nassarius reticulatus. (A) Larva acabada de eclodir; (B) Concha; (C) Larva com 40
dias, adaptado de Fretter & Graham (1994).

1.1.7 Nassarius reticulatus: Utilizagcdo do imposexo como biomarcador da

poluicdo por TBT

A biomonitorizacdo da poluicdo por TBT usando o gastropode Nassarius
reticulatus surgiu da necessidade de encontrar uma espécie com uma vasta
distribuicdo geografica, tolerante a baixas salinidades e menos sensivel que a
espécie tradicionalmente utilizada (Nucella lapillus), por forma a permitir a
monitorizacdo de zonas moderadamente a muito poluidas. Stroben et al. (1992a)
foram os primeiros autores a propor esta espécie como biomarcadora da
poluicdo por TBT. Ao longo das duas ultimas décadas varios autores usaram
esta espécie para a biomonitorizacdo de sistemas estuarinos e costeiros (Bryan
et al., 1993; Stroben et al., 1992a, 1992b; Barreiro et al., 2001; Barroso et al.,
2002a, 2002b) e novos indices para a quantificacdo dos valores de imposexo
foram propostos. O imposexo em N. reticulatus é quantificado utilizando os

indices seguidamente descritos.
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Percentagem de fémeas afectadas por imposexo (%l)

Esta medida é util para locais pouco poluidos, uma vez que em locais
com poluicdo moderada a elevada as fémeas afectadas por imposexo atingem

sempre 100%.

Comprimento relativo do pénis das fémeas (RPLI)

O pénis de N. reticulatus € longo e estreito pelo que € calculado o
comprimento relativo do pénis e ndo o volume (RPLI= comprimento pénis
fémeas*100/Comprimento pénis machos); este indice deve ser usado com
alguma precaucdo uma vez que os machos exibem uma variacdo consideravel
no tamanho do pénis ao longo do ciclo reprodutor (Barroso & Moreira, 1998), por
este motivo as campanhas de monitorizacdo devem ser realizadas sempre na
mesma altura do ano. E especialmente indicado para monitorizar areas muito
poluidas (Stroben et al., 1992a).

Percentagem de fémeas estéreis (% STER)

A esterilidade em N. reticulatus ocorre em populagbes severamente
afectadas com imposexo. Nos primeiros trabalhos com esta espécie nédo foram
encontradas evidéncias de esterilidade (Stroben et al., 1992a, b; Gibbs & Bryan,
1996), no entanto, ao longo dos ultimos anos foram encontradas fémeas estéreis
em locais altamente contaminados no Oeste de Franca (Huet et al., 1995), nas
rias do Noroeste de Espanha (Barreiro et al., 2001) e alguns portos de Portugal,
nomeadamente Viana do Castelo, Leixdes, Figueira da Foz, Peniche e Lisboa;
(Barroso et al., 2002).

Grau de convolucdo do oviducto (AOS)

Este indice reflecte as alteracdes a nivel do oviducto, nomeadamente,

uma convolucdo que se assemelha a vesicula seminal masculina. Este
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fendmeno foi descrito pela primeira vez por Stroben et al. (1992) em Franca mas
afectava apenas 2% das fémeas analisadas; foi posteriormente descrito por
Barreiro et al. (2001) que sugeriram o seguinte esquema de classificacéo:

AOS 0: Oviducto sem alteracoes;

AOS 1: Oviducto com ligeira sinuosidade;

AOS 2: Oviducto convolucionado.

Sequéncia do vaso deferente (VDSI)

Este indice foi desenvolvido por Stroben et al. (1992a) e considerado por
estes autores como o mais adequado para a biomonitorizacdo. Baseia-se no
desenvolvimento e evolugéo do imposexo em N. reticulatus [Fig. 1.14].

Estadio 0: Fémea normal ou nédo afectada;

Estadio 1: Pénis rudimentar sem ducto penial, localizado por detras do
tentaculo direito. Pode existir uma via b, caracterizada pela auséncia de pénis
mas presenca de um pequeno segmento de vaso deferente localizado por detras
do tentaculo direito;

Estadio 2: Pénis com ducto penial;

Estadio 3: Tipo a: Pénis com ducto penial que continua num tracto distal
do vaso deferente que cresce em direc¢do a vulva; Tipo b: Auséncia de pénis, 0
vaso deferente encaminha-se para o interior do manto;

Estadio 4: Pénis com ducto penial e um vaso deferente continuo que se
estende desde a base do pénis até a vulva.

Estadio 4+: O vaso deferente passa a vulva e atinge a glandula da

capsula.

Face a existéncia de elevados niveis de imposexo na costa Portuguesa
Barroso et al. (2002) consideram o estadio 4+ como 5, na medida em que muitas
fémeas de locais contaminados exibem vasos deferentes que ultrapassam a
glandula da capsula. No presente trabalho foi considerado este ultimo sistema

classificativo.
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VDS 0 VDS 1 VDS 2 VDS 3 VDS 4 VDS 5

Figura 1.14. Esquema da evolucéo do imposexo (tipo a) adaptado de Stroben et al. (1992a) com
os diferentes estadios representados. cg: glandula da capsula, gp: papila genital, p: penis, pd:

ducto penial, vd: vaso deferente, vds: sec¢ao do vaso deferente, te: tentaculo.

Vérios estudos evidenciam correlagdes significativas entre o0s varios
indices de imposexo e a concentracdo de TBT nos tecidos das fémeas pelo que
esta espécie se encontra validada como espécie bioindicadora da poluicdo
ambiental por tributilestanho (Stroben et al., 1992a, b; Bryan et al.,, 1993;
Barreiro et al., 2001; Barroso et al., 2002).

1.1.8. Sistemas antivegetativos alternativos

Como consequéncia das medidas legislativas impostas nas duas ultimas
décadas varios produtos alternativos ao TBT foram surgindo. As tintas
antivegetativas podem possuir varios tipos de biocidas que ndo o TBT,
nomeadamente compostos de mercurio, 6xidos de cobre, compostos organicos
de arsenatos, de chumbo, de halogenatos, de sulfatos ou compostos de zinco.
Os compostos de chumbo e de mercurio ndo sédo permitidos em muitos paises,
incluindo os paises pertencentes a Unido Europeia, devido a sua toxicidade e
elevada persisténcia no ambiente (Omae, 2003a).

O sistema antivegetativo actualmente mais utilizado consiste numa matriz
sollvel em 4gua gque contém o biocida, normalmente um composto de cobre que
por ndo ser efectivo contra algas tem que ser conjugado com biocidas
secundarios. Assim, estes biocidas sao conhecidos como “Organic Booster
Biocides” e sdo normalmente agroquimicos [Tabela 1.8]. Estes compostos tém

sido utilizados ao longo dos ultimos anos e concentragfes elevadas foram
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detectadas em varias regifes costeiras do mundo (para uma revisdo consultar
Omae, 2003b).

Tabela 1.8. Exemplos de “Organic Booster Biocides” e suas propriedades. A titulo comparativo o

TBT e o Cobre sé&o referidos no final da tabela, adaptado de Omae (2003b). T,,,. tempo de meia

vida.

Biocida Solubilidade Taxa libertagdo Ty, na agua do Outras

(mg/L) (Mg cmdia’™) mar aplicacdes
Irgarol 1051 7 5.0 100 dias Herbicida
Diuron 35 3.3 Herbicida
Peritionato de 8 3.3 <24h Bactericida,
zinco fungicida
Sea-nine 211 14 29 <24h Nenhuma
TCMTB 10.4 740 h Fungicida
Cloroetanoilo 0.9 1.8 dias Fungicida
Zined 0.07-10 96 h Fungicida
Oxido de cobre 25-40
TBT 1.5-4.0 Semanas a

meses

A maior parte dos biocidas alternativos actualmente comercializados
devem ser encarados como uma solucdo proviséria e ndo como uma solucdo
definitiva contra o biofouling, devido aos efeitos tdxicos, elevado potencial de
poluicdo ambiental e aos elevados custos. Por outro lado, segundo a directiva
europeia sobre biocidas (98/8/EC) a biodegradabilidade € um dos critérios mais
importantes para que uma dada substancia seja autorizada. Como a maior parte
dos biocidas alternativos néao € facilmente biodegradavel a sua utilizacdo devera
ser restringida no futuro (Rasmussen et al., 1999). Assim, novas alternativas nao
toxicas tém sido investigadas e aplicadas aos cascos dos navios. Entre elas
destacamos os produtos naturais, as “peliculas ndo adesivas”, as “peliculas

espinhosas” e a electricidade.
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Produtos naturais

Alguns organismos marinhos como os corais, as esponjas, macrofitas,
golfinhos, etc., ttm a capacidade de manter a sua superficie corporal livre de
organismos incrustantes libertando substéncias antivegetativas. Estas
substancias estdo a ser alvo de uma intensa investigacao e alguns compostos
foram j4 isolados e sao actualmente utilizados na composicdo de tintas

antivegetativas (Omae, 2003b).

“Peliculas ndo adesivas”

Consistem na aplicacdo de uma pelicula, normalmente de silicone, que
previne a fixacdo de organismos. Como ndo é téxica a adesdo de organismos
pode ocorrer mas a medida que a velocidade da embarcacdo aumenta estes
organismos vado sendo libertados. E recomendada para embarcacdes com

velocidades superiores a 30 nés (IMO, 1999).

“Peliculas espinhosas”

S&o constituidas por microespiculas que previnem a adeséo de cracas e
algas, no entanto aumentam significativamente o atrito pelo que sdo quase
exclusivamente utilizadas em equipamento estatico, como bodias, equipamento
de aquacultura, etc. (IMO, 1999).

Electricidade
E criado um campo eléctrico entre o casco do navio e a agua do mar que

impede a fixagdo dos organismos, € muito efectivo contra o biofouling, no

entanto, acarreta elevados custos econdmicos e potencia a corrosdo do casco.
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1.2. Objectivos gerais e descri¢do do trabalho

O presente estudo tem como objectivo geral avaliar a extenséo e o nivel da
poluicdo por tributilestanho (TBT) na Costa Portuguesa utilizando como espécie
indicadora o gastropode Nassarius reticulatus. Pretende, também, avaliar os
efeitos bioldgicos deste tipo de poluicdo nesta espécie e, por extrapolacao,
noutras espécies que ocorrem na Costa Portuguesa. Em funcéo destes objectivos
fundamentais foram avaliados os gradientes espaciais e temporais da poluicédo
por TBT na Costa Portuguesa e foram estudados os seus efeitos ao nivel das
populacdes em fases distintas do ciclo de vida do organismo: fase adulta e fase
larvar.

A presente dissertacdo € apresentada sob a forma de trés artigos
cientificos (Capitulos 2, 3 e 4), acompanhados por uma introducédo geral (Capitulo
1) que pretende dar uma visdo integrada sobre o debate em torno do TBT, e uma
conclusao final (Capitulo 5) que resume e interpreta os principais resultados
obtidos.

No capitulo 2 descrevem-se 0s actuais niveis de imposexo e de compostos
organoestanicos nos tecidos das fémeas de N. reticulatus. Descrevem-se 0s
gradientes de poluicdo associados a proximidade dos portos e estuda-se a
variacdo temporal da poluicdo comparando os resultados obtidos com os dados
publicados para a Costa Portuguesa no ano 2000.

