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RESUMO

Esta tese teve como objetivo principal a descricdo e a caracterizagdo da
variabilidade da biomassa e composigao de grupos taxonémicos de fitoplancton
na primavera e verao austrais em relacdo a parametros ambientais, em duas
regibes de estudo: a Peninsula Antartica e setores do Mar Argentino. As
amostragens foram conduzidas a bordo do Navio de Apoio Oceanografico Ary
Rongel durante os cruzeiros a Patagbnia (projeto PATEX) e a Peninsula
Antartica (projeto SOS-Climate). Amostras superficiais (250 mL) foram
coletadas com garrafa Van Dorn para analise do fitoplancton e de seus
pigmentos. Analises estatisticas multivariadas foram aplicadas para sintetizar
os dados biologicos e/ou abidticos e para relacionar a variabilidade da
composicéo fitoplanctonica com determinados paréametros oceanograficos.
Sobre a plataforma da Patagbnia no verao, o cocolitoforideo Emiliania huxleyi
foi mais abundante (0,05 a 11 x 10° células L") na maioria das estagdes e sua
distribuicdo foi associada com baixas razées Si:N. Na regido da Confluéncia
Brasil-Malvinas as variaveis abidticas explicaram 44% da variabilidade da
composicao e distribuicdo do fitoplancton: (1) aguas de plataforma/mistura com
concentragdes moderadas de nutrientes tiveram dominancia de Phaeocystis
antarctica; (2) aguas tropicais (oligotroficas) e subantarticas (<2,3 yM de Si)
com assembléias de diatomaceas e diatomaceas/dinoflagelados,
respectivamente; e (3) aguas costeiras com camada de mistura profunda e
diatomaceas. Na quebra de plataforma da Patagonia, a primavera caracterizou-

se por dominadncia do nanoplancton, especialmente Thalassiosira spp.,



associado com concentragdes relativamente altas de nutrientes (influéncia da
Corrente das Malvinas). O verdo, na porcao sul, foi representado por
cocolitoforideos (2008) e camadas de mistura rasas ou pela diatomacea
microplancténica Rhizosolenia crassa (2009) com camada de mistura profunda.
O veréao antartico foi também caracterizado por grandes diatomaceas (regides
de alta concentracéo de clorofila-a, >1 mg m™) e camada de mistura rasa/forte
estratificacdo da coluna d’agua causada por processos de degelo marinho e
continental (proximo a Ilha James Ross). Em outras areas houve dominancia
de células nanoplancténicas, como a haptoficea P. antarctica e criptoficeas
(regides profundas de baixa concentragdo de clorofila-a, <1 mg m™) e coluna
d’agua estratificada/camada de mistura profunda (Passagem de Drake e partes
do Estreito de Bransfield). Esse trabalho demonstrou a influéncia da camada de
mistura/estratificagdo da coluna d’agua na composigao do fitoplancton de todos
os setores amostrados e o efeito da limitacdo por Si em setores do Mar

Argentino na primavera e no verao.



ABSTRACT

The main objective of this thesis was to describe and characterize the variability
in biomass and composition of phytoplankton taxonomic groups in austral
spring and summer periods, in relation to environmental parameters. All
sampling efforts were carried out on board the R/V Brazilian Navy Ary Rongel
during cruises to the Patagonian Sea (PATEX project) and the cruises to the
Antarctic Peninsula (SOS-Climate project). Surface samples (250 mL) were
collected with a Van Dorn bottle for phytoplankton counting and identification
and analysis of their pigments. Multivariate statistical analyses were performed
in order to summarize the biological/abiotic data sets and to explain the
variability of phytoplankton communities due to variation in some oceanographic
parameters. In the southern Patagonian shelf during summer, the
coccolithophorid Emiliania huxleyi was the most abundant organism (0.05 to 11
x 10° cells L™) and its distribution was associated with low Si:N ratios. In the
Brazil-Malvinas Confluence region, abiotic variables explained (44%) the
variation in composition and distribution of the phytoplankton: (1) shelf and
mixing waters with moderate nutrient concentrations were dominated by the
haptophyte Phaeocystis antarctica; (2) tropical (oligotrophic) and subantarctic
(with less than 2.3 uM of Si) waters were composed basically by diatoms or
diatom/dinoflagellate species, respectively; and (3) coastal waters comprised
deep UMLD with a diatom-dominated assemblage At the Patagonian shelf-
break in springtime, the high abundance of nanoplankton cells, especially

Thalassiosira spp., was associated with relatively high nutrient concentrations



(Malvinas Current influence). The summer period (southern sector) was
represented either by coccolithophorids (2008) in shallow mixed layers or the
large diatom Rhizosolenia crassa (>>20 ym), which was able to thrive in deep
mixed layers. The summer period in the Antarctic Peninsula also exhibited a
region with high chl-a biomass (>1 mg m'3) dominated by microplanktonic
diatom cells in shallow UMLD/strong water column stratification, which was
related to glacial and sea-ice melting processes (near James Ross Island). In
other areas, there was dominance of nanoplanktonic cells, mainly the
haptophyte P. antarctica and cryptophytes, among other flagellates, coupled
with low chl-a biomass (<1 mg m™) and deeper mixed layer. (in the Drake
Passage and parts of the Bransfield Strait). This work demonstrated a marked
influence of water column physical structure on phytoplankton communities
throughout the study areas. Also, Si limitation was an important factor affecting
the phytoplankton composition over the Patagonian sites, both in spring and

summer.



CAPITULO 1

INTRODUGAO GERAL



1 INTRODUGAO GERAL

O fitoplancton & reconhecido como o principal grupo que realiza
fotossintese em ambientes marinhos, sobretudo em regides oceanicas,
normalmente determinando a biomassa dos niveis tréficos subsequentes e as
trocas biogeoquimicas entre os ecossistemas (Falkowski e Knoll, 2007). O
fitoplancton reune um grupo polifilético de organismos fotossintéticos aquaticos
unicelulares e coloniais (Falkowski e Raven, 2007) e inclui taxa
facultativamente autotrofos tais como algumas espécies aloricadas de ciliados
(Petz, 1999) e de dinoflagelados, que s&o representados por 50% de
organismos heterotrofos (Steidinger e Tangen, 1997). O fitoplancton inclui
também procariotas (cianobactérias), demonstrando que o termo esta
relacionado principalmente com a fungao troéfica dos microorganismos que

vivem a mercé da hidrodinamica na coluna d’agua.

1.1 Mar Argentino

Nos setores da plataforma e quebra de plataforma da Patagbnia, séo
encontradas regides com concentragbes moderadas ou altas de biomassa
fitoplanctonica, que s&o influenciadas pelas concentragbes de nutrientes
associados a dinamica da Corrente das Malvinas (CM) (Signorini et al., 2009),
ao aporte do Rio de La Plata (Carreto et al., 2008) e a influéncia de ondas de
maré sobre a plataforma (Bianchi et al., 2009). No entanto, o efeito da

herbivoria exercida pelo microzooplancton (Santoferrara e Alder, 2009) e pelo



mesozooplancton (Sabatini et al., 2004) pode ter influéncia importante sobre a
biomassa e a estrutura das comunidades fitoplancténicas na regido. Além
disso, outras interagdes bioldgicas como acéo viral, de bactérias ou de fungos
podem promover a dominancia de algumas espécies ou ainda atuar no controle
do fitoplancton.

A frente oceanografica na quebra da plataforma continental da
Patagbnia (Argentina) apresenta frequentemente concentragdes altas de
fitoplancton, principalmente na primavera e verdao, denotando uma area de
produtividade primaria alta (Fernandes e Brandini, 1999; Romero et al., 2006;
Signorini et al., 2006; Garcia et al., 2008). Este sistema representa um elo
importante entre o oceano Austral e o Atlantico Sul Ocidental, em termos
fisicos e bioldgicos, sendo fortemente influenciado pela dindmica da Corrente
Circumpolar Antartica (CCA) e o seu ramo ao longo da margem continental da
Argentina, a CM (Saraceno et al., 2004). Analises de frustulas de diatomaceas
nos sedimentos superficiais desta regido mostraram a presenca de grupos de
espécies tipicamente antarticas (Romero e Hensen, 2002), assim como grupos
tipicos de areas subtropicais, expressando o carater transicional da regido.
Esta frente oceanica produtiva esta relacionada também com abundancia de
recursos pesqueiros (Bertolotti et al., 1996) e variabilidade sazonal
consideravel de fatores fisicos e quimicos (Helbling et al., 1992). Outros
trabalhos indicam que a plataforma continental adjacente também apresenta
variagdbes na concentracdo e na composi¢cao taxondmica do fitoplancton

(Barbieri et al., 2002).



No talude da Patagbnia, com base em sensoriamento remoto,
alguns trabalhos sugerem que cocolitoforideos sejam dominantes nas floragdes
de primavera e verdo (Brown e Podesta, 1997). Contudo, dados in situ
mostram que diatomaceas e outros flagelados podem ser os mais abundantes
e dinoflagelados autotroficos e mixotréficos podem apresentar maior biomassa
em carbono, durante a primavera nessa regido (Garcia et al., 2008). Outro
estudo, utilizando sensoriamento remoto e diferentes bases de dados, sugere
que os cocolitoforideos dominem a comunidade fitoplancténica no talude a
partir de meados de verao, associados com a profundidade minima da camada
de mistura e os niveis mais baixos de nutrientes, exauridos pelas floragdes
anteriores de diatomaceas (Signorini et al., 2006). Alguns trabalhos sugerem a
influéncia do transporte de massas d’agua originadas no oceano Austral,
refletido pela direcdo e intensidade da CM, sobre o sudoeste do Atlantico,
principalmente em relagdo as espécies de cocolitoforideos (Boeckel et al.,
2006) e de diatomaceas (Romero e Hensen, 2002). Esses autores ilustraram
quais espécies de ambos os grupos sdo mais importantes na formacgao de
sedimentos superficiais ricos, respectivamente, em calcita ou em silica
biogénica, sugerindo-as como indicadores a serem utilizados em estudos
paleoceanograficos e paleoclimatologicos. Romero et al. (2001) realizaram
estudos semelhantes na costa chilena e, ao observarem densidade alta de
frustulas de diatomaceas tipicamente antarticas nos sedimentos, verificaram a

influéncia das aguas frias e ricas em macronutrientes da CCA.



1.2 Peninsula Antartica

No Oceano Austral, a biomassa fitoplanctonica é relativamente baixa
(geralmente <1 mg m™ de clorofila-a) em quase toda a sua extensao, devido
principalmente a caréncia do elemento essencial ferro, apesar de conter
concentragdes altas dos macronutrientes (nitrogénio, fésforo e silicio) (Ducklow
et al., 2007). No entanto, observa-se incremento significativo na biomassa do
fitoplancton proximo as zonas marginais de gelo e nos sistemas de frentes
oceanicas e costeiras (Priddle et al., 1994, Constable et al., 2003). A estrutura
e dindmica do fitoplancton no oceano Austral tem recebido ateng¢ao especial
por sua importancia ecoldgica e biogeoquimica e, especialmente, em fung¢ao de
drasticas mudangas de temperatura relacionadas ao aquecimento global
(Ducklow et al., 2007; Montes-Hugo et al., 2009).

A Peninsula Antartica é caracterizada pelas mudancas sazonais de
avango e/ou derretimento do gelo, que alteram a estrutura da coluna d’agua
através do estabelecimento de uma camada de mistura rasa/estratificagao forte
(Ducklow et al., 2007). Essa estrutura permite que o fitoplancton permanega na
camada eufética e com o aporte de ferro oriundo do degelo, e favorece uma
assembléia de diatomaceas controlada por ferro em setores relativamente
rasos e costeiros (Garibotti et al., 2005a). Por outro lado, setores oceanicos
podem exibir camada de mistura profunda, conferindo limitacdo por luz em
profundidade mesmo com disponibilidade do micronutreinte ferro, o que
favorece uma assembléia de nanoflagelados controlada por luz (Hewes, 2009).
A biomassa e a composicdo fitoplanctdnica podem ser controladas também

pela pressao de herbivoria, particularmente a acdo de microheterétrofos



10

(ciliados, dinoflagelados) sobre nanoflagelados (Smith Jr. e Lancelot, 2004),
permitindo que células >20 pm escapem do controle por esta forgante
ambiental (Smetacek et al., 2004). Contudo, o padrdo e a intensidade dessas
caracteristicas sazonais podem ser alterados em fungéo do aquecimento global
(Oppenheimer e Alley, 2004; Montes-Hugo et al., 2009), aumentando o
interesse sobre a variabilidade inter-anual da composi¢cao e abundancia do
fitoplancton nesta area.

A composi¢cao do fitoplancton nas regides costeira e de frente
oceadnica em torno da Peninsula Antartica caracteriza-se principalmente pela
presenga de nano- e picoplancton (Azam et al., 1991). Adicionalmente, sob
efeito de variabilidade ambiental e sazonal, ocorrem diatomaceas (Garibotti et
al., 2005), haptoficeas (Phaeocystis antarctica; Baumann et al., 1994),
prasinoficeas (Pyramimonas sp.; Bird e Karl, 1991) e criptoficeas (Cryptomonas
sp.; Vernet, 1992) que sobrepdem-se ocasionalmente em abundéancia, na
primavera e verdo austrais. Por exemplo, Rodriguez et al. (2002) verificaram
duas assembléias distintas (verdo 1995/1996): uma composta por diatomaceas
microplancténicas e Pyramimonas sp., associada com aguas estratificadas pelo
degelo, e outra que agrupava criptoficeas e Phaeocystis cf. antarctica
associando-se com aguas oligotréficas. Inicialmente, o degelo proporcionaria
condigdes para o estabelecimento e crescimento de células grandes (>20 pm),
devido a estratificagdo da coluna d’agua, com a concentragdo elevada de
nutrientes tipica da regido antartica (Garibotti et al., 2005a); mais tarde, estas

células sedimentariam passivamente ou seriam consumidas pelo zooplancton
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(por ex., o krill antartico Euphausia superba), permitindo acumular uma maior

biomassa de células pequenas (<20 ym) (Smith Jr. e Lancelot, 2004).

1.3 Caracteristicas oceanograficas das areas de estudo:

Oceano Atlantico Sudoeste e Oceano Austral

O padrao de circulagdo do oceano Atlantico Sudoeste esta, de certa
forma, conectado com o Oceano Austral pela proximidade da América do Sul
com a Peninsula Antartica, e ilustrado pelo fluxo forte da Corrente Circumpolar
Antartica. O Oceano Austral ou Antartico € delimitado pela Zona da Frente
Polar Antartica (antigamente denominada Convergéncia Antartica) ao norte e
pelo continente antartico ao sul (Simdes, 2011).