Dada a excelente correlagcdo entre os niveis de imposexo e as
concentracbes de TBT descritas por diversos autores, e reforcadas no presente
trabalho, a monitorizagcéo da poluigcdo ao longo do gradiente costa-largo (descrita
no capitulo 3) foi realizada utilizando os valores de imposexo observados nesta
espécie.

Estudados os niveis de poluicdo na nossa costa e os efeitos da poluicédo
por TBT nas populacdes de N. reticulatus € realizado no capitulo 4 o estudo dos
efeitos deste composto na fase larvar desta espécie. Foram conduzidos testes de
toxicidade aguda em veligeras recém eclodidas e foi estudado o possivel impacto
do composto na mortalidade larvar e, consequentemente, no recrutamento das

populacoes.
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Imposex and organotin contamination in

Nassarius reticulatus (L.) along the Portuguese Coast
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Abstract

Nassarius reticulatus imposex levels and organotin body burden (b.b.) were
surveyed along the Portuguese Coast, from Vila Praia de Ancora (north limit) to
Lagos (south limit), between May and August 2003. The percentage of females
affected with imposex (%l), the relative penis length index (RPLI), the vas
deferens sequence index (VDSI) and the degree of female oviduct convolution
index (AOS) were used to assess the level of imposex at each site. These
imposex indices were determined for 23 sampling stations throughout the coast
and ranged between 0.0-100%, 0.0-90%, 0.0-5.0 and 0.0-1.3, respectively. Sterile
females (ie, females carrying aborted egg capsules inside the capsule gland) were
found inside the harbours of Viana do Castelo (8.5%) and Aveiro (3.7%).
Organotins were assessed in 10 sampling sites spread along the coast. Tributyltin
(TBT) b.b. in females varied between 39-1679 ng Sn g™ dry weight (dry wt) whilst
dibutyltin (DBT) and monobutyltin (MBT) varied between 23-1084 and 18-939 ng
Sn g* dry wt, respectively. Among the butyltins, the major fraction corresponded to
TBT (50%) followed by DBT (25%) and MBT (23%), which indicate recent
contamination. TPT levels ranged between <5 to 21 ng Sn g* and TPT residue
was on average 10% of the TBT residue. TPT was the dominant phenyltin and
was quantifiable in 60% of the sampling stations. The imposex was significantly
correlated to INTBT (Spearman r= 0.918, p< 0.001 for RPLI; r= 0.864, p< 0.001 for
VDSI; r= 0.828, p< 0.01 for AOS). The higher levels of imposex and TBT
contamination occurred inside or close to harbours, which are diagnosed as the
hotspots of pollution in the coast. Comparing the results obtained in the current

work with those reported in a similar survey in 2000 we conclude that both indices

57



presented some rises or reductions at a local scale but they did not reveal any
global trend in the variation of TBT pollution in the Portuguese coast over the 3-

year period.

2.1. Introduction

Organotin compounds, tributyltin (TBT) and to a lesser extent triphenyltin
(TPT), have been used as biocides in antifouling paints since 1960’s (de Mora,
1996). Its deleterious effects on non-target organisms was recognised in the early
1980s mainly as the cause for the decline in oyster production (Alzieu et al., 1981)
and for imposex (Smith, 1981) - superimposition of male characters onto
prosobranch females (Smith, 1971). Legislation to ban the use of organotin
antifouling paints on boats smaller than 25m in length was introduced for the first
time in France in 1982, mainly motivated by the negative impact of TBT pollution
on oyster farming. Latterly, similar legislation was applied throughout Europe; in
Portugal the use of TBT on small boats (<25m) was banned in 1993 and one year
before the Portuguese Navy imposed a total ban on their ships. Nevertheless,
pollution was still high at many sites of coastal and deep-sea waters of countries
that adopted this regulation (Barroso & Moreira, 2002; Santos et al., 2002; ten
Hallers-Tjabbes et al., 2003; Michel et al., 2001; Minchin et al., 1996; Morgan et
al., 1998). As a consequence, in 2001 the International Maritime Organization
(IMO) gave forth to the “International Convention on the Control of Harmful
Systems on Ships” that bans the application of organotin antifouling paints on any
boat after 1 January 2003 and forbids its usage after 2008.

The netted whelk Nassarius (=Hinia) reticulatus (L.) is a common
European prosobranch gastropod that is distributed from the Black Sea and the
Mediterranean, north to Norway and into the western Baltic (Graham, 1988).
Recently this whelk has been successfully used as a bioindicator of tributyltin
(TBT) pollution in European coastal waters (Stroben et al., 1992; Bryan et al.,
1993; Barreiro et al., 2001; Barroso et al., 2002) through the assessment of the
imposex levels and organotin body burdens in the populations. A survey of this

type was conducted in 2000 along the Portuguese coast by Barroso et al. (2002).
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The present work regards a re-survey conduced in 2003 that aims to assess the
status of TBT pollution in the Portuguese coast in the year that the IMO ban took
place; this will provide a baseline to track the future evolution of the TBT pollution
in Portuguese waters and to evaluate the effectiveness of this ban in reducing the
pollution levels. Furthermore, it aims to evaluate the temporal trend of organotin

pollution over the last 3 years.

2.2. Methods

2.2.1. Sampling

Nassarius reticulatus was collected between May and August 2003 from
23 sampling stations (Stns) along the Portuguese Coast, between Vila Praia de
Ancora (north limit) and Lagos (south limit) [Fig 2.1; Table 2.1]. Specimens were
collected by hand at the intertidal shore and with baited hoop nets at sub-littoral
sites. The animals were brought to the laboratory and maintained in aquaria with
permanent aeration at constant temperature (17°C + 1°C) for a period of about 3
days prior to analysis.

2.2.2. Biological examinations

About 60 adult specimens were analysed per station (i.e. those presenting
white columellar callus and teeth on the outer lip). They were narcotised using 7%
MgCl, in distilled water for 40 minutes and the shell heights (distance from shell
apex to lip of siphonal canal) were measured with vernier callipers to the nearest
0.1 mm. The shells were then cracked open with a bench vice, and individuals
were sexed and dissected under a stereo microscope. Parasitised specimens
were discarded from the analysis. The percentage of females affected by imposex
(% 1), the relative penis length index (RPLI= mean female penis length x 100/mean
male penis length), the vas deferens sequence index (VDSI) and the oviduct stage
index (AOS) were determined for each station. The percentage of sterile females
(%STER), i.e., females carrying aborted egg capsules inside the capsule gland,
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was also determined. The penis length was measured using 1 mm graduated
graph paper under a stereo microscope. The VDSI was classified according to the
scoring system developed by Stroben et al. (1992a), with minor alterations
proposed by Barroso et al. (2002). The degree of oviduct convolution (AOS) was

ranked according to the 3-stage scale of Barreiro et al. (2001).

2.2.3. Organotin Analysis

For 10 selected stations TBT, dibutyltin (DBT), monobutyltin (MBT),
triphenyltin (TPT) and diphenyltin (DPT) where measured in the whole tissues of
10-15 pooled females [Table 2.1]. The analyses were performed by the Servicios
Xerais de Apoio & Investigacion (Universidade da Corufia). The procedures used
are described by Quintela et al. (2000) and are largely based on the methods of
Szpunar et al. (1996). The analysis was performed for 2 separate replicates of
each sample, and the results are given as mean values with the respective
standard deviation. The detection limit of the method was 20 ng Sn g™ dry weight
(dry wt) for butyltins (BTs) and 5 ng Sn g* dry wt for TPT.

The extraction efficiency for TBT, DBT and MBT varied between 68-72%,
97-123%, 37-118%, whilst for TPT and DPT varied between 97-118% and 28-
57%, respectively.

2.2.4. Statistical analysis
All statistical analysis was performed using the software Statistica 6.0.
The correlation analysis refers to the non-parametric Spearman Rank Order

Correlation. Comparison between VDSI values was made through the non-

parametric Mann-Whitney U Test.
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Figure 2.1. Nassarius reticulatus. Map of the Portuguese coast indicating the sites (1 to 23) where
specimens were collected and the location of the main harbours. Italic code numbers represent sampling
stations located inside harbours. The graphic bars represent values of relative penis length index (RPLI),
vas deferens sequence index (VDSI) and imposex incidence (%l).

* Occurrence of female sterility. + Stations located inside ports.
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Table 2.1. Nassarius reticulatus. Data relative to each sampling site with the indication of numbers of males (' N) and females (?N) with respective mean
shell heights; percentage of affected females (%), relative penis length index (RPLI); female oviduct convolution (AOS) and vas deferens sequence index
(VDSI); mean tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT), triphenyltin (TPT) and diphenyltin (DPT) whole female body burden (b.b.). Standard
deviations are given as a percentage of the mean. (a) 0 to 5%; (b) 5 to 10%; (c) 10 to 15%; (d) 15 to 20%; (e) 20 to 25%; (f) 25 to 30% (g) 30 to 40% (h) 40

to 50%; dry wt: dry weight; na: not analysed; nq: not quantifiable. For additional data compare Figure 2.1.