A CCA gera uma corrente de sentido norte ao longo da margem
continental oriental da Terra do Fogo e da plataforma continental das Ilhas
Malvinas (= Falklands), a Corrente das Malvinas (Fig. 1.1A). Essas feigbes
compdem uma provincia biogeografica, Plataformas do Atlantico Sudoeste
(FKLD = Falklands; Longhurst, 1998; pp: 268—-273), que apresenta as seguintes
caracteristicas oceanograficas, geomorfolégicas e topograficas: (i) uma
plataforma continental estreita no setor norte, proximo ao estuario do Rio de La
Plata, e que torna-se extensa no setor sul e une-se a plataforma continental
das llhas Malvinas; (ii) a quebra de plataforma acompanha a variabilidade de
extensdo espacial da plataforma continental; e (iii) regides costeiras pontuadas
por cabos, baias, o Estreito de Magalhdes (e seus canais e fiordes) e o estuario

do Rio de La Plata, que é o segundo maior contribuinte de fluxo de agua doce
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para o oceano, na América do Sul. A descarga continental de agua doce é
influenciada também pelo degelo na regido da Terra do Fogo, contribuindo para
as baixas salinidades encontradas no extremo sul (55°-57°S) da plataforma

continental da Patagonia Atlantica (Acha et al., 2004).

60°S

sms‘ b
61°s
62°S
62°S

64°S

65°S

Figura 1.1- Mapa da América do Sul e Peninsula Antartica. Os quadros inclusos referentes as
regides de estudo mostram o padrdo de circulagdo oceanica em superfificie: (A) ao longo da
margem continental leste da América do Sul, com suas principais correntes — das Malvinas e

do Brasil — e a sua interagédo, a Confluéncia Brasil-Malvinas (CBM) (modificado de Matano et
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al., 2010); (B) ao redor da Peninsula Antartica e das llhas Shetland do Sul (modificado de
Hewes et al, 2009), indicando determinados pontos geograficos de referéncia e as principais
4guas encontradas no Estreito de Bransfield — Aguas Zonais de Transi¢do sob influéncia do
Mar de Bellingshausen (AZTB) e Aguas Zonais de Transicdo sob influéncia do Mar de Weddell
(Sangra et al, 2011). Escalas a direita denotam a batimetria nas respectivas regides:
tonalidades azuladas a arroxeadas indicam setores de mar-aberto, principalmente na regido da
Passagem de Drake, da Corrente Circumpolar Antartica e da sua ramificacdo, a Corrente das

Malvinas; tonalidades esverdeadas a amareladas indicam os setores de plataforma.

A circulagao oceanica no setor do Atlantico Sudoeste pode ser assim
resumida: a Corrente das Malvinas transporta aguas subantarticas frias e ricas
em nutrientes ao largo da margem continental da bacia argentina. Neste
processo, uma feicdo conspicua € a forte ressurgéncia de quebra de
plataforma, ocasionada pela interagdo da CM com a topografia do talude,
favorecendo uma produtividade biolégica importante (Signorini et al., 2006;
Garcia et al., 2008; Matano et al., 2010; Piola et al., 2010). Mais ao norte, a CM
encontra a corrente do Brasil, quente, salina e relativamente oligotréfica, em
diregdo oposta, proximo ao estuario do Rio de La Plata (Spadone e Provost,
2009; Matano et al., 2010; e referéncias inclusas). Esta area de contato entre
ambas as correntes forma a chamada Zona da Confluéncia Brasil-Malvinas
(30°-48°S), com acamadamentos e misturas de aguas subantarticas e
subtropicais e eventos fortes de mesoescala, por exemplo, frentes termo-
halinas, filamentos e vértices (Mata e Garcia, 1996; Wilson e Rees, 2000).

Entre os setores antarticos (ao sul de 60°S), as areas ao redor da
Peninsula Antartica tém sido alvo de estudos recentes, devido a sua

susceptibilidade a processos climaticos de aquecimento (por exemplo,
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Smetacek e Nicol, 2005; Ducklow et al., 2007; Montes-Hugo et al., 2009). Nesta
regido (Fig. 1.1B), o padrdo de circulagdo oceanica, sobretudo na area do
Estreito de Bransfield, pode ser resumido basicamente em: (1) um fluxo para
leste relativamente quente e menos salino originario do Mar de Bellingshausen,
do Estreito de Gerlache e da Corrente Circumpolar Antartica e (2) um fluxo
para oeste relativamente frio e mais salino vindo do Mar de Weddell. O fluxo
para leste vai em direcado nordeste ao longo da metade norte do Estreito de
Bransfield, enquanto que o fluxo para oeste circula em direcdo sudoeste ao
longo da metade sul do mesmo estreito. Duas massas d’aguas sao
identificadas na regido: Aguas Zonais de Transicdo sob influéncia de
Bellingshausen e Aguas Zonais de Transicdo sob influéncia de Weddell,
formando uma frente entre elas ao longo do Estreito de Bransfield (Garcia et
al., 1994; Sangra et al., 2011). Esta frente pode funcionar como uma barreira
para o plancton, limitando a ocorréncia de algumas espécies a porgao sul
desse estreito, sob maior influéncia do Mar de Weddell. A Passagem de Drake,
particularmente, possui aguas com concentragdo alta de nutrientes e
concentragao baixa de clorofila-a (High-Nutrient, Low-Chlorophyll ou HNLC) e é
composta por aguas menos salinas e de deriva leste (principalmente no oceano
profundo) da Corrente Circumpolar Antartica, que influenciam o Estreito de
Bransfield, durante o verdo austral (Hewes et al., 2009). Mais proximo a costa
das llhas Shetland do Sul, geralmente ha a formagao de uma corrente costeira
que vai em direcdo sudoeste, influenciada por aguas do degelo e ventos de
diregao sul (Hofmann et al., 1996). As cercanias da llha James Ross tém sido

caracterizadas pela producao de floragdes fitoplanctonicas (Detoni, 2011),
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relacionada com o aporte de nutrientes (provavelmente ferro) oriundo do fluxo
de degelo das geleiras para a costa e o oceano adjacente (Hawes e Brazier,
1991; Sone et al., 2007).

As regides de estudo incluidas nesta tese possuem uma conexéo,
através da CM derivada da CCA, podendo influenciar a composicao do
fitoplancton, sobretudo da Patagbnia. Esta influéncia deve ser mais importante
na primavera do que no verao, pois a penetracdo da CM é mais intensa no
inverno/primavera do que no verado, quando atinge regides mais ao norte
(Saraceno et al., 2004). Organismos comuns ao ambiente antartico foram
identificados no talude da PatagOnia (Phaeocystis cf. antartica e a diatomacea
Corethron pennatum) em meados de primavera (Garcia et al., 2008), em
contraste com o observado no fim do verao, margo de 2007 (Comin, 2009).

A composi¢ao e a abundancia do fitoplancton no Oceano Austral (ao
sul da Frente Polar), mesmo nas estagbes ‘quentes’ (primavera e verao), tém
sido relacionadas principalmente com a disponibilidade de luz (através de
estratificacdo da coluna d’agua) e com o aporte de ferro (Boyd, 2002;
Constable et al., 2003), pois os macro-nutrientes sdo normalmente encontrados
em concentragdes altas (Hewes et al., 2009). Sob estas condigdes, o
fitoplancton &€ composto principalmente de diatomaceas >20 ym (Rodriguez et
al., 2002). No talude da Patagbnia, como é tipico para regides temperadas, a
estratificacdo também ¢é importante para o estabelecimento das floracdes de
primavera e para a manutencdo das células nano- e microplanctdénicas na
camada eufética (Podesta, 1990; Garcia et al., 2008). No entanto, macro-

nutrientes, como o silicato, podem também ser limitantes em certos setores do
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Mar Argentino como a quebra de plataforma, tanto na primavera quanto no
verdo (Garcia et al., 2008), provavelmente favorecendo a dominancia de
cocolitoforideos (Signorini et al., 2006).

Trabalhos de paleo-oceanografia tém demonstrado que algumas
espécies fosseis de diatomaceas em sedimentos refletem a distribuicdo na
superficie do Oceano Austral (ainda no Holoceno). Ao mesmo tempo, esses
trabalhos podem auxiliar na compreensado da atual distribuicdo espacial e
biogeografia de diatomaceas (Olguin e Alder, 2011) e, provavelmente, de
outros organismos tipicamente antarticos/subantarticos transportados para o
Mar Argentino. As diatomaceas do Oceano Austral, particularmente préximo da
Peninsula Antartica, contribuem para sedimentos ricos em espécies
estreitamente associadas ao gelo marinho (Armand et al., 2005) e ao mar
adjacente a borda de gelo (Crosta et al., 2005).

A presenca de frentes oceanograficas, como a da quebra de
plataforma da Patagbnia (Signorini et al., 2006) e a frente de Bransfield que
separa as aguas originarias do Mar de Weddell daquelas derivadas do Mar de
Bellingshausen (Sangra et al., 2011), reflete-se em concentragdes altas de
clorofila-a associadas com a mistura entre duas massas d’agua adjacentes
promovendo as condi¢gdes 6timas para o crescimento do fitoplancton, tais como
disponibilidade de nutrientes e irradidncia luminosa em camada de mistura
rasa, o que nenhuma das massas d’agua oferece isoladamente (Saraceno et
al., 2005). Assim, esses processos fisicos podem condicionar o acumulo e a
distribuicdo espacial do fitoplancton ao favorecer geralmente diatomaceas

(Saraceno et al., 2005, 2006). Contudo, os processos bioldgicos, tais como a
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acao de herbivoria, podem controlar e alterar a composicao fitoplancténica: por
exemplo, meso- e macrozooplancton que consomem seletivamente
diatomaceas/células >20 ym (Smetacek et al., 2004) e microzoopléncton que
mantém uma cadeia microbriana baseada em producao regenerada (Smith Jr.

e Lancelot, 2004).

1.4 Hipoteses

A abrangéncia geografica do presente estudo, as variagdes
oceanograficas e biolégicas nessa extensdo espacial e as interagdes
ecolégicas potenciais entre os organismos fitoplancténicos contribuiram para a

formulacéo das seguintes hipoteses de trabalho:

Hipotese 01: Os fatores estabilidade/camada de mistura sdo mais importantes
para o inicio das floragbes, na primavera (Mar Argentino) e/ou no verao

(cercanias da Peninsula Antartica).

Hipotese 02: Os niveis de nutrientes determinam a composicao de espécies no

verao (no Mar Argentino).

Hipotese 03: O predominio de cocolitoforideos no verdao e de diatomaceas na
primavera caracterizam o fitoplancton da Patagbnia enquanto que diatomaceas

dominam na Peninsula Antartica, no verao.
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1.5 Objetivo Geral

Descrever e caracterizar a distribuicido espacial da biomassa e composig¢ao de
grupos taxondmicos do fitoplancton e sua variabilidade em funcdo de
parametros ambientais na primavera e verao austrais, na regido da Peninsula
Antartica e em setores diferentes do mar Argentino (plataforma e quebra de

plataforma da Patagénia; sul de 35° S).

1.4.1 Objetivos especificos

. Indicar as principais espécies/grupos taxonémicos do fitoplancton do
Mar Argentino e préximo a Peninsula Antartica através da identificagdo, ao
menor taxon possivel, e da quantificacdo em microscopia;

. Verificar a influéncia temporal (primavera e verao) sobre a composigao,
biomassa, e estrutura de tamanho do fitoplancton, correlacionando esses
fatores biolégicos com fatores fisicos (temperatura, estabilidade de coluna
d’agua, camada de mistura) e quimicos (salinidade, nutrientes dissolvidos) nas
regides de estudo;

. Caracterizar a composigao do fitoplancton das duas regides de estudo.
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2 METODOLOGIA GERAL

2.1 Amostragem

Esta tese reune dados correspondentes a sete cruzeiros
oceanograficos a bordo do Navio de Apoio Oceanografico Ary Rongel (Marinha
do Brasil), sob a responsabilidade do Grupo de Oceanografia de Altas Latitudes
(GOAL) e no ambito das atividades do Programa Antartico Brasileiro
(PROANTAR) (Figs. 2.1 e 2.2). Os cruzeiros oceanograficos foram realizados
na primavera e/ou verao de 2004, 2007/2008 e 2008/2009, de acordo com a
programacao na Tabela 2.1. Nao foram realizadas amostragens durante a
primavera austral (setembro-dezembro) ao redor da Peninsula Antartica.

Para a coleta dos dados (fisicos, quimicos e bioldgicos), foi
empregado um sistema carrossel de 12 ou 24 garrafas Niskin (5 L de
capacidade em cada garrafa), acoplada a um CTD Seabird SBE 911+®. A
Tabela 2.1 apresenta o numero de estagdes ocupadas ao longo dos cruzeiros

oceanograficos, onde foram realizadas as analises de amostras do fitoplancton.
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Figura 2.1- Localizagéo geografica dos cruzeiros oceanograficos realizados nos setores do Mar
Argentino — PATagonian EXperiment (I, IV, V, VI e VII) — no &mbito das atividades do Programa

Antartico Brasileiro (PROANTAR). Escala indica a batimetria local.
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Ocean Data View

Figura 2.2- Localizagdo geografica dos cruzeiros oceanograficos realizados na Passagem de

Drake (Drake), no Estreito de Bransfield (Bransfield), préximo a llha James Ross (Ross) e Mar
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de Weddell (Weddell) — projeto SOS-Climate (I e Il) — no ambito das atividades do Programa

Antartico Brasileiro (PROANTAR). Escala indica a batimetria local.

Tabela 2.1- Cruzeiros oceanograficos realizados no dmbito do Programa Antartico Brasileiro

(PROANTAR), com os projetos “PATagonian EXperiment” (PATEX [, IV-VII) e “Southern

Ocean for Understanding Global Climate Issues” (SOS-Climate | e Il), respectivos periodos de

coleta, coordenadas geogréficas e numero de esta¢cdes com dados de microscopia 6tica.