. E] Q Tissue b.b. ngSng™ dry wt
. Coordinates 3 Q
Station code and name (EUR 50) (N) hshell (N) shell % | RPLI AOS VDSI TBT DBT MBT TPT DPT
eight height
1. Praia Norte 41°41.85N-8°51.13W 23 21.6° 36 23.9° 100 8.0 0.0 2.7 na na na na na
2. V. Castelo - Estaleiro 41°41.34N-8°50.26W 20 23.9° 32 239° 100 85.1 1.1 4.9 832° 584*  939° 19¢ nq
3. Praia da Amorosa 410°38.72N-8°49.31W 20 23.1° 41 21.1° 100 51 0.0 2.2 na na na na na
4. Porto Leixdes - Plat. 2 41°11.42N-8°41.43W 20 25.9* 40 26.8° 100 56.0 0.9 4.5 330° 169° 115° ng nq
5. Porto Leix6es — Marina 41°11.30N-8°42.24W 20 24.2° 36 25.9° 100 81.5 1.2 4.4 na na na na na
6. Praia da Foz 41°09.78N-8°41.10W 15 22.6° 44 23.2° 68.2 3.0 0.0 1.3 na na na na na
7. Aveiro — S. Jacinto 41°39.84N-8°43.56W 20 24.3° 31  25.0° 100 8.3 0.1 25 63° 32° 45' nq nq
8. Aveiro — PCN 41°39.06N-8°43.76W 20 22.4° 34  240° 100 59.4 0.7 4.2 na na na na na
9. Aveiro — Barra 41°38.71N-8°44.82W 30 23.4° 25 25.1° 100 24.5 0.2 3.0 na na na na na
10. Aveiro — MM 41°38.65N-8°44.06W 25 24.9° 30 256° 100 47.1 0.5 3.9 218° 61° 69° nq nq
11. Aveiro — FB 40°38.56N-8°43'59W 20 23.2° 34 24.8 100 29.7 0.2 3.7 na na na na na
12. Aveiro — PPL 40°38.24N-8°43'50W 28 25.8° 27  26.3° 100 72.3 1.3 4.6 na na na na na
13. Peniche — Porto Pesca  39°21.15N-9°22.52W 24 218" 26 21.1° 100 90.0 1.1 5.0 1679  1084* 637* 21° 21°
14. Praia do Guincho 38°43.74N-9°28.46W 27  20.7° 15 225° 100 13.7 0.0 3.3 39° 23° 242 8" nq
15. Praia das Avencas 38°41.21N-9°21.27W 15 20.8° 25 218" 100 29.9 0.2 4.1 48° 35° 29' 12° nq
16. Lisboa — Trafaria 38°40.55N-9°14.09W 15 19.7° 34  20.5° 100 67.4 0.9 4.9 4002 103? 69° 8¢ nq
17. Setlibal — Porto Pesca  38°31.17N-8°52.58W 34 21.2° 25 21.0° 100 78.7 0.7 4.3 na na na na na
18. Setlbal - Troia 38°26.25N-9°06.76W 26  20.7° 25  20.9° 100 72.0 1.3 4.6 1852 143° 103"  16°¢ nq
19. Vila Nova Mil Fontes 37°43.30N-8°47.25W 16 21.7° 44 22.0° 36.4 2.2 0.0 0.7 na na na na na
20. Zambujeira do Mar 37°33.20N-8%47.44W 20 21.5° 33 234" 273 0.6 0.0 0.4 na na na na na
21. Praia da Arrifana 37°18.82N-8°52.11W 22  22.0° 11  22.9° 100 30.7 0.1 3.1 86° 30° 18° nq nq
22. Praia da Luz 37°05.21N-8°43.64W 23 17.7° 36 19.3° 0.0 0.0 0.0 0.0 na na na na na
23. Lagos - Marina 37°06.27N-8°40.52W 34 18° 18 20.8° 100 90.1 0.9 4.8 na na na na na
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2.3. Results

2.3.1. Imposex and organotin body burden in N. reticulatus

Levels of Nassarius reticulatus imposex and female organotin b.b.
obtained in the current survey are shown in Table 2.1. The %l varied from 0.0 to
100%, the RPLI varied between 0.0 and 90% and the VDSI ranged from 0.0 to 5.0.
The degree of female oviduct convolution (AOS) varied from 0.0 to 1.3 and was
significantly correlated with VDSI (r=0.914, p<0.001). The oviduct convolution
occurred mostly on females with advanced stages of imposex (VDSI>2) [Fig. 2.2].
Sterile females were found inside the harbours of Viana do Castelo (Stn 2) and
Aveiro (Stn 12), with an incidence of, respectively, 8.5% and 3.7% in the
population. These sterile females presented advanced imposex stages (VDSI=5
and AOS>1) and did not exhibit any vulva occlusion or capsule gland deformation.
The TBT female b.b. ranged from 39 to 1679 ng Sn g dry weight (dry wt) whilst
DBT and MBT varied between 23-1084 and 18-939 ng Sn g dry wt. Among the
butyltins, the major fraction corresponded to TBT (50%), followed by DBT (25%)
and MBT (23%) [Table 2.2]. TPT was the dominant phenyltin and was quantifiable
in 60% of the stations whereas DPT was only detected at one sampling station
(Stn 13= 21 ng Sn g*). TPT levels ranged between <5 to 21 ng Sn g™ and, when
quantified, represented on average 10% of the TBT residue. No significant
correlation (r= 0.75, p= 0.08) was found between TBT and TPT, although the
observed significance was close to 0.05.

All imposex indices were significantly correlated to InNTBT (r= 0.918, p<
0.001 for RPLI; r= 0.864, p< 0.001 for VDSI; r= 0.845, p< 0.001 for FPLI and r=
0.828, p< 0.01 for AOS). Figure 2.3 illustrates the relationships between the TBT
tissue concentration and the different imposex indices obtained in the current
survey (white circles). The same figure also shows that these relationships are
similar to that obtained by Barroso et al. (2002) in 2000 (dark points). For VDSI
and RPLI there was a rapid increase and then both indices tended to a plateau of
VDSI=4.6 and RPLI=87% at tissue concentrations of about 400 and 700 ng Sn g™

dry wt, respectively. For the range of values below the plateau significant
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regressions were established between InTBT and VDSI (VDSI = 1.3*InTBT - 2.9;
F=50.7, p<0.001; R%=0.60) and between InTBT and RPLI (RPLI = 27.7*InTBT -
90.8; F=141, 8, p<0.001; R*=0.78).

1,40 ~

AOS

Figure 2.2. Relationship between VDSI and AOS. Line fitted by eye.
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Figure 2.3. Relationship between the TBT body burden and the RPL and VDS imposex indices
obtained in the current survey (white circles) and in 2000 survey (black circles). (A) RPLI vs TBT-

Sn tissue concentration, (B) VDSI vs TBT-Sn tissue concentration. Lines fitted by eye.
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2.3.2. Spatial variation of imposex and organotin body burden

An evident relationship was found between the organotin body burden or
iImposex levels in N. reticulatus and the proximity of harbours. The highest TBT
values (from 185 up to 1679 ng Sn gdry wt and with an average * standard-
deviation of 607+574 ng Sn gldry wt) were found at stations located inside
estuarine systems or embayments enclosing harbours (Stns 2, 4, 10, 13, 16 and
18) (see Fig. 2.1). The lowest values (from 39 to 86 ng Sn g™dry wt and with an
average + standard-deviation of 58+25 ng Sn g™*dry wt) were found at sites on the
open shore distant from harbours (Stns 14, 15, 21), although TBT pollution still
occurs due to the presence of a considerable number of small fishing and leisure
boats (see Fig. 2.1). Stn 7 is located at Ria de Aveiro, but nevertheless presents
low contamination (63 ng Sn g™ dry wt) for being distant from the harbours and for
having an intense water renovation from the sea.

Regarding imposex, sites located inside or close to the harbours of Viana
do Castelo (Stn 2), Leixdes (Stns 4, 5), Aveiro (Stns 8, 10-12), Peniche (Stn 13),
Lisboa (Stn 16), Setubal (Stns 17, 18) and Lagos (Stn 23) presented 1%=100%,
RPLI=30-90% (average * standard-deviation of 69% * 18%), VDSI=3.7-5.0 (4.5 £
0.4) and AOS=0.2-1.3 (0.9 = 0.3) [Fig. 2.1; Table 2.1]. The remainder stations,
distant from harbours but nevertheless subjected to small boat traffic, presented
1%=0-100% (76% + 37%), RPLI=0-31% (12% + 12%), VDSI=0.0-4.1 (2.1 + 1.3)
and AOS=0-0.2 (0.1 £ 0.1) [Fig. 2.1; Table 2.1]. On the other hand, increasing
gradients of TBT pollution and imposex were observed approaching the hotspots
[Fig. 2.1]. For instance, at Ria de Aveiro, the lowest imposex levels were found in
stations near the mouth of the estuary (Stns 7, 9) while the highest levels were
registered inside or close to harbours (Stns 8, 11, 12). Similar trends were also
observed around the harbours of Viana do Castelo, Leixdes and Lisbon. In the
latter case, for example, as we approached the harbour there was an increase of
TBT b.b. and imposex: Stn 14 (RPLI = 14%, VDSI = 3, TBT bb 39 ng Sn g™?), Stn
15 (RPLI = 30%, VDSI = 4, TBT bb 48 ng Sn g*) and Stn 16 (RPLI = 67%, VDSI =
5, TBT bb 400 ng Sn g™).
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2.3.3. Temporal variation of imposex and organotin body burden

Temporal comparisons of imposex levels and organotin b.b. in N.
reticulatus for common sites sampled in 2000 (Barroso et al., 2002) and in 2003
are shown in Table 2.2. The imposex and organotin analysis was performed in
both occasions by the same laboratory and using identical methods. TPT female
b.b. decreased in all but one station analysed but the TBT levels showed a distinct
tendency: they decreased at Stns 2, 4, 7, 14, 15, 16 and increased at Stns 10, 13,
18 and 21 [Table 2.2]. Many factors such as temporal variations of naval traffic
and of shipyard activity may cause different inputs of TBT to the environment,
which will ultimately cause variant TBT tissue contamination. The same is true for
TPT although inputs from agriculture pesticides must also be considered (Fent,
1996). Table 2.3 shows the variation of the commercial ship traffic, expressed in
terms Tonnage, between the period of 1998-2000 and 2001-2003, i.e., 3 years
before each survey. It is interesting to note the similar decrease among TBT b.b.
at Viana do Castelo harbour (Stn 2) and the 9% reduction in the commercial traffic
between the two periods. Similarly, the TBT b.b. increase at Setubal harbour (Stn
18) is coincident with a 57% rise in the commercial traffic. As mentioned above,
change in commercial traffic is not the only cause for TBT b.b. variation. For
instance, at Ria de Aveiro the commercial traffic increased only 3% but the change
from 132 to 218 ng TBT-Sn g™ dry wt observed at Stn 10 is most likely related to
the start of activity in 1999 of a new fishing port close to this site at Canal de Mira.
Similarly, we can speculate that the consistent decrease of TBT b.b. at stations
14-16 in Lisbon is due to the closing of a major national shipyard at this harbour
(Lisnave) in 2000, regardless the slight increase of the commercial traffic (0.7%) at
this place. Many reasons can be speculated to explain the observed changes and
rarely can we be sure of their veracity; hopefully, after the IMO ban there will be a
global consistent decrease of TBT in all coast as the ban will affect all kinds of
input sources, which will be easily detected trough imposex and organotin b.b.

monitoring.
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Table 2.2. Time comparisons of Nassarius reticulatus imposex indices and organotin female body burdens (ng Sn/g dry wt), between 2000 (Barroso et
al., 2002) and 2003 (present survey), at common sites along the Portuguese coast. U: Mann-Whitney U-Test result; * p<0.05; ** p<0.01; *** p<0.001;
ns: not significant; na: not analysed; ng: not quantifiable.

Station RPLI FPLI VDSI %I TBT DBT TPT
code 2000 2003 2000 2003 U p 2000 2003 U p 2000 2003 2000 2003 2000 2003 2000 2003

1 6.3 8.0 0.8 0.8 376.0 ns 2.5 2.7 362.0 ns 100 100 77 na 63 na ng na
2 921 g5.1 115 7.5 14.0 ok 4.5 49 3220 * 100 100 1368 832 654 584 112 19
3 2.3 5.1 0.3 0.5 551.0 ns 1.7 2.2 454.0 * 81 100 37 na 37 na ng na
4 79.8 560 104 5.9 17.0 ok 4.6 45 3895 ns 100 100 481 330 205 169 18 ng
5 888 815 10.7 8.7 165 rxk 4.4 4.4 3475 ns 100 100 602 na 354 na 84 na
6 10.7 3.0 1.3 0.3 76.5 ok 25 1.3 2195  **= 100 68 55 na 44 na ng na
7 18.0 8.3 2.6 1.0 1235  #x* 2.6 25 2845 ns 94 100 66 63 49 32 ng ng
8 59.8 594 7.2 6.1 274.0 *x 4.3 4.2 4135 ns 100 100 262 na 131 na nq na
9 13.8 245 1.8 25 221.0 * 2.7 3.0 2555 ns 100 100 60 na 62 na ng na
10 58.2 471 7.0 55 1955 ns 3.3 39 1820 ns 100 100 132 218 81 61 ng ng
13 88.1 90.0 8.5 6.7 72.5 ok 4.9 50 221.0 ns 100 100 912 1679 671 1084 73 21
14 495 137 7.3 1.6 7.5 ok 3.4 33 1715 ns 100 100 90 39 103 23 ng 8

15 55.2 299 7.6 35 20.0 ok 4.4 4.1 274.5 ns 100 100 128 48 121 35 15 12
16 88.1 674 7.7 7.0 2420 ns 4.9 49 2925 ns 100 100 488 400 275 103 23 8

17 859 787 7.9 9.4 158.5 * 4.9 43 126.0 *x 100 100 459 na 413 na 52 ng
18 56.4 72.0 5.9 7.3 1575 ** 4.6 46 286.0 ns 100 100 124 185 90 143 20 16
19 1.2 2.2 0.1 0.3 5365 ns 0.5 0.7 5290 ns 26 36 23 na ng na nq ng
20 0.1 0.6 0.01 0.1 3255 ns 0.6 04 2460 ns 58 27 ng na ng na nqg nq
21 1.9 30.7 0.2 5.0 145 ok 0.7 3.1 16.0 *kk 44 100 21 86 nq 30 13 <5
22 0 0.0 0.0 0.0 576.0 ns 0.0 00 576.0 ns 0.0 0.0 nq na nq na nq nq
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We checked also if the imposex evolution between 2000 and 2003
followed the same variation of the TBT b.b. in females for a given site. For that we
used the regression equations and the plateau line of the relationships in Fig. 2.2
to estimate theoretical values of RPLI and VDSI for the TBT b.b. registered in both
occasions and then we estimated the theoretical variation of these indices from
2000 to 2003. This variation was then compared with the observed difference of
these indices for the same period [Table 2.4; Fig. 2.4]. Despite some rare
exceptions, the theoretical and the observed variation between 2000 and 2003
had a common sign trend, i.e., they generally increase or decrease together,
which means that imposex generally accompanied the evolution of the TBT
concentration in the tissues.

When all stations are compared for imposex variation [Table 2.2] we
conclude that in the majority of the sites the VDSI did not significantly differ
between 2000 and 2003 and when there was a significant change it was either to
increase or to decrease, depending on the site; the RPLI also increased in some
sites and decreased in others. Hence, both indices presented some rises or
reductions at a local scale but they did not reveal any global trend in the variation
of TBT pollution in the Portuguese coast over the 3-year period.

Table 2.3: Commercial ship traffic activity in main Portuguese ports: total number of commercial

ships called at each port during 1998-2003 expressed in terms of total gross tonnage stood (GTs).

GTs (x10°T)

1998 1999 2000 2001 2002 2003
V. Castelo 0.92 1.13 1.19 1.15 0.93 0.87
LeixBes 19.71 20.66 20.90 22.00 21.74 20.94
Aveiro 2.70 2.67 2.34 2.54 2.70 2.73
Lisboa 36.96 37.92 37.99 35.25 37.80 40.55
Setubal 15.73 17.31 20.93 29.52 30.91 29.36
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Table 2.4: Estimated and observed variations in RPLI and VDSI from 2000 to 2003.

RPLI (%) VDSI
Stations Theoretical Observed Theoretical Observed
2 0.0 7.1 0.0 0.4
4 -10.4 -23.8 -0.1 -0.1
7 -1.3 -9.7 -0.1 -0.1
10 13.9 -11.1 0.7 0.6
13 0.0 1.9 0.0 0.1
14 -23.2 -35.8 -1.1 -0.1
15 -27.2 -25.3 -1.3 -0.3
16 -5.5 -20.7 0.0 0.0
18 111 15.6 0.5 0.0
21 39.1 28.8 1.9 2.4
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Figure 2.4: Relationship between estimated and observed variations in RPLI (A) and VDSI
(B) from 2000 to 2003.
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2.4. Discussion

There is evidence from laboratory experiments that imposex in N.
reticulatus is induced by TBT, either administered by injection, by aqueous and
sediment exposure or through the diet (Stroben et al., 1992b; Bettin et al., 1996;
Pope, 1998; Barroso et al., 2002). Further evidence of this relationship regards the
high correlation found between imposex and TBT female b.b. in the current field
survey; similar correlations were previously reported for the same area (Barroso et
al., 2002) and for the coastal waters of France (Stroben et al., 1992), Britain
(Bryan et al., 1993) and Spain (Barreiro et al., 2001). All these evidences point out
the link of cause and effect between TBT contamination and the imposex in the
netted whelk.

It is known that TBT acts as an androgenic endocrine disruptor that leads
to the masculinization of the females (see review by Matthiessen and Gibbs, 1998;
Oberdorster and Cheek, 2001). This masculinization varies between different
species of prosobranchs but the common trend is the growth of a penis and a vas
deferens over the female genital tract. This has been observed in N. reticulatus in
previous works and was also shown in the current survey, since the RPLI and the
VDSI were significantly correlated with TBT body burden. Barreiro et al. (2001)
pointed out that females with advanced developed penis and vas deferens
collected in NW Spain also exhibited a convoluted gonadial oviduct, resembling
the sinuous seminal vesicle of the males. The current survey and the 2000 survey
(Barroso et al., 2002) showed the same pattern in the Portuguese coast, i.e., the
convolution of the gonadial oviduct is correlated with VDSI and TBT b.b. and
increases rapidly for VDSI>3. Hence, oviduct convolution is most likely another
masculinization effect of TBT pollution. Neither of the above mentioned effects
seem to cause sterility in N. reticulatus females because they do not lead to vulva
blocking or capsule gland malformation, as it happens with some other
prosobranch species (Gibbs & Bryan, 1996). Nevertheless, sterility was found
inside the harbours of Viana do Castelo (Stn 2) and Aveiro (Stn 12) in females with
advanced imposex stages (VDSI=5 and AOS>1). Sterile females with advanced

stages of imposex were also reported for the Portuguese coast by Barroso et al.
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(2002) in 2000, although none was found at Aveiro. The consistency of these
findings, together with very similar data reported for W France (Huet et al., 1995)
and NW Spain (Barreiro et al., 2001), strongly suggests that sterilisation may be a
consequence of imposex development. This may hypothetically result from any
deformation that occurs inside the capsule gland that is not easily detected by
visual inspection, which needs to be further studied. TBT pollution may thus have
a stronger adverse impact on N. reticulatus populations than previously thought.
Hopefully, TBT pollution levels will reduce in the following years as a
consequence of the application of the IMO ban in 2003. Under the scope of
assessing the effectiveness of this ban in the future, we have created an updated
baseline regarding the status of N. reticulatus organotin b.b. and imposex in 2003,
which was described above in this paper. It showed the occurrence of increasing
TBT b.b. and imposex levels with the proximity of harbours, which are identified as
the hotspots of pollution in Portugal. At these areas many ships are anchored or
being repaired or repainted at dockyards and high quantities of TBT are leached to
the surrounding medium. This is easily detected in the TBT concentrations in the
tissues. In fact, we registered a high mean level of about 600 ng Sn g™ dry wt of
TBT b.b. inside or close to harbours and a value as high as 1679 ng Sn g™ was
found at one port. These levels are similar to the ones observed for the same area
in the 2000 survey (mean value of 580 ng Sn g* (Barroso et al., 2002).
Comparison of N. reticulatus b.b. obtained in this study with those from other
areas may be meaningfulness because pollution varies drastically with the choice
of sampling sites and their distance to pollution sources. Nevertheless, the values
reported in the present study are in the same order of magnitude as the ones
reported by Barreiro et al. (2001) for the NW Spain, but are generally higher than
the ones reported by Bryan et al. (1993) in the SW England. On the other hand,
recent TBT inputs in the Portuguese coast are suggested by the ratio TBT*100/
(TBT+DBT) with values varying between 56 and 80%. Such high levels have been
reported for the 2000 survey (values between 34 and 63), Barroso & Moreira,
2002) and for the NW Spain in 1998 near hotspots of pollution (Ruiz et al., 1998).
N. reticulatus exhibited also high levels of imposex inside harbours, where

1% was 100% and the RPLI and VDSI were in average 69% and 4.5, respectively.
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These values resemble those reported by other authors for the most polluted
harbours of Spain (Barreiro et al., 2001), France (Stroben et al., 1992) and Britain
(Bryan et al., 1993). The high imposex and TBT female body burdens found in
2003 and the overhead content of TBT in comparison to its debutylated forms
indicate that TBT paints are still largely used in the Portuguese coast. This is
corroborated by the analysis of organotin and imposex evolution between 2000
and 2003 that indicates that there was no global change in the levels of TBT
pollution. Moreover, when one attends to compare the relationships between
imposex indices and TBT b.b. among the two surveys no differences as the ones
recorded by Bryan et al. (1993) are observed, reinforcing the idea that no TBT
decline occurred between 2000 and 2003. However, in the present survey the TPT
levels were much lower (between 62 and 83% in Sts. 2, 4, 13, 16, 21 and 20% in
Sts. 15, 18) than in 2000, which suggests a strong reduction of the input of this
triorganotin. This can be derived either from a lesser usage of TBT as a co-
toxicant in antifouling paints or from a diminishing application of TPT-based
pesticides in agriculture.

For assessing the future impact of the IMO ban using N. reticulatus as a
bioindicator, it is important to know if the species is in fact sensitive to track
temporal changes in TBT pollution. Since TBT residues are lost from tissues with
half times of about 2-3 months (OSPAR, 1998), this parameter can be used as a
reliable tool for monitoring rapid changes in pollution. However, imposex in many
prosobranch species has been considered an irreversible phenomenon so that if
TBT pollution decreases the imposex will slowly decline as new mature whelks are
recruited into the population. Considering that N. reticulatus can live for 15 years
(Tallmark, 1980) and sexual maturation is achieved in about 4 years (Barroso,
pers. com.), imposex monitoring would not detect rapid changes in TBT pollution.
However, the current work showed that the variation of RPLI and the VDSI
between 2000 and 2003 matched, in general terms, the evolution of the TBT
female b.b. in the same period for most of the sites analysed. This suggests that
the renovation of generations in the population may be faster than predicted or

that imposex is, at least in part, reversible. Bryan et al. (1993) have already
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noticed that a reduction in the netted whelk female penis length occur over time,
but further research needs to find if the same applies to the VDSI.
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CAPITULO 3

Assessment of tributyltin (TBT) pollution in the NW Portuguese

continental shelf using Nassarius reticulatus (L.) as a bioindicator
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Abstract

Nassarius reticulatus (L.) was sampled between September and October
2002 at 366 sites located on the NW Portuguese continental shelf between Aveiro
(40° 38.00 N) and Oporto (41° 09.00 N). The ranges of the surveyed depths varied
from 3 to 34 m. Whelks were captured at 172 sites spread all over the study area.
The imposex in this species was used as a biomarker of tributyltin (TBT) pollution.
Females affected with imposex were found in 42% of the sites along the entire
range of latitudes and depths, which indicate that TBT pollution is widespread over
the study area. The percentage of females with imposex at each site varied
between 0 and 36.4%, whereas the RPL and VDS indices ranged between 0-
12.7% and 0-1.1, respectively. Some of the highest levels of imposex occurred 6-
11 Km from the coast, at different latitudes, where depths are around 30 m. The
spatial analysis of the imposex levels suggests that naval traffic, harbours,
offshore anchorages and the sewage outfalls are the main TBT pollution sources

in the area.