Periodo Latitude Longitude Numero
Cruzeiro
de coleta (S) (W) de estagoes
PATEX | novembro/2004 40°06.6' - 48°01.8' 56°10.8' - 60°49.8' 15
PATEX IV outubro/2007 39°55.2'- 50°01.8" 55°09.0'- 63°34.2" 30
PATEX V janeiro/2008 48°36.0' - 50°08.4' 61°45.6' - 63°42.0" 18
PATEX VI outubro/2008 36°22.8' - 38°37.2' 52°24.0' - 56°58.8' 37
PATEX VII janeiro/2009 53°18.6' - 54°45.6' 59°47.4' - 62°37.8' 29
SOS | fevereiro-margo/2008 60°39.0' - 64°16.2' 53°24.6'- 62°10.2' 67
SOSs I fevereiro-margo/2009 61°16.2' - 64°14.4' 54°16.8' - 58°51.6" 39
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2.2 Parametros fisicos e quimicos

Foram coletados na coluna d’agua os dados de temperatura,
condutividade, pressdo, fluorescéncia induzida da clorofila-a (fluorimetro
SeaTech® ou WetLabs®).

A densidade potencial e a estabilidade da coluna d’agua foram
calculadas a partir dos dados de temperatura e salinidade (potenciais)
derivados do CTD. A estabilidade (E) foi baseada em variagdes verticais de
densidade, como funcdo da flutuabilidade ou freqiiéncia de Briint-Vaisala (N?) a
qual é definida por

N? = - g80./pdz (rad® s9)

e E=N?/g (10® rad* m™),
onde g é a gravidade (9,80665 m s2), do é a variagdo de densidade (kg m™), &z
é a variacdo de profundidade (m), p é a densidade potencial (kg m™) da parcela
de agua e rad significa radianos.

De maneira geral, os valores de E nos primeiros 100 m de profundidade
foram considerados para o calculo da média nesta camada, representando a
estabilidade da coluna d’agua superficial. A profundidade da camada de
mistura superficial foi determinada a partir de perfis da variacido de densidade
(potencial) em funcao da profundidade (ou seja, 9o/ 6z). Aquela profundidade,
onde as variagdes foram maiores que 0,05 em um intervalo de um metro de
profundidade (cruzeiros PATEX) ou, maiores que ou iguais a 0,02 no mesmo
intervalo de um metro (cruzeiros SOS), foi considerada como o limite da

profundidade da camada de mistura superficial (adaptado de Mitchell e Holm-
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Hansen, 1991). Esta diferenga no célculo entre as regides é devida ao fato de
que as variagbes de temperatura na coluna d’agua sao muito pequenas na
Antartica e, portanto, um valor menor (0,02) se mostrou mais sensivel para a
determinacado da camada de mistura. A classificacao termo-halina das massas
d’aguas (particularmente para o segundo manuscrito com os dados do PATEX
VI; ver Anexo ll) foi realizada conforme uma adaptacédo dos intervalos termo-
halinos utilizados por Moller et al. (2008) e Bianchi et al. (2005).

Amostras para a analise de nutrientes dissolvidos, a saber
nitrato(NO3’)+nitrito(NO2)+amédnia(NH3)  (nitrogénio inorganico dissolvido),
fosfato (PO,”) e silicato (SiO4™), foram tomadas de profundidades discretas
conforme uma selecéo baseada no perfil de fluorescéncia durante as coletas. A
concentragdo desses nutrientes inorganicos foi determinada de acordo com
Aminot e Chaussepied (1983) pelo pesquisador R. Pollery (UFRJ). Detalhes
sobre a metodologia utilizada encontram-se em Garcia et al. (2008). As razdes

(molar N:P e Si:N) entre esses nutrientes foram calculadas.

2.3 Composigcao taxondmica, densidade, biovolume e biomassa

dos organismos

Aliquotas de aproximadamente 250 mL foram retiradas das garrafas
Niskin (diversas profundidades) e de aproximadamente 2 m de profundidade
com uma garrafa Van Dorn (de 5 L). Essas amostras foram acondicionadas em
frascos de vidro ambar e fixadas em solugdo alcalina de Lugol 2% para a

identificacdo e a quantificagado posteriores dos organismos do nano- (2—20 um)
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e microfitoplancton (>20 pm) (Utermohl, 1958; Sieburth et al., 1978; Sournia,
1978). A solugao alcalina de Lugol foi preparada a partir de modificagdo do
método em Utermohl (1958), com a seguinte composi¢cao: 200 ml de agua
destilada, 20 g de iodeto de potassio (KI), 10 g de iodo (I2) e 50 g de acetato de
sédio (CH3COONa). Para a categorizagédo dos organismos em classes de
tamanho, foi considerado o maior eixo ou dimenséao linear (GALD — greatest
axial linear dimension) em microscopia (Reynolds, 2006).

A identificacdo taxonOmica (até o menor taxon possivel) e a
estimativa da densidade (numero de células por litro) foram realizadas com o
auxilio de microscépio 6tico de luz invertida ZEISS Axiovert 135 ou Olympus
IX51 (I0-FURG), equipados com contraste de fase e de interferéncia
diferencial, em aumento de 200 a 1000 vezes. O fitoplancton foi identificado
conforme Balech (1988), Chrétiennot-Dinet (1990), Scott e Marchant (2005),
Steidinger e Tangen (1997) e Throndsen (1997). Os ciliados foram identificados
conforme os trabalhos de Alder (1999) e Petz (1999).

A densidade foi estimada em camaras de sedimentacédo (didametro
igual a 26 mm; area igual a 530,9 mm?) de diferentes volumes (10, 50 ou 100
ml), de acordo com a analise visual prévia do material particulado em
suspensao ou conforme a concentracdo de clorofila-a. A sedimentacido foi
estabelecida segundo o intervalo de tempo correspondente ao volume utilizado
(Sournia, 1978). Ressalta-se que a haptoficea Phaeocystis antarctica
apresenta ciclo de vida complexo, no qual ha alternancia de individuos
unicelulares hapléides e dipldides, incluindo fases de formas flageladas ‘livres’

ou em colbnias, que podem alcangar até 3 cm de didmetro (Schoemann et al.,
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2005 e referéncias inclusas no proprio artigo). Neste trabalho, embora tenham
sido observadas numerosas colbnias destes organismos em amostras vivas,
nas amostras fixadas foram apenas observadas e contadas células isoladas, ja
que provavelmente o fixador utilizado deve ter rompido as col6nias. As células
constituintes de colbnias de diatomaceas e demais grupos fitoplanctonicos
foram também computadas individualmente para a estimativa da densidade. A
contagem de cada taxon foi efetuada em campos ou até toda a area da camara
de sedimentacéao, a fim de assegurar um numero minimo de 400 células com
uma margem de erro de aproximadamente 10% (Lund et al., 1958).

A partir dos valores de densidade, da mensuracdo dos principais
eixos lineares dos organismos e da utilizagdo de formas geométricas
aproximadas, o biovolume celular (em pm?®) foi manualmente calculado
(Hillebrand et al., 1999) e utilizado para a conversdo em valores de biomassa
em carbono (Eppley et al., 1970; Putt e Stoecker, 1989; Montagnes et al., 1994;
Menden-Deuer e Lessard, 2000). Para a mensuragdo dos organismos, foram
capturadas imagens em camera digital — Spot Insight QE e programas
associados — acoplada ao microscopio invertido, dos principais organismos
identificados. Estas imagens complementaram a mensuragdo, durante as
rotinas de contagem, de no minimo 30 individuos de cada espécie ou taxon.

Muitos taxa foram agrupados para compensar as dificuldades
inerentes a identificacdo de organismos <20 ym em microscopia 6tica, em
classes de tamanho, género ou maior categoria taxonémica (Ordem, no caso
de dinoflagelados e diatomaceas), e fungdo tréfica (autotrofia versus

heterotrofia/mixotrofia). Quando nao foi mencionado, o grupo Flagelados | (<5
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pMm) incluiu todos os flagelados néo distinguiveis durante as contagens, tais
como prasinoficeas, Phaeocystis antarctica e outros (particularmente no
cruzeiro PATEX VI); Flagelados Il (5—10 um) incluiram criptoficeas e crisoficeas
(cruzeiros SOS | e Il); entre os dinoflagelados, alguns géneros englobaram
varios morfotipos (Gymnodinum spp., Gyrodinium spp., Prorocentrum spp.
exceto, P. minimum e P. rostratum, e Protoperidinium spp.), e outros
dinoflagelados foram mantidos no nivel de ordem (Peridiniales). Alguns
espécimes de diatomaceas foram agrupados e apresentados também no nivel
de ordem (Centrales ou Pennales), além de serem categorizados em classes
de tamanho, tais como Thal (Thalassiosira spp. <20 ym de diametro), Thall
(Thalassiosira spp. entre 20 e 50 ym), Thalll (principalmente Thalassiosira spp.
entre 50 e 100 pm), ThalV (Thalassiosira sp. e outras céntricas >100 ym de
didmetro), Cent5 e Cent10 (céntricas <5 e entre 5 e 10 ym de diametro,
respectivamente), e P20, P50 e P100 que corresponderam respectivamente a
penadas <20, entre 20 e 50, e entre 50 e 100 um de eixo apical. Com exce¢ao
dos ciliados que foram geralmente agrupados em género, foi identificado o

autotrofico Myrionecta rubra (= Mesodinium rubrum).

2.4 Identificagcao em microscopia eletrénica de varredura (MEV)

Algumas amostras, escolhidas quase aleatoriamente mas que
representassem cada cruzeiro tratado nesta tese, foram utilizadas para
observacdo em microscopia eletrénica de varredura (MEV) (Universidade

Federal do Rio Grande do Sul — UFRGS, Brasil e Faculdade de Ciéncias da
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Universidade de Lisboa — FCUL, Portugal). O MEV geralmente permite a
visualizacdo de estruturas externas ou endoesqueletos desprovidos do
protoplasma, tais como frustulas de diatomaceas, tecas de dinoflagelados,
escamas de crisoficeas, cocdlitos de cocolitoforideos e outros (Boltovskoy,
1995).

Aliquotas de 50 mL de amostras recém-coletadas ou de amostras ja
fixadas com formalina foram filtradas em seringa com aparato de filtragao
contendo filtros de membrana Nuclepore de 0,2 um, preferencialmente com
minima pressao com o émbolo. O filtrado foi fixado indiretamente com papel-
filtro embebibo levemente com formol neutralizado ou com solugdo alcalina de
Lugol, em placas de Petri pequenas. Cada filtro foi lavado com 5 mL de agua
doce (novamente em seringas € com o aparato de filtragdo) para evitar a
formacéao de cristais de sal e, depois, mantido em dessecador até a observagao
em MEV (Scanning Electronic Microscope JEOL, JSM-5200LV). Metade do
material (na FCUL, Portugal) foi, adicionalmente, desidratado por banhos
sucessivos em etanol a 30%, 50%, 70%, 90% e 100% até ponto critico;
finalmente, todos os filtros foram aderidos em suportes e metalizados para

observagéo (Charles et al., 2005).

2.5 Concentragao de clorofila-a (fluorimetria)

A concentracdo de clorofila-a foi estimada em amostras de varias

profundidades, em volume variado (de 500 a 2000 mL) conforme a

concentracao de material particulado em suspensio. Esse volume foi retirado
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da garrafa de Niskin correspondente a cada profundidade (ou da Van Dorn, em
superficie) e foi filtrado em filtros de fibra de vidro Whatman GF/F de 25 mm de
didmetro (em duplicata), por meio de sistema de filtracdo a vacuo. Apds a
filtracao, todos os filtros foram acondicionados em papel aluminio e colocados
imediatamente em nitrogénio liquido. Em laboratério (I0-FURG), as amostras
de clorofila-a foram extraidas em acetona a 90%, mantidas a —20 °C, por 24
horas e entdo analisadas através de método fluorimétrico sem acidificacao
(Welschmeyer, 1994), com um fluorimetro Turner Designs TD-700. A

concentragao de clorofila-a foi expressa em mg m™.

2.6 Anadlise de pigmentos por Cromatografia Liquida de Alta

Eficiéncia (CLAE)

Foram realizadas coletas de agua para analise detalhada das
concentragdes dos principais pigmentos fitoplancténicos por Cromatografia
Liquida de Alta Eficiéncia — CLAE ou HPLC (clorofilas, carotensdides e seus
derivados) em profundidades escolhidas de forma a caracterizar a distribuigdo
destes pigmentos na coluna de agua. Para esta finalidade, foi adotado o
mesmo procedimento (coleta, filtracdo, acondicionamento das amostras)
aplicado para o método fluorimétrico. As analises de cromatografia foram
efetuadas no Centro de Oceanografia (Faculdade de Ciéncias da Universidade
de Lisboa, Portugal). As amostras de pigmentos dos cruzeiros PATEX V e VI

foram utilizadas nos manuscritos correspondentes (Anexos | e Il) e as
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amostras oriundas da Antartica (cruzeiros SOS | e Il) foram analisadas por R.
Mendes (FCUL, Lisboa) e constam de outro manuscrito (Anexo llI).

Os pigmentos fotossintéticos foram extraidos com 2 mL de metanol
a 95%, tamponado (com acetato de aménio a 2%), durante 30 minutos e a —20
°C, no escuro. As amostras foram submetidas a ultrassom (Bransonic, modelo
1210, W: 80, Hz: 47) durante aproximadamente 1 minuto, no inicio do periodo
de extragdo; as mesmas foram centrifugadas a 1100 g por 15 minutos, sob
refrigeragcdo a 4 °C. Os extratos foram passados por filtros de membrana
Fluoropore PTFE (0.2 um de porosidade) e, imediatamente, injetados em um
aparelho de cromatografia liquida (Shimadzu) composto por um médulo injetor
do solvente de extragdao (LC-10ADVP), um mddulo controlador do sistema
(SCL-10AVP), um detector do fotodiodo (SPD-M10ADVP) e um detector de
fluorescéncia (RF-10AXL). A separagao cromatografica dos pigmentos foi
obtida usando-se uma coluna monomérica OS C8 (simetria C8; 15 cm de
comprimento; 4,6 mm de diametro; e 3,5 ym de poro separador das particulas).
As fases moveis foram as seguintes: (A) metanol:acetonitrilo:solugao aquosa
de piridina (0,25 M, com pH ajustado a 5,0 com acido acético) na proporgéo
50:25:25 (v/viv), e (B) metanol:acetonitrilo:acetona na propor¢ao 20:60:20
(v/vlv). O gradiente de solventes foi conforme o utilizado por Zapata et al.
(2000), com uma taxa de fluxo igual a 1 mL min™', um volume de injecdo de 100
ML e uma corrida de 40 minutos de duracao. O limite de deteccdo e o limite de
quantificacdo deste método foram calculados e discutidos em Mendes et al.

(2007).
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Para identificar os pigmentos, foram necessarios os respectivos
espectros de absorbancia e tempo de retencdo, sendo que suas concentragoes
foram calculadas a partir dos sinais capturados pelo detector de fotodiodo e/ou
pelo detector de fluorescéncia (clorofilas: excitagédo a 430 nm, emisséao a 670
nm). O aparelho de CLAE (HPLC) foi previamente calibrado com pigmentos-
padrées da Sigma (clorofila-a, b e B-caroteno) e do Institute for Water and
Environment, Denmark — DHI (os demais pigmentos).

Com o intuito de investigar o estado de estresse por ferro do
fitoplancton, exclusivamente em torno da Peninsula Antartica, foi calculada a
razdo do carotendide 19’-hexanoiloxifucoxantina sobre a clorofila-c3 (Hex-
fuco:Chl-c3). A aplicacao desta raz&o foi baseada nos resultados obtidos com o
cultivo de Phaeocystis antarctica sob concentragdes variaveis do micronutriente

ferro (DiTullio et al., 2007).

2.7 Anadlise quimio-taxonémica dos pigmentos fotossintéticos

diagnosticos (CHEMTAX)

A abundancia relativa dos grupos fitoplanctonicos que contribuiram
para a clorofila-a total foi derivada da matriz das concentragdes de pigmentos
obtidos por CLAE, usando-se o programa de analise quimio-taxonémica
CHEMTAX verséo 1.95 (Mackey et al., 1996; Wright et al., 1996; Wright ef al.,
2009). O CHEMTAX utiliza uma analise fatorial e um algoritmo que considera o
declive mais abrupto para encontrar o melhor ajuste dos dados a uma matriz

inicial (“input matrix”) com as razdes entre os pigmentos e a clorofila-a. A base
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para os calculos e demais procedimentos sao completamente apresentados em
Mackey et al. (1996).

As razdes para os pigmentos da matriz inicial, correspondentes aos
maiores agrupamentos/classes de algas, foram obtidas a partir de Rodriguez et
al. (2002) e Kozlowski et al. (2011) os quais trabalharam em locais préximos da
Peninsula Antartica (Anexo lll). Ou, na Patagbnia, foram usadas de acordo
com Carreto et al. (2003) e Zapata et al. (2004) (Anexo I) ou Carreto et al.
(2003) e de Souza et al. (2011) (Anexo Il). Baseando-se nos pigmentos
diagndsticos e na confirmagao dos maiores grupos taxonémicos determinados
pelas analises em microscopio, seis grupos de fitoplancton foram usados no
CHEMTAX: diatomaceas, dinoflagelados-1 (possuidores do carotendide
peridinina), “Phaeocystis antarctica’, criptoficeas, flagelados verdes
(exclusivamente com clorofila-b) e “grupo quimio-taxonémico”. Os pigmentos
utilizados foram clorofila-c; (Chl-cs), clorofila-c, (Chl-cy), peridinina (Perid), 19'-
butanoiloxifucoxantina (But-fuco), fucoxantina (Fuco), 19'-
hexanoiloxifucoxantina (Hex-fuco), aloxantina (Allo), clorofila-b (Chl-b) e
clorofila-a (Chl-a). O “grupo quimio-taxonémico” foi caracterizado por uma
assinatura pigmentar incluindo Chl-c3, Chl-c,, But-fuco, Fuco e Hex-fuco para
descrever um grupo fitoplancténico que pudesse representar a contribuicéo
conjunta de outros dinoflagelados autotréficos sem-peridinina (Wright e Jeffrey,
2006) e de outros organismos cuja composi¢do pigmentar ainda nao foi
analisada completamente (por exemplo, Parmales e outras criséfitas). Para fins

de comparagao entre a analise pigmentar e os dados de microscopia, a maioria
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destes organismos foi artificialmente agrupada em uma categoria chamada,
entao, de Outros Flagelados.

A mesma matriz de entrada de razdes dos pigmentos diagndsticos
foi utilizada para os dois anos de estudo na Antartica (SOS | e Il), assim como
para os cruzeiros PATEX V e VI, mas cada ano (isto é, o conjunto de dados por
ano) foi analisado separadamente, para permitir que uma variabilidade
potencial do processo de otimizagao do CHEMTAX fosse de fato expressa no
final da analise. Em adicado, para ser considerada a variagdo das razdes de
pigmentos em fungdo da irradidncia e/ou em fungdo da disponibilidade de
nutrientes, cada conjunto de dados por ano foi dividido em trés intervalos,
conforme a profundidade de coleta (0-50 m, 50-100 m e >100 m). Para a
otimizagdo da matriz de entrada (“input matrix”), uma série de 60 matrizes de
razdes de pigmentos foram geradas através da multiplicagdo de cada razao de
pigmento da matriz de entrada por uma fungédo aleatéria (x 75% de erro
aleatdrio adicional ao valor da razao inicial). Durante esse processo de
otimizagdo da analise, o CHEMTAX determina a concentracdo nao-explicada
de pigmento na solugado final de cada corrida (residual ou root mean square
error — RMSE). Os resultados finais (razbes e abundancias) foram, enfim,
calculados como o valor médio das seis melhores matrizes finais/de saida
(“output matrix”), ou seja, com os menores valores de RMSE. As matrizes
(otimizadas) de razdes de pigmento derivadas do CHEMTAX para 0-50 m
(Antartica) ou intervalos correspondentes (Patagbnia) sdo apresentadas em
tabelas (ver nos manuscritos respectivos, Anexos). No final, os resultados de

saida do CHEMTAX representaram a contribuicio de cada grupo
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fitoplancténico, em termos absolutos (mg m™), para a clorofila-a e/ou foram
traduzidos também em valores percentuais (relativos) de contribuicdo em uma

amostra determinada (Schluter et al., 2000).

2.8 Analise estatistica

Primeiramente, os fatores biéticos — dados de contagem, biovolume
e biomassa em carbono — foram organizados de acordo com as estagdes de
coleta dos cruzeiros oceanograficos correspondentes, para cada taxon/espécie
identificada (casos); da mesma maneira, os parametros (fatores) abidticos
foram organizados como variaveis ambientais para cada ponto de amostragem
(casos).

Para cada artigo/manuscrito (Anexos), foi aplicado um certo
conjunto de analises uni- e multivariadas, além do préprio uso do CHEMTAX ja
mencionado anteriormente (analise fatorial). Os dados derivados da CLAE
foram comparados com os dados de microscopia (numero de células,
biovolume e biomassa em carbono dos principais taxa fitoplanctonicos) através
de correlagdo paramétrica (r de Pearson), em todos os cruzeiros que
apresentaram essas informacgdes e especialmente nos cruzeiros SOS | e ll, a
fim de verificar o grau de concordancia entre as duas abordagens sobre o
fitoplancton. Quando houve um numero pequeno de amostras (por exemplo,
PATEX V), foram aplicadas correlagbes nao-paramétricas (r de Spearman)
entre as variaveis bidticas e abiodticas para verificar associacées entre elas.

Somente correlagdes significativas (p<0,05) foram consideradas.
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As analises multivariadas foram escolhidas para sintetizar a
quantidade de informagao e procurar agrupamentos de amostras e/ou grupos
de espécies/maiores taxa (Gauch, 1982) e de descrever gradientes ambientais
explicativos para a distribuigdo espacial do fitoplancton (McGarigal et al., 2000).

Analises de classificacdo hierarquica (de Agrupamentos) foram
aplicadas, usando o indice de similaridade de Bray-Curtis (Clarke e Warwick,
1994) e o algoritmo de ligagdo UPGMA (distdncia média ndo-ponderada entre
grupos), para descrever similaridades espaciais entre estacbes de coleta
(andlise do tipo R) ou assembléias de espécies/maiores taxa (analise do tipo
Q). A contribuicdo absoluta (ou a propria densidade) em biovolume/biomassa
em carbono (ou densidade) total dos grupos fitoplancténicos mais frequentes
(>10% em todas as amostras), em cada estacdo de coleta, foi transformada
logaritmicamente (Zar, 1999) e usada em uma matriz de entrada no programa
PAST versao 1.81 (Hammer et al., 2008). As categorias fitoplanctonicas foram
geralmente resultantes da combinacéo de espécies/taxa de tamanho similar ou
do mesmo género e as categorias menos abundantes foram reunidas em maior
nivel taxonémico (ordem, por exemplo).

A analise de ordenagao, Analise de Correspondéncia Canobnica
(ACC), foi utilizada para identificar os padrdes principais da variabilidade do
fitoplancton, conforme as varidveis ambientais explicativas (Ter Braak e
Prentice, 1988). As variaveis bidticas foram representadas pela densidade ou
biomassa em carbono dos principais grupos taxondmicos. As variaveis
explicativas (ambientais) incluiram temperatura, salinidade, nitrogénio

inorganico dissolvido (NID: nitrato, nitrito e amébnia), fosfato, silicato,
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profundidade da camada de mistura e estabilidade da coluna d’agua. Todas as
variaveis foram transformadas logaritmicamente antes da analise. Para verificar
a significancia do modelo da ACC que explicou a variabilidade do fitoplancton,
o teste de Monte-Carlo foi efetuado baseando-se em 499 permutagdes
considerando o modelo reduzido (p<0,05). Mais detalhes sobre as analises

estatisticas foram abordados em cada artigo/manuscrito (Anexos).
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CAPITULO 3
FITOPLANCTON EM REGIOES DISTINTAS
DO ATLANTICO SUDOESTE (MAR
ARGENTINO, 36-38°S E 48-50°S), NA

PRIMAVERA E VERAO
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3 FITOPLANCTON EM REGIOES DISTINTAS DO
ATLANTICO SUDOESTE (MAR ARGENTINO, 36-38°S E

48-50°S ), NA PRIMAVERA E VERAO

3.1 Introducgao

O oceano Atlantico Sudoeste engloba varias frentes neriticas e
oceanicas, as quais apresentam-se em escalas espacial e temporal variadas.
Todavia, esta regido tem sido pouco estudada de um ponto de vista sistémico
(Acha et al., 2004). Um dos principais elos que determinam a estrutura e
dindmica das cadeias troficas nessas frentes oceanograficas € o fitoplancton,
como ja demonstrado em outras partes do globo, como na plataforma
continental sob influéncia da corrente da California (Kudela et al., 2008 e 2010).

Garcia et al. (2008) relacionaram os grupos taxonémicos do
fitoplancton e os niveis de clorofila-a com paradmetros ambientais ao longo da
quebra de plataforma continental da Patagonia e Lutz et al. (2010) investigaram
as variagdes espaciais da produgao primaria em uma area extensa do mar
Argentino, usando parédmetros fotossintéticos in-situ aplicados a modelos por
sensoriamento remoto. Ambos os trabalhos foram realizados na primavera e
concluiram que o mar Argentino apresenta uma rica biomassa fitoplancténica
com floragbes intensas neste periodo do ano (Lutz et al., 2010) e que as

diatomaceas e dinoflagelados sdo sustentados pelo suprimento de nutrientes
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oriundo da ressurgéncia da CM na quebra de plataforma e mantidos em
camadas de até 50 m de profundidade (Garcia et al., 2008).

Visando a uma melhor compreensao da estrutura e dinamica do
fitoplancton, sdo necessarios trabalhos abrangentes espacial e temporalmente
nesta regido do globo, visto que é composta por sub-regides condicionadas por
caracteristicas atmosféricas/oceanograficas tais como frentes de marés
(Sabatini et al., 2004), a pluma do Rio de La Plata (Acha et al., 2008), a
confluéncia Brasil-Malvinas (Saraceno et al., 2004), as frentes termais sobre a
plataforma continental (Rivas et al., 2006) e a frente oceénica de quebra de
plataforma (Garcia et al., 2008).

Neste estudo, exploramos sucintamente as seguintes questdes: (1)
quais espécies ou grupos taxonbmicos do fitoplancton predominam na
primavera/verdo e (2) qual é a sua relagcdo com determinados parametros
ambientais. Os resultadosde de verdo — cruzeiro PATEX V - estéo
apresentados no artigo: “Phytoplankton community during a coccolithophorid
bloom in the Patagonian shelf: microscopic and high-performance liquid
chromatography pigment analyses”, publicado no Journal of Marine Biological
Association of the United Kingdom, 92: 13-27, 2012 (Anexo |). Este trabalho foi
inteiramente escrito pelo primeiro autor/doutorando, com contribuicdes de R.
Mendes na parte de analises de pigmentos por CLAE e outras sugestbes e
contribuigcdes dos demais autores.

Os resultados de primavera — cruzeiro PATEX VI - estao
apresentados no manuscrito: “Brazil-Malvinas Confluence: effects of

environmental variability on phytoplankton community structure”, submetido (em
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revisdo) ao periodico Journal of Plankton Research (Anexo Il). Este artigo foi
redigido primariamente por R. Gongalves-Araujo, com importante contribuicdo
do segundo autor/doutorando na redagdo, nas analises de fitoplancton por
microscopia e de CLAE, e na interpretacdo de resultados e analises
estatisticas. Contou, ainda, com importante aporte de R. Mendes nas analises

de pigmentos por quimio-taxonomia.