3.1. Introduction

Tributyltin (TBT) compounds have been used as biocides in antifouling
paints since the 1960s (Bennet, 1996). TBT leaches from these paints into the
water and accumulates in sediments and biota, causing several adverse effects in
non-target organisms, particularly molluscs (Fent, 1990). One of the most world
spread adverse effect is imposex - the superimposition of male characters onto

prosobranch females (Smith, 1971). The imposex is a highly specific biomarker of
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TBT pollution and is developed throughout the animal’s life, providing a robust
indication of global levels of organotin pollution at a given site. Although the impact
of TBT on the inshore ecosystems has been fairly well studied over the last two
decades, there is still little information regarding the offshore waters. It has been
recently reported that some deep-sea species of bivalves, gastropods,
cephalopods, crustaceans, echinoderms, fishes and mammals have measurable
levels of TBT in their tissues (de Brito et al., 2002a, 2002b; Takahashi et al., 1998;
Borghiand & Porte, 2002; Linley-Adams, 1999). In the case of gastropods is
possible to disclose TBT tissue contamination by the assessment of the imposex
levels even if contamination is below chemical detection. Hence, this biomarker is
an essential tool for monitoring TBT pollution in offshore areas where TBT levels
are generally very low. Ten Hallers-Tjabbes and co-workers (1994) reported for
the first time the occurrence of imposex in offshore gastropod populations of
Buccinum undatum in the North Sea. Similar findings were later reported for the
gastropods Bolinus brandaris, Hexaplex trunculus and Thais haemastoma in the
Mediterranean Sea (Gomez-Ariza et al., 1999; Morabito et al., 1999), Cassidaria
tyrrhena, Colus gracilis, Cymbium olla and Bolinus brandaris along the Atlantic
Iberian coast (Boon, 2001) and Neptunea antiqua in the North Sea (ten Hallers-
Tjabbes et al., 2003). These species are very scarce or absent in Portuguese
waters.

The netted-whelk Nassarius reticulatus exhibits a wide geographical
distribution that extends from the Canaries and Azores north to Norway and
throughout the Mediterranean and Black Seas (Fretter & Graham, 1984). It has
been successfully used in TBT biomonitoring programs around Europe (Bryan et
al., 1993; Oehlmann et al., 1993; Barroso et al., 2000; Barreiro et al., 2001;
Barroso et al.,, 2002) and was recommended as a key species for organotin
biomonitoring in the inshore coasts of the maritime area covered by the OSPAR
Convention (Convention for the Protection of the Maritime Environment of the
North-East Atlantic). However, there is no data regarding its use for surveying
offshore areas. This species is a ubiquitous gastropod species in the Portuguese
mainland coast, it is commonly found at sandy sheltered places of rocky intertidal

areas along the seashore, being particularly abundant in sandy or muddy
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sediments inside estuarine systems (Barroso et al., 2002). This whelk has been
occasionally found in the NW Portuguese continental shelf up to a depth of 2100 m
(Rodrigues & Quintino, pers. commun.)

The objectives of the present work are to assess the status of TBT pollution
in the NW Portuguese continental shelf and to evaluate the usefulness of N.

reticulatus as a bioindicator in offshore European waters.

3.2. Materials and methods

The study area is the NW Portuguese continental shelf comprised between
Oporto (41° 09.00 N, 46.08 W) and Aveiro (40° 38.00 N, 50.11 W), up to a depth of
34 m. Sampling was carried out between 11 September and 1 October 2002 along
63 transects perpendicular to the coast. In each transect the distance between
sampling stations varied between 0.3 and 2.4 Km according to the topography. Six
to seven stations were allocated in each transect between the batimetric lines of 3
and 34 m [Fig 3.1]. At each site the sampling consisted of 5 min towing performed
by 2 dredges positioned on both sides of the boat. Each dredge was 0.64 m width
and carried a net bag of 35 mm mesh size. The total area surveyed at each site
was about 140 m? The sediment type was qualitatively assessed at each site.
Nassarius reticulatus specimens were selected and samples were frozen and kept
at —20°C until analysis.

Only adult animals (i.e. those presenting white columellar callus and teeth on
the outer lip) were selected for imposex analysis. The shell height (distance from
shell apex to lip of siphonal canal) was measured with vernier callipers to the
nearest 0.1 mm. The shells were cracked open with a bench vice, and individuals
were sexed and dissected under a stereo microscope. The penis length was
measured using 1 mm graduated graph paper under a stereo microscope. The
relative penis length index (RPLI= mean female penis length x 100/mean male
penis length), the vas deferens sequence index (VDSI) and the percentage of
females affected by imposex (% 1) were determined for each station. The RPSI

values refer to animals that were previously frozen and so cannot be directly
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compared with those reported in other works for live animals. The VDSI was

classified according to the scoring system proposed by Stroben et al. (1992).
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Figure 3.1. Nassarius reticulatus. Location of the sampling sites (circles) with the indication where

specimens were collected (black circles).

82



3.3. Results

3.3.1. Nassarius reticulatus distribution

Nassarius reticulatus (L.) was captured at 172 of the 366 sampling sites.
These sites were dispersed over all the surveyed area at all depths. They were
scarce or absent especially at stations off Foz do Douro (Oporto) and at higher
depths off Torreira [Fig 3.1]. At those sites were found many empty shells
inhabited by hermit crabs. A total of 4762 specimens were collected among the
172 sites. Adult females (2014) were present in 165 sampling sites and

represented 43% of the total number of animals caught [Fig 3.2].

Juveniles

34% Females

43%

Males Total number of organisms = 4762
23%

Figure 3.2. Nassarius reticulatus. Relative proportions of juveniles, females and males collected in

the study area.

3.3.2. Nassarius reticulatus imposex

Females affected with imposex were present on the entire surveyed area.
They were captured in 55 of the 165 sites where adult females were collected,
meaning that imposex occurred in 1/3 of the sites where females were caught.
However, it was decided to select only those sites where more than 5 adult
females were collected to account for the robustness of the results. According to
this criterion only 125 sites were selected. Imposex was found in 52 of these sites

representing an imposex incidence of 42%. As these sites were dispersed along
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the entire range of latitudes and depths this represents an important overall impact
of the TBT pollution in the NW Portuguese continental shelf. Figure 3.3
summarizes the N. reticulatus imposex levels and the location of potential sources
of contamination. At each station the percentage of affected females (1%) varied
between 0 and 36.4%, the RPL index between 0 and 12.7% and the VDS index
between 0 and 1.1. Although imposex was present throughout the entire sampled
area its intensity was low. Of the 2014 females analysed only 8 showed a vas
deferens well developed and reaching the vulva (VDS stage 4); 100 females
exhibited a VDS stage 3 (5 of those presented the alternative b-way); no females
with VDS stage 2 were found but 9 females exhibited VDS stage 1. The low
frequency of VDS stages 1 and 2 may be associated to the fact that these stages
are more difficult to detect in non-living animals, suggesting that the imposex
incidence in the study area may be even higher than that estimated here.

Comparing the data obtained for N. reticulatus populations in the inshore
Portuguese coast (Barroso et al., 2002) the highest imposex levels observed in the
study area correspond to TBT body burdens that are below or very close to
analytical detection limits.

The spatial distribution of imposex suggests the existence of 4 major areas
of TBT pollution. Two of these areas are quite evident and are located south of
Oporto and off Aveiro. The other two areas can be found near Esmoriz and near
Torreira.

To allow a more robust spatial analysis we increased the number of females
per unit area by grouping the sampling stations into quadrats of c.a. 10 km? [Fig
3.4]. With this new approach it is still possible to establish two main contaminated
areas near Oporto and Aveiro. The imposex levels obtained in each quadrat varied
between 0-30% for %l, 0-8.8% for RPLI and 0-0.9 for VDSI.

There was no trend between the imposex indices %I, RPLI and VDSI and
the type of sediment across sampling sites, which consisted mainly of sand,

pebbly sand and sandy gravel.
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Figure 3.3. Nassarius reticulatus. Imposex intensity levels found in the study area, (A) %l: percentage of females affected by imposex, (B) VDSI: vas

deferens sequence index, (C) RPLI: relative penis length index. Location of potential sources of contamination, the rectangle with an anchor corresponds to
anchorage sites, the dark line to sewage outfalls and the boat represents harbours. The shipping route in the Portuguese coast is about 80 Km away from

the coastline, being therefore out of the limits of the surveyed area.
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Figure 3.4. Nassarius reticulatus. Percentage of affected females (%l) in the study area after

grouping the stations into quadrats of approximately 10 km®. The number of females analysed is
indicated in the right-bottom of each quadrat.

3.4. Discussion

Imposex surveys in the offshore are frequently impaired by the scarce
number of specimens collected, which may lead to meaningfulness conclusions. It
was found that Nassarius reticulatus was a common species in the NW

Portuguese Continental shelf. This fact, associated with an intense sampling effort,
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allowed the collection of a reasonable number of specimens that provided valuable
information regarding the level of TBT pollution in the studied area. The imposex
levels observed in the present survey indicate that TBT pollution is diffuse and is
spread over most of the area. The reproductive capability of N. reticulatus
populations is not affected since the imposex levels were generally low and did not
lead to female sterilization. However, females with imposex occurred in 42% of the
sites. Moreover, 20-30% of the females exhibited imposex at sites located 6-11
Km off the coasts of Aveiro, Oporto and Torreira/Esmoriz at depths that reached
30 meters. At these areas imposex values were: | = 20-30%, VDSI = 1 and RPLI =
10%. A sample VDSI of around 1 in this species is indicative of a TBT water
contamination of about of 0.8 - 2.0 ng Sn L™ (Huet et al., 1995). This value is
above the saltwater chronic criterion determined by the U.S. Environmental
Protection Agency for TBT, which was set in 0.4 ng Sn L™ (U.S. EPA, 2002). The
impacts of this pollution level on the offshore ecosystems are difficult to gather
since most of the toxicological studies for TBT regard the inshore coast species.
Nevertheless, the NOEL “no observed effect levels” proposed by Alzieu & Michel
(1998) show that planktonic organisms and molluscs are likely to be the most
affected: <0.5 ng Sn L™ for imposex in gastropods, 0.5 ng Sn L™ for phyto- and
zooplankton growth, 0.7 ng Sn L™ for oyster (Crassostrea gigas) calcification
anomalies. In European inshore coasts N. reticulatus is viewed as a moderate
sensitive species (Huet et al., 1995) so if it presents a VDSI = 1 at a given site it
means that some other more sensitive local gastropods such as Ocinebrina
aciculata, Nucella lapillus and Ocenebra erinacea (Huet et al., 1995; Gibbs &
Bryan, 1996; Oehlmann et al., 1996; Barroso et al., 2002) may exhibit imposex
stages close to sterilization. By comparison, more sensitive species that live in the
NW continental shelf may be more affected than N. reticulatus. The gastropods
that cohabit the NW Portuguese continental shelf, besides N. reticulatus, are
Aporrhais pespelecani, Natica alderii, N. catena, Colus gracilis, Neptunea antiqua,
Acteon tornatilis, A. augustoi, Bela sp., Euspira nitida, Mangelia sp., Phinine
aperta, Ondina vitrea, Vitreolina sp. and Retusa truncatula (Rodrigues & Quintino,

pers. commun.; Freitas et al., 2003). Imposex has not been studied in these
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particular species but eventually some of them may be more sensitive and more
adversely affected than N. reticulatus.