3.2 Sintese de Resultados e Discussao

3.2.1 Plataforma continental da Patagdnia (48—50°S) (Anexo )

O principal grupo taxonédmico na regiao de estudo (sul da plataforma
da Patagoénia) foi o dos cocolitoforideos, com dominancia massiva de Emiliania
huxleyi. O teor de clorofila-a variou entre 0,3 e 1,5 mg m™ e o principal
pigmento fotossintético foi o carotendide 19’-hexanoiloxifucoxantina ou Hex-
fuco (0,1 a 0,7 mg m™) associado aos cocolitoforideos. Outros carotendides
foram detectados esparsamente tais como peridinina ou Perid dos
dinoflagelados e fucoxantina ou Fuco atribuida as diatoméaceas (0,96 mg m™).
Baseando-se na anadlise quimio-taxondmica destes pigmentos (CHEMTAX), o
cocolitoforideo “Emiliania huxleyi” foi dominante na regido (0-83% da clorofila-a
total), seguido pelos dinoflagelados (0-37%) e por “Phaeocystis antarctica” (6-
36%). Os grupos taxondbmicos restantes: diatomaceas, criptoficeas,

prasinoficeas e cianobactérias foram menos importantes.
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Os cocolitoforideos foram mais abundantes (50.000 células L™ a 11
x 10° células L") enquanto que certos dinoflagelados autotréficos (Ceratium
lineatum e C. pentagonum, Prorocentrum spp. gimnodinidides e peridiniéides),
a haptoficea Phaeocystis antarctica, a diatomacea Cylindrotheca closterium e o
ciliado autotréfico Myrionecta rubra (= Mesodinium rubrum) ilustraram uma

assembléia de espécies fitoplancténicas organizadas em mosaico (Fig. 3.1).
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Figura 3.1- Contribuigéo relativa dos grupos fitoplanctonicos para (a) a clorofila-a total através
da aplicagdo do CHEMTAX e (b) para o biovolume total obtido com as contagens em
microscopia e conforme Hillebrand et al. (1999). As linhas tracejadas mostram a clorofila-a total

(a) e o bivolume total (b) nos respectivos eixos da direita.
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A presencga de cocolitoforideos, principalmente no verdo na quebra
de plataforma do mar Argentino, havia sido apontada através de dados
satelitais usando-se um algoritmo indicador da concentragdo de calcita,
composto da parede celular desses organismos (Signorini et al., 2006). No
presente trabalho, a presencga importante de outros grupos fitoplancténicos
indicou a complexidade da distribuicdo espacial do fitoplancton durante as
floragcdes de cocolitoforideos. Alguns processos fisicos como mistura causada
por ventos ou correntes de maré podem ter contribuido para o crescimento de
dinoflagelados e diatomaceas (Bianchi et al., 2005 e 2009; Romero et al.,
2006), o que explicaria parcialmente a distribuicdo espacial em mosaico dos
taxa fitoplanctonicos. Ao mesmo tempo, a floracdo de cocolitoforideos estava,
aparentemente, em um estagio fisioldgico relativamente avangado, indicado por
um estudo baseado em parametros 6ticos e bioquimicos na coluna d’agua
(Garcia et al., 2011). Este fato sugere que o fitoplancton sofre mudangas de
composicao relacionadas com certos pardmetros ambientais e processos
intrinsecos a uma sucessao de espécies, sobre esse setor do mar Argentino.

Durante o verao austral (4 a 7 de janeiro de 2008), a plataforma sul
da Patagobnia foi representada por gradientes ambientais moderados (norte-sul)
em termos de temperatura, salinidade e concentracdo de nutrientes. Quanto a
estes ultimos, destacaram-se os nitrogenados com 0,2 uM no sul e 4,17 yM no
norte e fosfato com valores indetectaveis na maioria das estacbées e um valor
maximo de 0,33 uM na porcao sul. Em geral, o silicato apresentou valores
menores que 2,0 uM por toda a regido e, consequentemente, a razdo Si:N foi

geralmente menor que 1. Essa razao Si:N foi considerada como um parametro
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ambiental importante para explicar a distribuicdo espacial do fitoplancton,
associando-se negativamente com os cocolitoforideos (rs = -0,49, p<0,05) e
positivamente com as diatomaceas (rs = 0,54, p<0,05). Essa relagdo demonstra
que cocolitoforideos sao favorecidos sob menor concentracdo de silicato e
menor razao Si:N, indicando que a contribuicdo relativa de diatomaceas,
provavelmente antecedentes aos cocolitoforideos na regido, depende da
concentragdao de silicato (Egge e Aksnes, 1992) durante o verdo sobre a
plataforma da Patagbnia. A ocorréncia/dominancia de cocolitoforideos
encontrada no verao, nesta area do mar Argentino, confirmou estudos prévios
por sensoriamento remoto (por exemplo, Signorini et al., 2006), que sugeriam
esta sucessao.

Em geral, houve uma concordancia boa (p<0,05) entre os dados
derivados do CHEMTAX e as estimativas de biovolume baseadas nas analises
microscoépicas, realgando que o uso simultdneo das duas abordagens
enriquece os estudos do fitoplancton (Llewellyn et al., 2005) e esclarece as
inconsisténcias eventuais encontradas com o uso exclusivo de uma ou outra

técnica (Wright e Jeffrey, 2006).

3.2.2 Regi&o proxima da confluéncia Brasil-Malvinas (36—38°S) (Anexo )

O teor de clorofila-a em superficie, nesta regido e durante a
primavera (13 a 18 de outubro de 2008), variou entre 0,13 e 2,46 mg m™. Os
menores valores (<1 mg m™) foram encontrados em &aguas tropicais e sub-

antarticas e os maiores valores (>1 mg m™ de clorofila-a), em aguas de
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plataforma e costeiras. Baseando-se em CLAE/CHEMTAX, as diatomaceas
foram ubiquas contribuindo >50% para a clorofila-a em aguas sub-antarticas e
costeiras. Todavia, elas contribuiram <10% da biomassa em clorofila-a em
aguas sub-antarticas de plataforma e mistura entre aguas sub-antarticas e
tropicais, onde “Phaeocystis antarctica” (40-70%) e/ou o grupo quimio-
taxonbmico (38-68%) foram dominantes. Os dinoflagelados contendo
peridinina mostraram contribuicdes altas (17-42%) apenas em aguas sub-
antarticas, enquanto que as picocianobactérias e prasinoficeas foram
importantes apenas em aguas tropicais contribuindo, respectivamente, com o
valor maximo de 44% e 36% para a clorofila-a. As criptoficeas (20% da
clorofila-a) foram notadas apenas em aguas costeiras. Um estudo anterior, que
ocupou setores mais oceanicos (30-60°S) na primavera de trés anos
consecutivos, encontrou maiores concentragdes de clorofila-a (>1 mg m®) na
Confluéncia Brasil-Malvinas e relacionou as biomassas baixas (<1 mg m>) com
as aguas oligotréficas da Corrente do Brasil ou com as aguas ricas em
nutrientes, mas turbulentas da Corrente das Malvinas (Brandini et al., 2000). O
presente trabalho, entretanto, ocupou um maior numero de estagdes em uma
area latitudinalmente menor (36—38°S), mas sobre as regides oceanica, de
quebra de plataforma e neritica proximas da Confluéncia Brasil-Malvinas.
Portanto, foi possivel investigar a distribuicdo espacial do fitoplancton em
funcdo de gradientes perpendiculares as isdbatas. Essa distribuicdo espacial
foi similar a outras (Carreto ef al., 2003, 2008), embora n&o tenha sido possivel
determinar a contribui¢cdo de cocolitoforideos, provavelmente inclusos no grupo

quimio-taxondmico, durante a primavera de 2008 do estudo atual.
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Os flagelados (2 a 5 ym), que incluiram a haptoficea Phaeocystis
antarctica, foram os mais abundantes em todas as estac¢des de coleta (aguas
de plataforma — 7,7 x 10° células L™, aguas tropicais — 2,9 x 10° células L™,
aguas sub-antarticas — 0,05 a 0,2 x 10° células L™ e costeiras — 0,08 a 0,2 x
10° células L'1). Houve uma associagao entre espécies de diatomaceas e os
tipos de aguas: (a) Chaetoceros spp. | (<10 ym de didmetro), Thalassiosira
spp. | (<20 ym de diametro) e Pseudonitzschia spp. foram importantes em
aguas sub-antarticas, (b) Cylindrotheca closterium em aguas de plataforma e
de mistura, (c) Guinardia spp. e Thalassionema nitzschioides em aguas
tropicais, enquanto que (d) Asteromphalus sarcophagus, Guinardia delicatula e
Rhizosolenia spp. (por exemplo, R. setigera) foram importantes em aguas
costeiras. Os dinoflagelados mais representativos foram tanto os espécimes
autotroficos/mixotréficos (Gymnodinium spp., Ceratium lineatum/pentagonum,
peridinidides e Prorocentrum minimum) quanto os espécimes heterotroficos
(Amphidinium sphenoides, Gyrodinium fusiforme e Protoperidinium spp.). Entre
os ciliados, o fotossintético Myrionecta rubra e a presenca de tintinideos
(Dadayiella ganymedes, Dictyocysta elegans speciosa e Salpingella spp.)
foram marcantes em aguas tropicais e oligotriquideos aloricados predominaram
nas demais estacdes de coleta. A presenca e a abundancia de diatomaceas
tém sido geralmente indicadas em aguas sub-antarticas, assim como
Phaeocystis aff. globosa e Emiliania huxleyi foram encontradas em aguas da
Confluéncia Brasil-Malvinas (Fernandes e Brandini, 1999). Contudo, a
predominéncia de P. antarctica em aguas sub-antarticas de plataforma e

naquelas resultantes da mistura entre aguas tropicais e sub-antarticas sugere a
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importancia da variagado inter-anual e da necessidade de mais trabalhos
visando a determinacao de padrdes de distribuicdo temporal do fitoplancton.

Foram encontradas uma variabilidade espacial consideravel, em
superficie, e uma frente termo-halina nesta regido de estudo: a temperatura
variou de 8,1 °C a 18,8 °C e a salinidade variou de 33,04 a 35,98. Baseando-se
no diagrama T-S, as massas d’agua determinadas permitiram a divisdo da
regidao de estudo em zonas: (a) tropical (aguas tropicais), (b) sub-antartica
(aguas sub-antarticas), (c) intermediaria (aguas de plataforma e mistura) e (d)
costeira. Essas zonas foram também discriminadas pela distribuicao superficial
dos fatores quimicos: maiores concentragbes de nitrogénio inorgéanico
dissolvido — NID (11,62 uM) e fosfato (0,89 uM) foram observados na zona sub-
antartica, enquanto que suas menores concentragées (0,94 uM de NID e 0,18
MM de fosfato) foram determinados na zona tropical. A maior concentragcao de
silicato (7,33 uM) foi encontrada na zona tropical e sua menor concentragao foi
encontrada na zona costeira (<3 uM). A razdo N:P foi menor que 10 na maioria
das estagdes, exceto na zona sub-antartica que apresentou razdo N:P igual a
14,3 e razao Si:N igual a 0,3, em média.

Em funcdo desses parametros ambientais, incluindo camada de
mistura e estabilidade da coluna d’agua, o teste de Monte-Carlo sobre uma
analise de correspondéncia canbnica mostrou que o ambiente fisico e quimico
contribuiu significativamente para a variabilidade da distribuicdo espacial dos
grupos taxonémicos (p<0,01) (Fig. 3.2). A variabilidade ambiental explicou 44%
da variagao espacial das espécies/grupos plancténicos: os dois primeiros eixos

ou raizes canlOnicas somaram 73% de explicagdo dessa variabilidade
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ambiental. A primeira raiz candnica (47% de explicabilidade) distingiu os grupos
taxondbmicos mais positivamente relacionados com a salinidade e a
temperatura. A segunda raiz canénica (26% de explicabilidade) evidenciou os
relacionados a

grupos taxondmicos temperatura (negativamente) e a

concentragao de NID e fosfato (positivamente).
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Figura 3.2- Diagrama de ordenagdo da Analise de Correspondéncia Canénica relativa aos
dados em superficie da abundancia do fitoplancton (taxa menos freqlientes foram excluidos
[<10%]). Os dois primeiros eixos representaram 73% das relacdes entre os grupos

fitoplanctdnicos e o ambiente fisico. Setas referem-se as variaveis ambientais explicativas.
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Estagdes amostrais sao representadas pelos circulos coloridos: vermelhos para a zona tropical,
azuis para a zona sub-antartica, verdes para a zona intermediaria e amarelos para a zona
costeira. Triangulos referem-se a abundancia absoluta dos principais grupos/espécies
representados pelas seguintes abreviagdes: Flagelados | (2-5 pm; incluem Phaeocystis
antarctica — Flagl), Flagelados Il (>5 um — Flagll), Classe Cryptophyceae (Crypt), Ceratium spp.
(Cer), Cochlodinium sp. (Coch), Dinophysis spp. (Dinph), Gonyaulax cf. scrippsae (Gony),
Gymnodinium spp. | (<20 ym — Gymnl), Gymnodinium spp. Il (>20 ym — Gymnll), Gyrodinium
sp. | (<20 ym — Gyrol), Oxytoxum spp. (Oxyt), Peridiniales | (<20 ym — Perl), Peridiniales 1l (>20
um — Perll), Prorocentrum micans (Pmic), P. minimum (Pmin), P. minimum 1l (~20 ym — Pminll),
P. rostratum (Prost), P. aff. scutellum (Pscut), Scrippsiella cf. trochoidea (Scripp), Torodinium
robustum (Torod), outros dinoflagelados (Dinof), Asteromphalus sarcophagus (Asarco),
Chaetoceros spp. | (<10 ym — Chaetl), Chaetoceros spp. Il (>10 um — Chaetll), Cylindrotheca
closterium (Cylclo), Guinardia delicatula (Gdelic), Guinardia spp. (Gspp), Hemiaulus spp.
(Hspp), Meuniera membranaceae (Mmembr), Nitzschia longissima (Nlong), Pseudonitzschia
spp. (Pseudo), Rhizosolenia spp. (Rhizo), Thalassionema nitzschioides (Tnitz),
Thalassionemataceae (Thema), Thalassiosira spp. | (<20 ym — Thal), Thalassiosira spp. Il (>20
a 50 ym — Thall), Thalassiosira spp. Ill (> 50 a 100 ym — Thalll), Outras céntricas (Centr),

Outras penadas (Penn), Myrionecta rubra (Mrub).

A influéncia das aguas sub-antarticas frias e ricas em nutrientes,
principalmente na zona sub-antartica, foi importante para a composi¢cao do
fitoplancton. Enquanto Garcia et al. (2008) encontraram dominancia de P.
antarctica em aguas sub-antarticas oceéanicas associadas a CM, diatomaceas e
dinoflagelados destacaram-se na zona sub-antartica identificada no trabalho
atual e com camada de mistura relativamente rasa (8-13 m), realgando

diferencas inter-anuais.
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Assim como no trabalho referente a janeiro de 2008 (verdo, PATEX
V), foi possivel constatar a variabilidade da razdo Si:N e sua provavel relagao
com a composicao fitoplancténica, apesar da distancia latitudinal consideravel
entre os dois periodos de estudo. A zona tropical, com razdo N:P baixa (5,9) e
razao Si:N alta (2,5), deve ser limitante para o crescimento fitoplanctonico pela
concentragdo relativamente baixa de nitrogenados (Barlow et al., 2002).
Temperatura e salinidade foram os parametros ambientais mais importantes
para explicar a distribuicdo espacial do fitoplancton, apontando a influéncia dos
processos fisicos sobre os biolégicos (Saraceno et al., 2006). Por exemplo, a
zona costeira, representada por apenas duas estacbes com dados de
composicao do fitoplancton, caracterizou-se por temperatura moderada (11,7—
13,7 °C), salinidade baixa (33,47-33,91) resultante da diluigdo por aguas
continentais, concentragcédo alta de fosfato (0,53—-0,79) e camada de mistura
relativamente profunda (9-25). Nesta zona, o fitoplancton foi similar ao da zona
intermediaria que foi caracterizada por estabilidade alta (média igual a 1392,7)
e pela concentracdo de haptoficeas e outros flagelados englobando
provavelmente cocolitoforideos e crisoficeas, conforme observado na
plataforma continental da Patagbnia por Carreto et al. (2003). A zona sub-
antartica apresentou concentragdes altas de NID (6,52—-10,92 uM) e baixas de
clorofila-a (0,30-0,90 mg m™) e razdo relativamente alta de produtos de
degradagao (da clorofila-a) sobre clorofila-a (média igual a 0,046). Esses
parametros podem indicar que o fitoplancton desta zona sub-antartica estava
sob pressdo de herbivoria de dinoflagelados heterotréficos/mixotroficos

(Gyrodinium spp.) e dos ciliados Didinium spp., Strombilidium spp. e
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Strombidium spp. Fernandes e Brandini (1999) descreveram varias espécies de
dinoflagelados heterotréficos, além de Gyrodinium spp., e formas autotroficas
em aguas sub-antarticas préximas da Confluéncia Brasil-Malvinas. E provavel
que a abundancia de dinoflagelados autotréficos, no presente trabalho, pode
estar relacionada com a concentracao baixa de Si, limitando o desenvolvimento

de diatomaceas nessa zona.

3.3 Conclusoes

(01) Na area sul da plataforma continental da Patag6nia, o verao austral foi
caracterizado pelo predominio de cocolitoforideos. Esses organismos
estiveram associados com baixa concentracao de silicato e razdo Si:N
e com Phaeocystis antarctica e dinoflagelados. Houve ainda uma
associagao entre diatomaceas e Myrionecta rubra/criptoficeas.

(02) Na confluéncia Brasil-Malvinas, processos fisicos dominaram a
influéncia sobre a composicéo e estrutura do fitoplancton. Aguas sub-
antarticas foram uma fonte importante de nitrogenados e fosfato para o
crescimento do fitoplancton. Diatomaceas e dinoflagelados estiveram
associados com camada de mistura mais rasa (8—13 m), enquanto que
flagelados (incluindo Phaeocystis antarctica) estiveram associados com
camada de mistura mais profunda (9-25 m). A concentracao baixa de
clorofila-a e valores relativamente altos de produtos de degradagéo da
clorofila-a podem indicar o controle exercido por consumidores

primarios (microplancton — dinoflagelados e ciliados heterotroéficos; e/ou
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mesoplancton — principalmente copépodos) sobre a biomassa

fitoplanctonica.
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DISTRIBUIGAO ESPACIAL DO
FITOPLANCTON EM TORNO DA
PENINSULA ANTARTICA (VEROES DE 2008

E 2009)
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4 DISTRIBUIGAO ESPACIAL DO FITOPLANCTON EM
TORNO DA PENINSULA ANTARTICA (VEROES DE 2008

E 2009)

4.1 Introducgao

A Peninsula Antartica tem sido apontada como uma das areas do
globo que esta sob efeito acentuado de mudancgas climaticas (Clarke et al.,
2007; Montes-Hugo et al., 2009; Smetacek e Nicol, 2005). Este efeito foi
nitidamente detectado através de analises de testemunhos referentes ao
periodo inter-glacial anterior (McKay et al., 2011; Siddall e Valdes, 2011). O
fitoplancton € um dos componentes da trama tréfica do Oceano Austral que
pode ser influenciado por essas mudancas climaticas e que, por compor a base
alimentar desta teia, merece atengao sobre os possiveis efeitos causados por
estas mudancas na composicao taxondmica, sobretudo na primavera e verao,
que sao os periodos mais produtivos na regiao.

Estudos dos padrdes de distribuicdo espacial e temporal do
fitoplancton, geralmente, tém apontado as diatomaceas como o grupo
dominante durante o periodo de crescimento (primavera-verdo) em torno da
Peninsula Antartica (Annett ef al., 2010), indicando que esses mobilizadores da
silica sdo consistentemente substituidos pelas criptoficeas no periodo final do
verdo (Moline et al, 2008). A dominancia relativa de diferentes grupos

taxondmicos (em tamanho, fungao tréfica) deve ser considerada, pois pode
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implicar no destino final da produgao primaria, do fluxo dessa produgao ora
pela cadeia trofica classica (por exemplo, a herbivoria exercida pelo krill
antartico Euphausia superba) ora pela cadeia microbiana, e na importancia da
sedimentacao/ exportagcdo de matéria organica (Rodriguez et al., 2002a).

O uso da CLAE (cromatografia liquida de alta eficiéncia; por
exemplo, Veldhuis e Kraay, 2004) e as andlises quimio-taxonédmicas
(CHEMTAX [Mackey et al.,1996]) tém permitido uma descrigdo detalhada,
ainda que complementar com os resultados da microscopia otica e eletronica,
da comunidade fitoplancténica do Oceano Austral (Rodriguez et al., 2002b;
Kowzlosky et al., 2011).

O trabalho relativo a este capitulo da tese tem como objetivo
principal descrever a composicdo do fitoplancton em torno da Peninsula
Antartica (com base principalmente na abordagem CLAE/CHEMTAX) em
relacdo a parametros fisicos da coluna d’agua, nos verdes de fevereiro-margo
de 2008 e 2009. Além disto, foram utilizados indices derivados de razdes entre
pigmentos especificos, em particular, razdes indicadoras de senescéncia
(Wright e Jeffrey, 2006), de pressao de herbivoria (Moline, 1998) e/ou do
estresse por limitagcdo do micronutriente ferro (DiTullio et al., 2007) para
explicar a distribuicao espacial do fitoplancton.

Os resultados deste capitulo se referem ao manuscrito “Dynamics of
phytoplankton communities during late summer around the tip of the Antarctic
Peninsula”, submetido ao peridodico Deep-Sea Research part | (em revisao) por
Mendes, C.R.B., de Souza, M.S., Garcia, V.M.T., Leal, M.C., Brotas, V. e

Garcia, C.A.E. (Anexo lll). A participacdo do segundo autor/doutorando na
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elaboragao deste manuscrito foi na redagédo (juntamente com R. Mendes), na
interpretacado de resultados e analises de dados taxonbmicos complementares

por microscopia.

4.2 Sintese de Resultados e Discussao (Anexo lll)

4.2.1 Composicdo e distribuicdo espacial do fitoplancton baseadas em

pigmentos fotossintéticos diagnosticos (CLAE)

A concentragdo de clorofila-a (Chl-a), em superficie, ao redor da
Peninsula Antartica (fevereiro-margco de 2008 e 2009) foi variavel
espacialmente, permitindo a separagao de trés sub-regides: (1) concentragdes
altas nas proximidades da llha James Ross (7 mg m™ de clorofila-a),
especialmente no verdo de 2009; (2) concentragdes intermediarias (0,5-2 mg
m=) no Estreito de Bransfield e regido costeira da Passagem de Drake; e (3)
concentragdes minimas (<0,5 mg m™) no Mar de Weddell e estacdes oceanicas
da Passagem de Drake. Os pigmentos mais representativos na regido foram
fucoxantina (Fuco), clorofila-c, (Chl-c), diadinoxantina e alguns produtos de
degradagdo da prépria Chl-a, com concentragbes maximas >0,5 mg m
préximo da llha James Ross. O Estreito de Bransfield e a Passagem de Drake
apresentaram concentragées consideraveis de clorofila-cs (Chl-c3), 19'-

hexanoiloxifucoxantina (Hex-fuco) e 19’-butanoiloxifucoxantina (But-fuco),

especialmente em 2008.
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A razdo Chl-cs:Fuco indicou o grupo taxondédmico dominante em
algumas sub-regides: maior valor (>0,16) foi associado com o predominio de
flagelados e menor valor (0,037) foi associado com o predominio de
diatomaceas (Fig. 4.1). A razdo Hex-fuco:Chl-c;, baseada em experimentos
sobre o efeito do ferro em Phaeocystis antarctica (DiTullio et al., 2007), foi
usada para verificar os niveis de limitacdo por ferro, que também influencia a
composi¢cdo do fitoplancton: maior razdo Hex-fuco:Chl-cs3 (>3), indicando
limitagdo mais severa por ferro, foi registrada no Mar de Weddell (em ambos os
verdes) e nas estagdes oceanicas da Passagem de Drake, coincidindo com as
concentragées minimas de Chl-a (<0,5, mg m™) e abundancia de P. antarctica,
enquanto que menor razdo Hex-fuco:Chl-c3 (<3) foi determinada em locais de
maior biomassa fitoplanctonica, onde houve dominio de diatomaceas (préoximo
a llha James Ross). Holm-Hansen e Hewes (2004) indicaram que na
Passagem de Drake e parte oeste do Mar de Weddell ha concentragdes baixas

de ferro.



58

0.5 ] 010
I e Weddell - 2008
’ y 0.38x-0.02 D:Cae Weddell - 2009
R?=0.92, n=181 0.06 | 8
0.4 1 ,' (p<0.001) o
. o! 0.04 1og§®
o a‘@o o
cEn f 22—00916)( 720 .00 002 T 2 no correlation
£ 0.3 4 ® / =0 001;' O 0,00 e
= O/ (P 0(9 01 02 03 04 05 06 07
S
i) /
= O
_C -
Q. O //
(=] v =0.037x+0.010
5 B g 9 R?=0.70, n=112
o .//.. (p<0.001) @ Bransfield - 2008
- ~ O Bransfield - 2009
3 3/013 OOCO ® o @ Drake - 2008
-~ 0 [ ] @® Ross-2008
O Ross-2009
0.0 T . T T T
0 2 4 6 8

Fucoxanthin (mg m™)

Figura 4.1- Relagdo entre clorofila-c; e fucoxantina nas diferentes regides e periodos de

amostragem.

4.2.2 Distribuigcdo espacial do fitoplancton e parametros oceanograficos

A contribuicao relativa de diatomaceas foi acima de 90% do total de
Chl-a, préximo a llha James Ross, enquanto que criptoficeas dominaram no
Mar de Weddell, onde houve menor contribuicdo relativa de diatomaceas. A
haptoficea Phaeocystis antarctica mostrou contribui¢cdes relativas maiores para
a clorofila-a na Passagem de Drake e alguns locais do Mar de Weddell,

associadas com concentragbes baixas de clorofila-a. O “grupo quimio-
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taxondbmico” foi importante no Estreito de Bransfield. Esses padroes de
distribuicdo espacial foram relacionados com a estrutura da coluna d’agua, a
qual pode determinar a disponibilidade de radiacao solar e/ou a limitagdo por
ferro na camada de mistura: (a) processos fisicos associados com o degelo
costeiro (dos glaciares nos arredores da llha James Ross) que explicam as
aguas bem estratificadas/camada de mistura rasa na costa e, provavelmente,
uma fonte de ferro para o estabelecimento e a concentragao de diatomaceas
microplancténicas (Moline e Prézelin, 1996; Garibotti et al., 2003); (b) o
aquecimento sazonal das aguas superficiais (evidenciado no mar de Weddell e
Passagem de Drake), onde a baixa concentracdo de clorofila-a e a
predominéncia de flagelados (P. antarctica, criptoficeas) (Montes-Hugo et al.,
2008) em superficie caracterizam um estagio de pos-floragdo que ¢é
frequentemente observado durante o verdo (com aguas oceanicas
estratificadas e suposta limitagédo por ferro) (Ducklow et al., 2007); (c) ainda no
mar de Weddell e Passagem de Drake, a maior concentracdo relativa de
clorofila-a estava em profundidade, associada a forte estratificacdo da coluna
d’agua; (d) processos advectivos e camada de mistura profunda em locais de
composicao fitoplanctonica similar mas com biomassa fitoplanctonica total
baixa (no Canal Antartico, adjacente a llha James Ross); (e) possivel efeito da
herbivoria e/ou senescéncia do fitoplancton podem ter contribuido para a
concentragdao baixa de clorofila-a (Passagem de Drake, Mar de Weddell e
estacdes profundas em torno da Ilha James Ross).

As concentracdes altas de diatomaceas foram também relacionadas

com camada de mistura rasa causada por degelo (Mitchell e Holm-Hansen
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1991; Garibotti et al. 2005b) em regides costeiras protegidas dos fortes ventos
antarticos. Esses mesmos autores indicaram que os flagelados (entre eles,
Phaeocystis antarctica) estdo conectados a forte estratificacdo e baixas
concentracdes de ferro. A pressdo de herbivoria foi provavelmente um fator
estruturador do fitoplancton, alternando entre o dominio por diatomaceas e a
predominancia de flagelados, com a concomitante redugdo dos niveis de

biomassa (Ross et al., 1998).

4.2.3 Comparagdo entre dados de microscopia e aplicacdo da ferramenta

CHEMTAX

A correlagao significativa (r = 0,86; p<0,001) entre os dados
derivados da microscopia e da biomassa relativa de diatomaceas derivada do
CHEMTAX foi muito proxima da correlagéo (r = 0,83; p<0,001) considerando
todos os grupos fitoplanctonicos, o que realgou o dominio das diatomaceas. No
Estreito de Bransfield, foi observada uma associagcao entre a concentragao do
“‘grupo quimio-taxonémico” (derivado do CHEMTAX) com os dinoflagelados
estimados por microscopia. Esse fato sugere a presenga de outros tipos de
dinoflagelados, que possuem outros pigmentos acessérios em lugar da
peridinina (Perid). Como observado por outros autores (Rodriguez et al.,
2002a; Kozlowski et al., 2011), a complementaridade entre as duas
abordagens, microscopia e CLAE/CHEMTAX, promovem uma caracterizagao

mais detalhada do fitoplancton na regiao antartica.
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4.2.4 Caracterizacdo das sub-regiées de estudo

4.2.4.1 Passagem de Drake

Maior concentragdo de Chl-a (0,6 mg m™) e predominancia de
diatomaceas foram observadas na regido costeira, com coluna d’agua pouco
estratificada. Por outro lado, uma menor concentragdo de Chl-a (0,1 mg m™) e
dominio por nanoflagelados (Phaeocystis antarctica, “grupo quimo-taxonémico”
e criptoficeas) foram observados em coluna d’agua fortemente estratificada, em

aguas oceanicas.