The study area is under the influence of the Leix6es (Oporto) and Aveiro
harbours, which are known to be important sources of TBT pollution (Barroso et
al., 2002). The sub-surface TBT water contamination in those harbours may reach
79.9 ng Sn L in Leixdes and 29.9 ng Sn L™ in the Ria de Aveiro (Barroso,
unpublished data). Moreover, the percentage of N. reticulatus females with
imposex in those harbours is generally about 100% and the VDSI is around 4.4-
4.5 and 2.5-4.6, respectively (see chapter 2 of the present dissertation). This
explains why the stations located near by Oporto and Aveiro registered high levels
of imposex. However, it is interesting to note that at Aveiro the imposex intensity
increases with depths >20 m and with the distance to the coast (> 5 Km). This fact
is explained by other TBT inputs such as anchorage sites that are located between
4 and 6 km from the mouth of Ria de Aveiro [Fig 3.3]. They represent a source of
contamination given that a single ship at anchor for three days in a particular area
can leach more than 200 g of TBT into the water (Batley, 1996). Another possible
source of contamination is the discharge of sewage by submarine outfalls. There
are several outfalls in the study area: S. Jacinto outfall that extends 3.3 Km from
the coast and at a depth of 17 m; Matosinhos outfall that extends 2.8 Km from the
coast and at a depth of 30 m and Espinho outfall that extends 2.0 Km from the
coast and at a depth of 8.4 m. The discharged sludge is the result of municipal and
industrial wastewater. Municipal wastewater may give rise to an organotin input
into the aquatic system. In a study performed at raw municipal wastewater in
Zurich the concentrations of TBT were in the order of 26.6-90.2 ng Sn L™ and after
secondary and tertiary treatment they were 0.4-7.0 ng Sn L™ (Fent, 1996). The
intense traffic of ships, especially fishing boats, between Oporto and Aveiro, also
causes a generalized input of TBT in the surveyed area.

It may be concluded that the studied area in the NW Portuguese
Continental shelf is extensively affected by TBT pollution. Although this pollution is
widespread, major spots of pollution can be identified. These spots are
hypothetically associated with TBT inputs derived mainly from naval traffic,

harbours, ship anchorages and sewage outfalls. N. reticulatus proved to be a
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suitable bioindicator for the surveyed area and should be further used in future

monitoring surveys in offshore areas.
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CAPITULO 4

Acute toxicity of tributyltin (TBT) to veliger larvae

of Nassarius reticulatus (L.)
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Abstract

The acute toxicity of tributyltin (TBT) to the veliger larvae of the mollusc
gastropod Nassarius reticulatus (L.) was assessed. Recently hatched veligers
were exposed to nominal concentrations of 900, 1400, 1900, 2800, 3800, 4700
and 5600 ng TBT-Sn (ng Sn L™) for 96 hours, under static conditions (17°C + 1°C
and 33 + 1 psu). The percentage of larval mortality was determined for each TBT
concentration and exposure time (1, 24, 48, 72 and 96 hours). TBT had a highly
significant effect on the survival of larvae (p<0.001) for all times of exposure,
except for the first hour. The Lowest Observed Effect Concentration (LOEC)
decreased over time from 3800 ng Sn L™ at 24h to 1900 ng Sn L™ at 96 h. The
median lethal concentration (LCsg) showed the same pattern, decreasing from
4870 ng Sn L™ at 24h to 1780 ng Sn L™ at 96 h. For short time exposures the
range of concentrations that reduce larval survival is notoriously higher than the

ones reported for TBT environmental levels.
4.1. Introduction

Tributyltin (TBT) compounds have been extensively used in the last four
decades as biocides in antifouling paints, which gave forth to a new pollution
problem around the world. TBT is extremely toxic to a variety of non-target
organisms (Alzieu, 2000). One widespread adverse effect of this pollutant is the
masculinization of gastropod prosobranch females, a phenomenon coined as
imposex by Smith (1971). Imposex is already described for 150 different species

around the world and may lead to female sterility at highly polluted sites
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(Matthiessen & Gibbs, 1998). A severe ecological impact may be expected in
species that lack a planktonic stage in their life cycle since if no recruitment of
young specimens occurs from other places the population will become extinct. This
has happened, for instance, with the dog-whelk Nucella lapillus (L.) at many sites
of the Atlantic coasts (Gibbs & Bryan, 1996; Barroso & Moreira, 2002; Ruiz et al.,
1998). It is generally assumed that populations of species with planktonic stages in
their life cycle will not be severely affected by female sterilisation as the supply of
new individuals is always assured from other less polluted places. However, TBT is
extremely toxic and lethal to mollusc larvae, which are more sensitive than the
adults (Thain, 1983). Hence, more research should be addressed regarding the
effects of TBT pollution on the recruitment of prosobranch species at highly
polluted sites. Most of the studies regarding the toxicity of TBT towards mollusc
larvae have been performed on bivalves, such as Scrobicularia plana (Ruiz et al.,
1995a, 1995b, 1995c), Crassostrea gigas (Geffard et al., 2001; Beiras et al., 2003;
His et al., 1997, 1999; Labare et al., 1997), Mytilus edulis (Lapota et al., 1993;
Beaumont & Budd, 1984) and Mytilus galloprovincialis (Geffard et al., 2001; His et
al., 1997). Curiously, very few ecotoxicological studies are available regarding
gastropod larvae (Horiguchi et al., 1998).

The netted whelk Nassarius (=Hinia) reticulatus (L.) is a common European
prosobranch gastropod that is distributed from the Black Sea and the
Mediterranean, north to Norway and into the western Baltic (Graham, 1988). N.
reticulatus has an indirect development: females lay capsules containing
approximately 50-350 eggs between spring and summer and after 2-4 weeks
veligers hatch from the capsule to start a planktonic phase of 1-2 months before
settling (Tallmark, 1980; Fretter & Graham, 1994; Barroso & Moreira, 1998). This
species is affected by imposex at hotspots of pollution throughout Europe
(Stroben et al., 1992; Bryan et al., 1993; Barreiro et al., 2001; Barroso et al., 2000,
2002), and female sterility has been reported for highly polluted sites. The aim of
the present work is to assess the acute toxicity of TBT on the survival of veliger
larvae of N. reticulatus and to evaluate if the recruitment of this species might be

affected at hotspots of pollution.
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4.2. Methods

4.2.1. Bioassay procedure

Nassarius reticulatus capsules were collected at Ria de Aveiro (NW
Portugal) in September 2003. The capsules were mainly attached to the algae
Laurencia pinnatifida so that algae containing capsules were collected and brought
to the laboratory. The algae with capsules were then maintained at 17°C + 1°C in
250 ml beakers containing natural seawater (33 psu) permanently aerated. Each
capsule was daily monitored under a stereo microscope and those “close to
hatch”, i.e., containing veliger larvae with developed eyes, pigmentation, statocists
and beating velum, were teared and larvae were collected with a micropipette. The
test was started by adding approximately 8-10 recent hatched larvae to each 2 ml
well containing 1.5 ml of test solution. Each treatment, including the control, was
replicated twelve times yielding a total of ca 100 larvae. No food was supplied. All
the material was subjected to a previous acid bath in order to prevent adsorption
of TBT. Temperature (17°C+ 1°C), salinity (33 psu) and darkness were maintained
constant and no renewal of test solutions was performed during the experiment.
Salinity was similar to that occurring at the site where the capsules were collected.
Numbers of live and dead larvae were counted every 24 hours under a stereo
microscope between the first hour and the fourth day of the experiment. Live larva
were those actively swimming in the water or lying on the bottom but beating the

velum.

4.2.2. Test solutions

TBT chloride (Ci2H27CISn) (Fluka) solutions were prepared with filtered
natural seawater (TBT< 30 ng Sn L) at nominal concentrations of 1000, 1500,
2000, 3000, 4000, 5000 and 6000 ng Sn L™. To improve the solubility of TBT in
seawater an organic solvent, dimethyl sulfoxide (DMSO), was used to add TBT

into the test solutions. Therefore two controls were used, one with seawater and
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other with seawater plus DMSO. The DMSO control received the same quantity of
solvent as the treatments (150 pL™).

In our calculations we incorporated ca 6.67% dilution of the nominal
concentrations caused by adding 0.100 mL of larval suspension in the 1.500 mL of
test solutions. Therefore, the larvae were exposed to the following concentrations:
900, 1400, 1900, 2800, 3800, 4700 and 5600 ng TBT-Sn (ng Sn L™). The short
duration of the tests and the low light intensity ensured that the degradation of TBT

during the experiment was negligible.

2.3. Statistical analysis

The mean percentage of dead larvae and standard deviation were
calculated for each treatment at 1, 24, 48, 72 and 96 hours and compared with the
DMSO control. One-way ANOVA followed by post hoc Student Newman Keuls test
(SNK, a = 0.05) was performed in order to test the null hypothesis that TBT had no
effect upon larval survival. The transformation arcsinVx was applied to the data
prior to the analysis, and variances of data were checked by means of Cochran’s
homogeneity test before running ANOVA (Zar, 1996).

The No Observed Effect Concentration (NOEC) and the Lowest Observed
Effect Concentration (LOEC) values were determined from the larval mortality data
after using ANOVA and post hoc Student Newman Keuls test. NOEC was defined
as the highest concentration causing no significant mortality on larvae whilst LOEC
was defined as the lowest concentration causing significant mortality of larvae
(Reichelt-Brushett & Harrison, 2000; Fernandez & Beiras, 2001). The LCsg
(Median Lethal Concentration) values, i.e., concentrations causing 50% of
mortality, and their confidence limits were calculated using the PROBIT
ANALYSIS (Finney, 1971).
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3. Results

There was no significant difference on mortality observed in the seawater
and the DMSO controls up to 96h (Student Newman Keuls test, a = 0.05). The
average mortality in the control was always lower than 20%, except for 96 h where
mortality reached 24.7%. Mortality values superior to 30% in the control group are
unacceptable for a valid OEL (Oyster Embryo Larval Test) according to ASTM
(1998) protocols, nonetheless other authors (His et al., 1997, 1999) recommend
that a test should be rejected if mortality in the control is higher than 20%. The
mortality in the control group for 96 h ranged between the aforementioned values,
so this data should be cautiously analysed.