4.2.4.2 Estreito de Bransfield

Esta sub-regido apresentou maior variabilidade espacial em termos
de contribuicdo dos principais grupos taxondmicos para a concentragao de Chl-
a e uma diferencga significativa entre os dois verdes. Em 2009, a biomassa mais
eleveda (~1,5 mg m?>) foi associada com maior contribuicdo relativa de
diatomaceas (Thalassiosira  spp., Corethron pennatum e células
nanoplanctbnicas de Chaetoceros neglectus assim como das penadas
Pseudonitzschia spp.). Os maiores niveis de biomassa foram registrados nas
estagdes do canal central profundo do Estreito de Bransfield, caracterizado
pela contribuicdo relativamente alta do “grupo quimio-taxonémico”
(dinoflagelados autotréficos com e sem peridinina) e de diatomaceas. O “grupo

quimio-taxonémico” foi relacionado com densidade de Gymnodinium spp. e
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Pseudonitzschia spp., determinados através de microscopia otica. Os niveis de
biomassa reduziram relativamente em direcdo as estagdes proximas da costa,
onde diatomaceas e/ou criptoficeas foram os organismos fitoplanctonicos
principais. Em aguas menos estratificadas, ao longo da costa, as diatomaceas
representaram até 75% da Chl-a total. Dinoflagelados alcangaram contribui¢ao
relativa similar, com o aumento da estratificagcao. Em situacdes intermediarias
de estratificagdo da coluna d’agua, as criptoficeas contribuiram >80% para a
Chl-a total ou foram co-dominantes juntamente com as diatomaceas. Em 2008,
uma relacdo negativa entre Chl-a superficial e profundidade da camada de
mistura (r2 = -0,50, p<0,01) foi encontrada, particularmente préximo a llha
Elefante, onde nanoflagelados substituiram diatomaceas. Contudo, em 2009 a
camada de mistura foi <100 m e os niveis de biomassa fitoplancténica foram
caracterizados pela dominancia de diatomaceas. A acentuada hidrodindmica
no Estreito de Bransfield (Sangra et al., 2011) pode explicar a variagado

encontrada na composicao fitoplanctonica.

4.2.4.3 Mar de Weddell

O padrao de distribuicdo espacial do fitoplancton foi similar em
ambos os anos de coleta: diatomaceas, criptoficeas e Phaeocystis antarctica
foram os representantes principais em aguas com concentragao baixa de Chl-a
(<0,5 mg m™). Ao longo de um gradiente de estratificacdo da coluna d’agua, da
costa para mar-aberto, foi registrada uma sucessdao do fitoplancton:

diatomaceas dominaram nas estagbes costeiras, com coluna d’agua bem
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misturada e criptoficeas foram substituindo-as em coluna d’agua com nivel
intermediario de estratificacdo. A biomassa fitoplanctdénica decresceu e a razéo

Hex-fuco:Chl-c3 aumentou em diregdo ao mar-aberto.

4.2.4.4 Arredores da llha James Ross

Houve um dominio absoluto de diatomaceas (>90% de contribui¢cao
para a biomassa) em todas as estagcbes. Entre as diatomaceas que mais
contribuiram para a biomassa total, destacaram-se Odontella weissflogii,
céntricas de 20 a 100 ym de didmetro e Eucampia antarctica. Esta sub-regido
foi caracterizada por estratificacdo marcante em estacdes costeiras. Nao houve
diferengas significativas em relagao a distribuigao relativa do fitoplancton, entre
os dois verdes estudados. Contudo, a concentracdo maxima de Chl-a em 2009

(~6 mg m™) foi duas vezes a concentracdo maxima de Chl-a em 2008.

4.2.5 Outros indices pigmentares

4.2.5.1 Produtos de degradagao

Excetuando-se os arredores da llha James Ross, representados por

floracbes de diatomaceas, as concentragées dos produtos de degradacgao

foram sempre <0,1 mg m>, sendo que o feoforbideo-a foi o produto de

degradagao principal da Chl-a em todo o periodo de estudo. Em torno daquela



64

ilha, os produtos de degradagdo foram determinados em maiores
concentragdes, destacando-se o clorofilideo-a (~1 mg m™). Foi observada uma
diferenga significativa em relagdo a contribuicdo relativa dos produtos de
degradagao (sobre a soma de Chl-a + produtos de degradagao). Em 2008,
estes estavam presentes em contribuicbes relativas maiores: 14% em
clorofilideo-a, 11% em feoforbideo-a e 4% em feofitina-a do que em 2009, com
contribui¢des relativas iguais a 9%, 7% e 2%, respectivamente. Os produtos de
degradacao deram indicios do efeito de herbivoria (Jeffrey et al., 1997), mais
forte em 2008 do que em 2009. Ambos periodos de estudo podem ser
associados, inclusive, a um estagio de péds-floracdo (meio a fim do veréo

antartico, principalmente no verao de 2008).

4.2.5.2 Pigmentos foto-adaptativos

A raz&do da soma de carotenoides foto-protetores (PPC: aloxantina,
diadinoxantina, diatoxantina e zeaxantina neste estudo) sobre a soma de todos
os pigmentos (TP) foi usada como um indice do estado fisiolégico do
fitoplancton sob a condigdo prevalecente de luminosidade. Foi possivel
demonstrar uma diferenca significativa entre estagdes noturnas e diurnas
durante todo o periodo de estudo, proximo a llha James Ross. A razdo PPC:TP
nas estagdes noturnas foi cerca de duas vezes mais baixa que nas diurnas,
especialmente em superficie. A soma dos carotendides fotossintéticos (PPS:
But-fuco, Hex-fuco, Fuco e Perid) sobre a soma de todos os pigmentos nao

apontaram diferencas entre a amostragem diurna e noturna entre as estagodes.
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As razdes de pigmentos fotoprotetores/pigmentos totais e de
pigmentos fotossintéticos/pigmentos totais reafirmaram que os primeiros
podem indicar respostas rapidas do fitoplancton aos efeitos ambientais, como
foi observado proximo a llha James Ross. Além disso, os pigmentos acessoérios

mostraram-se como biomarcadores taxon6micos consistentes.

4.3 Conclusao

As diatomaceas foram dominantes nos dois verdes austrais
(fevereiro-margo de 2008 e 2009), préximo a llha James Ross e no Estreito de
Bransfield, devido provavelmente ao aporte de ferro oriundo do degelo. A
camada de mistura e estabilidade foram associadas as mudancas da estrutura
de tamanho e composig¢ao do fitoplancton. Houve boa concordancia entre os
dados derivados da CLAE/CHEMTAX (quimio-taxonomia) e os dados de
microscopia otica (numero de células por litro, biomassa em carbono). Os
dados de CLAE/CHEMTAX indicaram que a acao de herbivoros, a limitacao
por ferro e a estratégia foto-adaptativa do fitoplancton foram importantes para a

variabilidade taxonémica desses organismos autotréficos na regido de estudo.
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FITOPLANCTON E VARIAVEIS ABIOTICAS
NA PENINSULA ANTARTICA (VERAO) E NA

PATAGONIA (PRIMAVERA-VERAO)
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5 FITOPLANCTON E VARIAVEIS ABIOTICAS NA
PENINSULA ANTARTICA (VERAO) E NA PATAGONIA

(PRIMAVERA-VERAO)

Este capitulo é resultante da analise e interpretacdo de dados de
microscopia Otica realizados pelo primeiro autor/doutorando, que séo
apresentados em foma de manuscrito. Esse manuscrito ainda recebera a

contribuicdo dos demais co-autores.

5.1 Sintese de Resultados e Discussao (Anexo V)

5.1.1 Caracterizagcdo ambiental

As duas regibes de estudo, Patagbnia e Antartica, foram
caracterizadas por uma variagao latitudinal, em superficie, de parametros
ambientais. Os maiores valores médios de temperatura, entre 7,36 °C e 8,19
°C, foram determinados ao longo da quebra de plataforma da Patagbnia, na
primavera e os menores valores meédios, entre 0,19 °C e 0,47 °C, foram
determinados em torno da Peninsula Antartica, no verdo. A concentracao
média de nutrientes foi geralmente menor na Patagbnia, 2,82 uM de
nitrogenados e 0,50 uyM de silicato, do que na Antartica com 29,42 uM de
nitrogenados e 51,92 uM de silicato. Em relagdo aos parametros bioldgicos, as

maiores concentragdes meédia e maxima de clorofila-a foram estimadas no
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talude da Patagbnia durante a primavera, respectivamente, 9,84 mg m> em
outubro de 2004 e 22,30 mg m™ em novembro de 2007. A Peninsula Antartica
apresentou valores intermediarios de clorofila-a com média e maxima iguais a,
respectivamente, 1,83 mg m>e 10,13 mg m™>no verdo de 2008 e 2,34 mgm=e
11,08 mg m™ no verao de 2009. As menores concentragdes de clorofila-a foram
estimadas no verao de 2009 ao sul das Ilhas Malvinas, com média de 0,63 mg
m> e maxima de 2,72 mg m=. O nanofitoplancton contribuiu mais para a
clorofila-a ao longo da quebra de plataforma da Patagbnia na primavera,
considerando a biomassa em carbono. O microfitoplancton foi mais importante,
em valores de biomassa em carbono, nas aguas sub-antarticas no verdo de
2009 e em aguas antarticas nos dois verdes, fevereiro-margo de 2008 e 2009.
A concentragédo de clorofila-a deve ter sido influenciada por fatores
fisicos, tais como a frente de quebra de plataforma da Patagbnia que fornece
nutrientes oriundos da CM (Garcia et al., 2008; Signorini et al., 2009), a frente
oceanografica de Bransfield que se extende ao sul das Ilhas Shetland do Sul e
a frente baroclinica proxima da Peninsula Antartica (Sangra et al., 2011), o
degelo continental préximo a llha James Ross e, eventualmente, intrusées de
Agua Circumpolar Profunda Superior sobre a plataforma continental a oeste

das llhas Shetland do Sul (Prézelin et al., 2000, 2004).

5.1.2 Composigéo fitoplanctdnica nas areas de estudo

Baseando-se nas analises de agrupamentos a partir da

concentragao de células, a quebra de plataforma da Patag6nia (primavera de



69

2004 e 2007) formou um agrupamento caracterizado por uma maior
concentragao de nanoplancton, especialmente de Thalassiosira spp. <20 ym. O
verao de 2009 na plataforma sul da Patagbnia formou outro agrupamento com
trés sub-divisdes (Vll-a, VII-b e VIl-c), separando-se dos agrupamentos
compostos por estacdes antarticas, onde o microfitoplancton foi dominante e
incluiu espécies exclusivas: Odontella weissflogii e algumas espécies de
Chaetoceros (por exemplo, C. bulbosus). O dendrograma foi quase idéntico ao
obtido com os dados de biomassa em carbono, embora aquelas trés sub-
divisdes do verado de 2009 na Patagbnia tenham separado primeiro dos demais
agrupamentos. Nessa regido subantartica, a diatomacea Rhizosolenia crassa,
>100 um de didmetro e >500 ym de comprimento, contribuiu para o maior valor
médio de biomassa da fragdo microfitoplanctdnica (109,26 mg m=, desvio-
padrdo de 376,15 mg m'3). Esta espécie e/ou espécies taxonomicamente
relacionadas fazem parte da flora de aguas antarticas e subantarticas
(Sundstrom, 1986; Medlin & Priddle, 1990), especificamente em mar aberto.

O predominio de diatomaceas >20 uym em torno da Peninsula
Antartica foi associado com o processo de degelo e retragdo de geleiras que
ocasiona uma camada de mistura rasa durante o maior fotoperiodo na regiéo e,
provavelmente, o aporte do micronutriente ferro (Ducklow et al., 2007; Holm-
Hansen e Hewes, 2004; Montes-Hugo et al, 2009). A composi¢cao
fitoplanctdnica foi, também, relacionada com o efeito da herbivoria que pode
controlar o nanofitoplancton na Patagb6nia (Santoferrara e Alder, 2009) e na

Antartica (Smetacek et al., 2004; Smith Jr. e Lancelot, 2004).
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A predominancia de nanofitoplancton durante a primavera na
Patagbnia pode também estar relacionada com habilidades ecofisiolégicas
diferenciadas e dependentes do tamanho celular (Edwards et al., 2011).
Células grandes (>20 pm) podem ter vantagem em ambientes com um
suprimento flutuante, com pulsos de nutrientes (Litchman et al., 2009). Este
deve ser o caso do crescimento fitoplanctbnico em torno da Peninsula
Antartica, que é dependente do aquecimento e derretimento de geleiras e, em
consequéncia, da disponibilidade do micronutriente ferro no verao austral
(Garibotti et al., 2005a). Esse microfitoplancton parece ter maior taxa maxima
de absorgao de carbono por célula (Litchman et al., 2007) e maior capacidade
de armazenamento de nutrientes (Litchman et al., 2009), sugerindo que essas
caracteristicas possam ser aplicaveis em relagdo ao metabolismo do ferro. E
provavel que a predominancia de nanofitoplancton na quebra de plataforma
nao seja resultante apenas da interagdo do fitoplancton com o ambiente fisico,
que gera heterogeneidade espacial e temporal. Este poderia explicar a
variabilidade em numero de espécies ou grupos fitoplancténicos no gradiente
latitudinal estudado. No entanto, a heterogeneidade pode também ser
resultante das interagdes bioldgicas, promovendo estratégias ecoldgicas

distintas e a coexisténcia de varios taxa (Klausmeier e Tilman, 2002).

5.1.3 Espécies comuns ao Oceano Austral e Mar Argentino

Trés espécies de diatomaceas, Corethron pennatum, Eucampia

antarctica e Thalassiothrix antarctica permitiram a sugestdo de que ha um elo
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entre os arredores da Peninsula Antartica e o Mar Argentino. Corethron
pennatum apresentou concentracdes consideraveis, maximo de 1,2 x 10°
células L', ao longo da quebra de plataforma, indicando sua tolerancia a
temperatura mais elevada. Eucampia antarctica e T. antarctica apresentaram
menores concentragbes na Patagbnia, <2 x 10° células L', em comparacéo
com a concentragdo na Antartica, onde E. antarctica alcangou 25 x 10° células
L. Essas espécies de diatomaceas sdo indicadas como comuns na regido
antartica (Medlin e Priddle, 1990).