TBT had a highly significant effect on the survival of N. reticulatus larvae
(p<0.001) for all times of exposure, except for the first hour [Table 4.1]. A highly
significant increase of mortality occurred at a TBT concentration as low as 1900 ng
Sn L™ for 96 h, comparing to the control. Higher tributyltin concentrations caused
significant effects for lower exposure times; for instance, TBT = 3800 ng Sn L™
induced mortality from 24 h onwards [Figure 4.1]. The estimated values for
NOEC, LOEC and LCsy are shown in Table 4.1. The NOEC and the LOEC
decreased over the time of exposure: for 24h they were 2800 and 3800 ng TBT-Sn
L™, respectively; whereas for 96h they were 1400 and 1900 ng TBT-Sn L. The
LCso values also decreased with the time of exposure from 4870 ng TBT-Sn L™ (at
24 h) to 1780 ng TBT-Sn L™ (at 96h).
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Table 4.1. Parameters of One-Way ANOVA testing the effects of TBT concentrations on the
percentage of dead larvae of Nassarius reticulatus at different times of exposure and respective
NOEC, LOEC, LCs and LCsq 95% confidence intervals. F: ***p<0.001, ns: p>0.05, df: degrees of
freedom.

TBT-Sn (ng Sn L™

Time df F NOEC LOEC  LCs 95% ClI
1lh 8 1.55ns - - - -

24 h 8 53.57%* 2800 3800 4870 3677-6067
48 h 8 110.05*** 1900 2800 3590 3137-4028
72 h 8 146.73*** 1400 1900 2500 1294-3721
96 h 8 105.02*** 1400 1900 1780 1436-2123

120 ~

*
* *
*

100 o

Olh D©O24h B 48h ®72h ®9%h

80
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40

Mortality (%)

Seawater DMSO 900 1400 1900 2800 3800 4700 5600

TBT-Sn  (ng Sn LY)

Figure 4.1. Percentages of dead N. reticulatus larvae in relation to different concentrations of TBT
throughout the experimental period. Error bars represent the standard deviation for each
concentration (n=12). Concentrations where significant increasing mortality in relation to the DMSO

control occurred are marked: ***p<0.001 (Student Newman Keuls test, a = 0.05).

100



4. Discussion

Few studies have measured TBT effects on larval survival in gastropods
and, as far as we know, this is the first one reporting the effects of this compound
on Nassarius reticulatus. Our results disclose LCsp varying from 4870 ng TBT-Sn
L™t at 24h to 1780 ng TBT-Sn L™ at 96h on recently hatched veliger of this species.
The LCs (48 h) of 3590 ng TBT-Sn L™ obtained in the current study is, in general,
higher than the ones reported for acute toxicity tests with gastropod and bivalve
larvae. For gastropod larvae of Thais clavigera, Haliotis discus discus and Haliotis
madaka the reported values for LCsq (48 h) are 2295, 2213 and 492 ng TBT Sn L™,
respectively (Horiguchi et al., 1998). For bivalve larvae of Mytilus edulis,
Crassostrea virginica and Mercenaria mercenaria the LCsp (48 h) values are 943,
1638 and 676 ng TBT-Sn L™, respectively (Thain, 1983; Roberts, 1987). LCs, (48
h) of 1000 ng TBT-Sn L' were reported for Mytilus galloprovincialis and
Crassostrea gigas larvae (Robert & His, 1981 in Ruiz et al., 1995c).

The major conclusion derived from the present work is that TBT has a
highly significant effect on the survival of N. reticulatus larvae. The lowest LCsyand
LOEC obtained in the current study at 96 h (respectively, 1780 and 1900 ng TBT-
Sn L™ ng) are above the typical TBT water concentrations generally found in the
open waters of estuaries - between 4 and 40 ng Sn I (Bryan and Gibbs, 1991);
they are also higher than the common concentrations reported for dockyard and
ports - 100 to 200 ng Sn I"* and occasionally as high as 600 ng Sn I (Batley,
1996). However, we should not conclude that TBT pollution poses no risk to the
larvae of N. reticulatus under natural conditions because if one would extend the
time of exposure of the tests lower effective concentrations would certainly be
found, although it is uncertain if they would approach the concentrations that occur
in the environment. For instance, the LCso in Mytilus edulis larvae varies drastically
from 943 ng TBT-Sn L™ for 24 h to 41 ng TBT-Sn L™ for 15 days (Thain, 1983;
Beaumont & Budd, 1984). Moreover, beyond lethal effects, TBT exposure may
also reduce the condition or cause malformations to the larvae that will affect the
settlement and the recruitment of new individuals to the population. Horiguchi et

al. (1998) noticed some effects on the larvae swimming behaviour, irregular
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movement of the cilia due to atrophy of velum and stripping out the larvae from the
shell when exposed to lower TBT concentrations. These effects were, in part,
observed in the present work, although we could still not find a reliable method to
quantify and test them. Hence, future research should attend for lethal and sub-

lethal effects of TBT on N. reticulatus larvae for longer periods of exposure.

References

Alzieu C (2000) Impact of Tributyltin on Marine Invertebrates. Ecotoxicology 9 (1-2): 71-76

ASTM (1998) Standard guide for conducting static acute toxicity tests starting with embryos of four
species of saltwater bivalve molluscs. Section E72494, American Society for Testing and
Materials, Philadelphia, PA

Barreiro R, Gonzéles R, Quintela M & Ruiz JM (2001) Imposex, organotin bioaccumulation and
sterile females in Nassarius reticulatus from polluted areas of NW Spain. Marine Ecology
Progress Series 218: 203-212

Barroso CM, Moreira MH & Bebiano MJ (2002) Imposex, female sterility and organotin
contamination of the prosobranch Nassarius reticulatus from the Portuguese Coast. Marine
Ecology Progress Series 230: 127-135

Barroso C M & Moreira MH (1998) Reproductive cycle of Nassarius reticulatus in the Ria de Aveiro,
Portugal: implications for imposex studies. Journal of Marine Biological Association of United
Kingdom 78: 1233-1246

Barroso CM & Moreira MH (2002) Spatial and temporal changes of TBT pollution along the
Portuguese Coast: inefficacy of the EEC directive 89/677. Marine Pollution Bulletin 44: 480-
48

Barroso CM, Moreira MH & Gibbs PE (2000) Comparison of imposex and intersex development in
four prosobranch species for TBT monitoring of a Southern Europe estuarine System (Ria de
Aveiro, NW Portugal). Marine Ecology Progress Series 218: 221-232

Batley G (1996) The distribution and fate of Tributyltin in the marine environment. In de Mora SJ
(Ed) Tributyltin: case study of an environmental contaminant. Cambridge environmental

chemistry series No. 8. Cambridge: Cambridge University Press, pp. 139-166

102



Beaumont AR & Budd MD (1984) High mortality of the larvae of the common mussel at low

concentrations of tributyltin. Marine Pollution Bulletin 15: 402-405

Beiras R, Fernandez N, Bellas J, Besada V, Gonzalez-Quijano A & Nunes T (2003) Integrative
assessment of marine pollution in Galician estuaries using sediment chemistry, mussel

bioaccumulation, and embryo-larval toxicity bioassays. Chemosphere 52: 1209-1224

Bryan GW & Gibbs PE (1991) Impact of low concentrations of tributyltin (TBT) on marine
organisms: a review. In Newman MC and Mcintosh AW (Eds) Metal Ecotoxicology: Concepts

and Applications. Lewis Publishers Inc., Ann Arbor, FL, pp. 323-361

Bryan GW, Burt GR, Gibbs PE & Pascoe PL (1993) Nassarius reticulatus (Nassaridae:
Gastropoda) as an indicator of tributyltin pollution before and after TBT restrictions. Journal

of Marine Biological Association of United Kingdom 73: 913-929

Fernandez N & Beiras R (2001) Combined toxicity of dissolved mercury with copper, lead and
cadmium on embryogenesis and early larval growth of the Paracentrotus lividus sea-urchin.
Ecotoxicology 10: 263-271

Finney DJ (1971) Probit Analysis. Cambridge University Press

Fretter V & Graham A (1994) British prosobranch molluscs, their functional anatomy and ecology

Dorchester: Dorset Press, pp. 522-524

Graham A (1988) Molluscs: prosobranch and pyramidellid gastropods. Synopses of the british

fauna (new series) 2. Brill Academic Publishers, Leiden

Geffard O, His E, Budzinski H, Seaman M & Garrigues P (2001) Qualite biologique de I'eau de mer
evaluee in situ par le test embryo-larvaire de Crassostrea gigas et Mytilus galloprovincialis:
In situ monitoring of sea water quality with the embryo-larval bioassay of Crassostrea gigas
and Mytilus galloprovincialis. Comptes Rendus de I'Academie des Sciences - Series Il -
Sciences de la Vie 324: 1149-1155

Gibbs PE & Bryan GW (1996) TBT-induced imposex in neogastropod snails: masculinization to
mass extinction. In de Mora SJ (Ed.) Tributyltin: case study of an environmental contaminant

Cambridge: Cambridge University Press, pp. 21-61

His E, Seaman MNL & Beiras R (1997) A simplification the bivalve embryogenesis and larval

development bioassay method for water quality assessment. Water Research 31: 351-355

His E, Heyvang |, Geffard O & de Montaudouin X (1999) A comparison between oyster (Crassostrea gigas) and sea

urchin (Paracentrotus lividus) larval bioassays for toxicological studies. Water Research 33: 1706-1718

103



Horiguchi T, Imai T, Cho HS, Shiraishi H, Shibata Y, Morita M & Shimizu M (1998) Acute toxicity of
organotin compounds to the larvae of the rock shell, Thais clavigera, the disk abalone,
Haliotis discus discus, and the giant abalone Haliotus medaka. Marine Environmental
Research 46: 469-473

Labare ML, Coon SL, Matthias C & Weiner RM (1997) Magnification of tributyltin toxicity to oyster
larvae by bioconcentration in biofilms of Shewanella colwelliana. Applied and Environmental
Microbiology 63: 4107-4110

Lapota D, Rosenberger DE, Platter-Rieger MF & Seligman PF (1993) Growth and survival of
Mytilus edulis larvae exposed to low levels of dibutyltin and tributyltin. Marine Biology 115:
413-419

Matthiessen P & Gibbs PE (1998) Critical appraisal of the evidence for tributyltin-mediated

endocrine disruption in mollusks. Environmental Toxicology and Chemistry 17: 37-43

Reichelt-Brushett AJ & Harrison PL (2000) The effect of copper on the settlement success of larvae
from the scleractinian coral Acropora tenuis. Marine Pollution Bulletin 41: 385-391

Robert R & His E (1981) Action de I'acetate de tributyle etain sur les ouefs et les larves D de deux
mollusques d’interet commercial : Crassaostrea gigas (Thunberg) et Mytilus gallaprovincialis
(Lmk). ICES CM 1981/F 42, 16 p in Ruiz JM, Bryan GW, Gibbs PE & Wigham GD (1995c)
Effects of tributyltin (TBT) exposure on the reproduction and embryonic development of the

bivalve Scrobicularia plana. Marine Environmental Research 40: 363-379

Roberts MH (1987) Acute toxicity of tributyltin chloride to embryos and larvae of two bivalve
molluscs, Crassostrea virginica and Mercenaria mercenaria. Bulletin of Environmental
Contamination and Toxicology 39: 1012-1019

Ruiz JM, Bryan GW & Gibbs PE (1995a) Effects of tributyltin (TBT) exposure on the veliger larvae
development of tha bivalve Scrobicularia plana (da Costa). Journal of Experimental Marine
Biology and Ecology 186: 53-63

Ruiz JM, Bryan GW & Gibbs PE (1995b) Acute and chronic toxicity of tributyltin (TBT) to
pediveliger larvae of the bivalve Scrobicularia plana. Marine Biology 124: 119-126

Ruiz JM, Bryan GW, Gibbs PE & Wigham GD (1995c) Effects of tributyltin (TBT) exposure on the
reproduction and embryonic development of the bivalve Scrobicularia plana. Marine
Environmental Research 40: 363-379

104



Ruiz JM, Quintela M & Barreiro R (1998) Ubiquitous imposex and organotin bioaccumulation in
gastropods Nucella lapillus from Galicia (NW Spain): a possible effect of nearshore shipping.
Marine Ecology Progress Series 164: 237-244

Smith BS (1971) Sexuality in the American mud snail Nassarius obsoletus Say. Proceedings of the
Malacological Society of London 39: 377-378

Stroben E, Oehlmann J & Fioroni P (1992) The morphological expression of imposex in Hinia
reticulata (Gastropoda: Buccinidae): a potential indicator of tributyltin pollution. Marine
Biology 113: 625-636

Tallmark B (1980) Population dynamics of Nassarius reticulatus (Gastropoda: Prosobranchia) in
Gullmar Fjord, Sweden. Marine Ecology Progress Series 3: 51-62

Thain JE (1983) The acute toxicity os bis (tributyltin) oxide to the adults and larvae of some marine
organisms. ICES Paper Cm 1983/E:13 (mimeograph). International Council for the
Exploration of the sea, Copenhagen

Zar JH (1996) Biostatistical Analysis, 3 edition. Prentice-Hall International, Upper Saddle River,
NJ

105



106



CAPITULO 5

Discussao

107



108



5.1. Discusséao

Na sequéncia das campanhas de monitorizagdo descritas nos capitulos 2 e
3 da presente dissertacdo é possivel concluir que a Costa Portuguesa se encontra
afectada pela poluicdo provocada por tributilestanho (TBT), tanto ao longo da
linha de costa como na plataforma continental. A poluicdo € elevada junto a
sistemas estuarinos onde o0s portos estdo localizados e reduzida em zonas
distantes da influéncia dos mesmos, sendo evidente a existéncia de gradientes
crescentes de poluicdo do mar em direc¢cdo aos portos. Nos portos registaram-se
valores médios de concentracdes de TBT nos tecidos das fémeas de Nassarius
reticulatus na ordem das 600 ng Sn g e elevados valores de imposexo (%l =
100%, VDSI = 4.5 e RPLI = 69%). Foram ainda detectadas fémeas estéreis no
interior dos portos de Viana do Castelo e Aveiro. Embora o nimero de fémeas
estéreis encontradas no presente trabalho seja reduzido, os elevados indices de
imposexo registados podem, eventualmente, ter impactos negativos ao nivel das
populacdes de N. reticulatus. No futuro sera importante investigar se o elevado
grau de desenvolvimento do vaso deferente e o estadio avancado de convolucao
do oviducto podem ter implicac6es no sucesso reprodutivo das populacoes.

Os valores elevados registados nos portos contrastam com os valores
obtidos para locais longe da influéncia dos mesmos, quer se considere as praias
expostas, quer se considere os locais amostrados ao longo da plataforma
continental entre Leixdes e Aveiro [Capitulo 3]. Para a plataforma continental os
valores mais elevados de imposexo foram observados em zonas sob influéncia
dos portos (ao largo de Aveiro e a Sul de Leixdes) ou de outras fontes potenciais

de contaminacao, tais como 0s ancoradouros e 0s exutores submarinos. Apesar
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de se ter verificado a existéncia de poluicdo difusa na &rea da plataforma
continental até aos 33 m de profundidade, os niveis de poluicdo descritos sao
muito inferiores aos registados para a linha de costa e, particularmente, para os
sistemas estuarinos, acentuando a ideia de que quanto maior for a distancia aos
portos menor sera o nivel de poluicao.

Os sistemas estuarinos séo assim identificados como as principais fontes
de contaminacdo na Costa Portuguesa. Tal, deve-se ao facto destes locais
estarem sujeitos a uma elevada actividade naval que deriva ndo sé dos navios se
encontrarem atracados, mas também das operacdes de manutencdo em doca
seca, como reparagado de cascos e remocao e/ou aplicacdo de uma nova camada
de tinta. Nestes locais a quantidade de TBT libertado para a agua é muito elevada
reflectindo-se nas concentracdes de TBT nos tecidos das fémeas. Os valores de
Imposexo registados nestes locais sdo semelhantes aos descritos para 0s portos
mais poluidos de Espanha (Barreiro et al., 2001), Franca (Stroben et al., 1992) e
Inglaterra (Bryan et al., 1993).

Do presente trabalho é possivel deduzir que os niveis de poluicdo por TBT
na Costa Portuguesa tém impactos negativos em diversas espécies. Valores de
VDSI = 1 em N. reticulatus séo indicativos de concentracdes de TBT na agua por
volta de 0.8 — 2.0 ng Sn L™ (Huet et al., 1995). Este valor é superior ao valor
standard proposto pelas agéncias internacionais: 0.4 ng Sn L™ para a Agéncia
Ambiental Norte Americana (US EPA, 2002) e 0.8 ng Sn L™ para a Agéncia
Ambiental do Reino Unido (Coelho et al., 2002). Sabe-se que concentracdes de
TBT na agua de 0.5 ng Sn L™ afectam a producdo do plancton, concentragdes de
0.7 ng Sn L™ provocam anomalias na calcificacdo das conchas de Crassostrea
gigas (Alzieu & Michel, 1998), e concentracdes superiores a 8 ng Sn L™ induzem
alteracdes reprodutivas nos moluscos bivalves (Alzieu & Michel, 1998). Por outro
lado, existem espécies de gastropodes mais sensiveis ao TBT do que N.
reticulatus, como por exemplo Ocinebrina aciculata, Nucella lapillus e Ocinebra
erinacea (Huet et al., 1995; Gibbs & Bryan, 1996; Oehlmann et al., 1996; Barroso
et al., 2002), sendo provavel que as populagbes destes gastrépodes possam

apresentar niveis de imposexo mais elevados e encontrarem-se estéreis ou perto
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da esterilizacdo. Por exemplo, em locais em que o nivel de imposexo em N.
reticulatus € elevado (VDSI> 1), Nucella lapillus encontra-se muito afectada
(VDSI> 4) e em casos extremos pode estar extinta, como consequéncia do
elevado grau de poluicdo por TBT (Barroso et al.,, 2000). Tal é facilmente
explicavel porque concentracbes de 1.6 ng Sn L™ provocam esterilidade nas
fémeas de N. lapillus (Bryan & Gibbs, 1991).

O nivel actual de poluicdo por TBT na Costa Portuguesa pode ainda ter
efeitos nos recursos pesqueiros portugueses, como acontece actualmente com a
producgéo de ostra na Ria de Aveiro (Barroso, 2004).

Estes factos confirmam que a poluicdo por TBT se encontra ainda mais
generalizada do que anteriormente se julgava e tem impactos negativos
generalizados ao nivel de todo o ecossistema marinho da Costa Continental

Portuguesa.

O estudo da evolucédo temporal da poluicdo ao longo da costa sugere que
ndo houve variacdo global dos niveis de imposexo ente 2000 e 2003,
corroborando a ideia de que ndo ocorreu um declinio da utilizacdo de tintas com
TBT. Mais ainda, os resultados obtidos relativamente as concentracdes relativas
de TBT e dos seus subprodutos nos tecidos de N. reticulatus sugerem uma
introducéo recente deste poluente no ambiente. Desta forma, e em concordancia
com estudos anteriores (Barroso & Moreira, 2002; Santos et al.,, 2002), a
inefichcia da directiva europeia 89/677 para o territério nacional € novamente

comprovada.

Os valores obtidos no ambito da presente dissertacdo constituem uma
base de referéncia fundamental para futuros trabalhos de biomonitorizacdo, dado
que dizem respeito ao ano em que a Convencdo da IMO entrou em vigor. Por
outro lado, os valores obtidos no capitulo 3 da presente dissertagdo constituem os
primeiros valores de referéncia relativos a poluicdo em zonas da plataforma
continental, confirmando os resultados obtidos para o Mar do Norte em que se
verificou a existéncia de imposexo em zonas de mar aberto (ten Hallers-Tjabbes

et al., 1994, 2003).
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Do estudo da toxicidade do TBT na fase larvar de N. reticulatus resultaram
valores de concentracdes efectivas superiores as descritas para outras larvas de
gastropodes (Horiguchi et al., 1998) com valores de LCsy entre 4870 ng TBT-Sn
L' e 1780 ng TBT-Sn Lt para as 24 e 96 h, respectivamente. Concentracfes
desta magnitude ndo ocorrem, geralmente, no ambiente marinho. No entanto,
estes resultados reportam somente a efeitos letais em ensaios agudos pelo que
nao podem ser extrapolados para a situacdo real que ocorre na natureza. De
facto, concentracdes inferiores podem induzir anomalias no desenvolvimento
larvar que diminuem a eficiéncia em varios processos biolégicos, podendo afectar
o recrutamento, tal como descrito por Horiguchi et al. (1998) para outras espécies.
Sugere-se, no futuro, o estudo dos efeitos subletais para tempos de exposicao
mais longos nas larvas deste gastrépode por forma a melhor avaliar a extenséo

dos efeitos do TBT no recrutamento das populagdes.
5.1. Consideracdes finais

Com o trabalho desenvolvido no ambito da presente dissertagdo foi
possivel estabelecer e caracterizar os gradientes espaciais e temporais da
poluicdo por TBT na Costa Portuguesa. Foi possivel identificar os portos como as
principais fontes de poluicéo, verificar que a poluicdo se encontra generalizada
guer ao longo da costa quer ao largo, e que existe uma tendéncia de manutencao
dos niveis de imposexo ao longo dos ultimos anos.

Nassarius reticulatus revelou-se um bom bioindicador da polui¢cdo por TBT
uma vez que: (i) € abundante ao longo de toda a costa, incluindo areas estuarinas
(que correspondem a locais criticos de contaminacdo) e zonas de mar aberto
(para as quais a dificuldade na amostragem de organismos indicadores tem sido
reportada); (ii) apresenta correla¢cdes muito significativas entre a concentracao de
TBT nos tecidos das fémeas e os indices de imposexo registados; (iii) porque é
moderamente sensivel ao TBT permitindo a descricdo dos gradientes de polui¢éo

em torno das fontes de poluigéo.
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