Por outro lado, Hemiaulus spp. foram identificadas apenas na
Patagonia, chegando a 1,2 x 10° células L™ e os dinoflagelados Ceratium
lineatum/pentagonum foram identificados na primavera e verdao na Patagonia
alcangando aproximadamente 600 células L. As espécies H. hauckii e H.
membranaceus foram identificadas em aguas subtropicais (Olguin et al., 2006)
e ao norte da Confluéncia Brasil-Malvinas (Fernandes e Brandini, 1999),
distante da nossa regido de estudo, sugerindo uma area de distribuicdo mais

ampla no Atlantico Sudoeste para essas espécies.

5.1.4 Distribuigdo espacial do fitoplancton e parédmetros oceanograficos

O conjundo de parametros ambientais: temperatura, salinidade,
nitrogenados, fosfato, silicato, camada de mistura e clorofila-a explicaram
razoavelmente o padrao de distribuicdo do fitoplancton nas duas areas de
estudo. Houve uma melhor separacéo entre os agrupamentos da regiao

antartica: (a) verdo de 2009 e arredores da llha James Ross em 2008 foram
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representados pela predomindncia de diatomaceas Chaetoceros spp.,
Eucampia antarctica, Thalassiosira spp., Odontella weissflogii e Plagiotropis
gaussii em aguas relativamente mais frias, camada de mistura mais rasa e
maiores concentracoes de silicato e fosfato, associados com uma maior
biomassa fitoplanctbnica; (b) Estreito de Bransfield e Passagem de Drake em
2008 foram caracterizados pela abundancia de dinoflagelados gimnodinidides
de varios tamanhos, Prorocentrum minimum e Torodinium robustum, da
haptoficea Phaeocystis antarctica e de outras diatomaceas, por exemplo,
Proboscia alata e Pseudonitzschia spp., relacionados com aguas relativamente
menos frias, menos teor de macronutrientes dissolvidos e camada de mistura
profunda.

Na regido patagbnica ao sul, a diatomacea Rhizosolenia crassa foi
fortemente associada com camada de mistura profunda. Essa relagdo com
profundidade da camada de mistura foi observada para outra espécie de
tamanho similar, Rhizosolenia formosa, e atribuida ao metabolismo das
proteinas flavodoxina e ferredoxina condicionando um controle relativo de
flutuabilidade dessa espécie na coluna d’agua (McKay et al., 2000). A presenga
constante de varias espécies de dinoflagelados, por exemplo, Ceratium
lineatum/pentagonum, Gonyaulax spp. e Torodinium robustum, na frente
oceanografica de quebra de plataforma da Patagbnia pode ser explicada pelas
estratégias intrisecas ao grupo para tolerar os efeitos da turbuléncia em zonas
de ressurgéncia (Smayda, 2010a,b).

Na regido préxima a llha James Ross, confirmou-se a associagao

entre diatomaceas >20 ym ou formadoras de colbnias e o processo de degelo
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continental, o qual ocasiona a formagao de camada de mistura rasa e aguas
bem estratificadas e, provavelmente, o aporte de ferro (Hewes, 2009),
explicando a concentragao alta de clorofila-a. Na maior parte do Estreito de
Bransfield e na regidao da Passagem de Drake, houve a associagdo de
Phaeocystis antarctica, criptoficeas e outros flagelados com camada de mistura
profunda e concentracdo baixa de clorofila-a (<1 mg m™). Alguns trabalhos ja
indicaram a capacidade de desenvolvimento de P. antarctica em camada de
mistura profunda em comparagado com outros grupos fitoplanctonicos (Arrigo et
al., 1999; Mills et al., 2010), o que justificaria seu desenvolvimento sob essa
caracteristica da coluna d’agua.

A presencga de algumas espécies de diatomaceas no verao antartico
ja foi atribuida com algumas caracteristicas da coluna d’agua ou com o periodo
do verdo, por exemplo, Chaetoceros spp. e Plagiotropis gaussii sao
relacionadas com forte estratificagdo da coluna d’agua e aporte de ferro (Denis
et al., 2006) e Odontella weissflogii € geralmente encontrada no meio/fim do
verdo (Annett et al., 2010). Este fato sugere que o fitoplancton da Antartica,
contemplado por esta tese, foi representado por um conjunto de espécies
relacionado a condicbes ambientais fisicas especificas, realcando uma
heterogeneidade espacial. Todavia, é possivel que nao apenas alguns
parametros isolados (temperatura, salinidade, nutrientes, camada de
mistura/estratificagdo) expliguem o crescimento e acumulagdo daquelas
diatomaceas préximo da Peninsula Antartica (Annett et al., 2010 e referéncias
inclusas), mas sim a interagao entre eles e outros parametros (por exemplo,

radiacao solar, concentragao de herbivoros) ndo analisados neste trabalho.
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5.2 Conclusao

O fitoplancton dos cruzeiros de primavera (Patagdnia) foi dominado
pelas diatomaceas nanoplanctonicas, Thalassiosira spp., enquanto que o
fitoplancton dos cruzeiros de verao foi caracterizado pelas diatomaceas
microfitoplancténicas Rhizosolenia crassa na regido subantartica e Odontella
weissflogii, Eucampia antarctica e variadas céntricas tipo Thalassiosira em
torno da Peninsula Antartica. Temperatura e nutrientes inorganicos dissolvidos,
especialmente silicato, foram importantes para a variabilidade do fitoplancton
nas regides de estudo. Diatomaceas como Corethron pennatum, Eucampia
antarctica e Thalassiothrix antarctica ocorreram em ambos os dominios
estudados, sugerindo a influéncia de aguas (sub)antarticas oriundas da
Corrente Circumpolar Antartica ao longo da quebra de plataforma da
Patagbnia. A distribuicdo espacial do fitoplancton foi condicionada pelos
processos fisicos: frente da quebra de plataforma na regido patagbnica e
degelo proximo a llha James Ross, estratificagao da coluna d’agua e camada
de mistura profunda no Estreito de Bransfield e Passagem de Drake na regiédo
antartica, os quais mantém o fitoplancton na camada eufética e com
concentracdes altas de nutrientes. Além do ambiente fisico, o efeito da
herbivoria foi sugerido como outro fator que controlou a composi¢cao

fitoplanctdnica nas areas de estudo.
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6 CONCLUSOES GERAIS

Esta tese abrangeu estudos sobre o fitoplancton em duas regides, o
Mar Argentino e os arredores da Peninsula Antartica, que estdo parcialmente
conectadas atraves da Corrente das Malvinas-Corrente Circumpolar Antartica.
Os seguintes ambientes e feigbes oceanograficas foram analisados:
Confluéncia Brasil-Malvinas, plataforma e quebra de plataforma continental da
Patagbnia (Mar Argentino) e, Passagem de Drake, Estreito de Bransfield e
cercanias da llha James Ross localizada no Mar de Weddell, na Peninsula
Antartica.

Com relagdo ao objetivo principal da tese, este trabalho contribuiu
com os resultados apresentados em cada artigo/manuscrito (em Anexos):

(1) A plataforma sul da Patag6nia foi caracterizada, durante o verdo de
2008, por uma “mancha” de alta concentragdo (>10° células L™) de
cocolitoforideos dominada por Emiliania huxleyi. O padrao em mosaico
do fitoplancton, entretanto, foi pontuado por uma abundancia notavel de
outras espécies: a diatomacea Cylindrotheca closterium, a haptoficea
Phaeocystis antarctica, dinoflagelados (Ceratium lineatum/pentagonum,
Prorocentrum minimum) e o ciliado Myrionecta rubra. Isso indica uma
complexa distribuicdo espacial do fitoplancton durante as floragcbes de
cocolitoforideos. A razdo Si:N foi o parametro oceanografico
positivamente associado com a abundancia dos cocolitoforideos e

negativamente relacionado com a abundancia de diatomaceas.
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Processos de mistura causados por ventos/correntes de maré foram
sugeridos como forgantes ambientais sobre o fitoplancton (Artigo 1).

(2) Durante a primavera e préximo a Confluéncia Brasil-Malvinas, quatro
zonas foram separadas pelas diferengas de composicao fitoplanctonica
e pelos pardmetros fisicos e quimicos. A Zona Sub-Antartica foi
caracterizada pelas diatomaceas e dinoflagelados, associados a altos
teores de nutrientes e camada de mistura rasa. A Zona Tropical foi
caracterizada por aguas oligotréficas e quentes (Corrente do Brasil),
dominadas por cianobactérias identificadas por CLAE/CHEMTAX e
flagelados. A Zona Intermediaria teve predominio de haptoficeas e
outros flagelados, presumivelmente cocolitoforideos e crisoficeas,
enquanto que a Zona Costeira foi caracterizada pelas diatomaceas,
associadas com camada de mistura profunda. A concentracdo de
silicato, razdo Si:N, temperatura e salinidade explicaram razoavelmente
as diferencas de composigao fitoplanctdénica entre as zonas. A pressao
de herbivoria, contudo, foi sugerida como outro fator controlador do
fitoplancton, principalmente na Zona Sub-Antartica, em virtude da
concentragao baixa de clorofila-a e concentragao relativamente alta de
produtos de degradagao deste pigmento (Manuscrito 2).

(3) Na regido da Peninsula Antartica, o dominio de diatomaceas
microplancténicas proximo a llha James Ross, particularmente na regido
costeira, foi relacionado com estabilidade da coluna d’agua e camada de
mistura rasa, associadas, presumivelmente, ao aporte do micronutriente

ferro. A abundéancia de nanoflagelados (Phaeocystis antarctica,
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criptoficeas e outros flagelados) nas regides profundas (Passagem de
Drake, Estreito de Bransfield e Mar de Weddell) foi associada com
camada de mistura relativamente profunda e concentragcdo baixa de
ferrro. A pressao de herbivoria foi sugerida como outro fator controlador
da composigao fitoplancténica (Manuscrito 3).

(4) Os cruzeiros de primavera foram representados por nanofitoplancton
caracterizado por flagelados e Thalassiosira spp. Estes estiveram
associados com concentracdes relativamente altas de nutrientes, por
influéncia da Corrente das Malvinas, mas em camada de mistura rasa.
Células formadoras de colénia (Chaetoceros spp., Thalassiosira spp. e
Pseudonitzschia spp.) e microplancton (Corethron pennatum, Eucampia
antarctica e Thalassiothrix antarctica) foram importantes em biomassa
(carbono) na porgéo sul em outubro/2004 e novembro/2007. Essas trés
ultimas diatomaceas foram comuns aos dois ambientes de estudo,
indicando sua habilidade fisiolégica de desenvolver-se em ambientes
sub-antarticos ou temperados. A plataforma localizada mais a sul, entre
53° e 55 °S, foi representada principalmente pela diatomacea
microplancténica Rhizosolenia crassa associada com camada de
mistura profunda e responsavel pela concentragdo alta de clorofila-a (>1
mg m™). Em torno da Peninsula Antartica, préximo da llha James Ross,
houve a predominancia de microfitoplancton (>20 pm), com
diatomaceas associadas com processos de degelo. Em outras areas

(Passagem de Drake e Estreito de Bransfield), houve predominio de
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nanoplancton: Phaeocystis antarctica, criptoficeas e outros flagelados,

associados com baixa biomassa fitoplanctonica (Manuscrito 4).
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We describe the phytoplankton community and biomass during a summer coccolithophorid bloom sampled over the
Patagonian shelf (48.5°S-50.5°S). Those phytoplankton species can contribute to the flux of calcium carbonate out of
surface waters. Results from both microscope and high-performance liquid chromatography (HPLC) analysis are shown to
complement information on the phytoplankton community. From CHEMTAX analysis of HPLC data, the most important
organisms and groups identified were the coccolithophorid Emiliania huxleyi, the haptophyte Phaeocystis antarctica, dino-
flagellates, diatoms, cryptophytes, prasinophytes and cyanobacteria. Phytoplankton microscope counts were converted into
phytoplankton group-specific biovolume estimates. Although some microscope-identified taxa could not be determined by
CHEMTAX, e.g. the autotrophic ciliate Myrionecta rubra, cluster analyses from both techniques showed similar results
for the main groups. Both Emiliania huxleyi cell concentration and biomass, and the pigment 19’-hexanoyloxyfucoxanthin
were the most important biological features during the sampling period. At surface, nitrate was moderately high (0.2-4.2
WM) in coccolithophorid-dominated samples, whereas phosphate (<0.33 wM) and silicate (<1.35 WM) concentrations
were low. Among the environmental factors low Si:N ratios were mainly associated with the dominance of E. huxleyi.
Competition and probably differential grazing could also promote a coccolithophorid outgrowth over other photoautotrophs

during the summer season in the Patagonian shelf.
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INTRODUCTION

Coccolithophorids (Haptophyta) are a major component of
phytoplankton communities in the open ocean and play a
pivotal role in biogeochemical cycles, predominantly
through global ocean calcification (Westbroek et al., 1993)
and influence on the Earth’s climate by production of
dimethylsulphonium propionate (DMSP) (Malin & Steinke,
2004). From this group, Emiliania huxleyi (Lohmann) Hay
and Mohler has been the most ubiquitous and abundant
species. This organism shows overcalcification, playing an
important role, along with other coccolithophorids, in con-
trolling the alkalinity and carbonate chemistry in the photic
zone of the world ocean and also promoting CO, sequestra-
tion to the deeper regions and to the seafloor (Westbroek
et al., 1993; Iglesias-Rodriguez et al., 2002; De Vargas et al.,
2007).
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Emiliania huxleyi blooms can be easily detected by satellite
imagery and have been usually reported in the North Atlantic,
at lesser extent in the North Pacific Ocean and recorded in the
Patagonia shelf as a frequent feature, in SeaWiFS images
during November and December (Tyrrell & Merico, 2004).

Over the last years, some studies have suggested that the
surface waters of the Patagonian continental shelf and slope
(Argentinean Sea) act as sink of CO, (Bianchi et al., 2009).
Recent works have reported water masses and air-sea CO,
flux patterns in that region (Bianchi et al., 2005, 2009 and
references therein), remote sensing-retrieved chlorophyll-a
and calcite variability (Romero et al., 2006; Signorini et al,
2006) and primary production rates (Lutz et al, 2010).
However, there are few studies focusing on phytoplankton
communities and their relation with environmental par-
ameters (Garcia et al., 2008; Signorini et al., 2009).

As a ubiquitous bloom-forming coccolithophorid in the
world ocean (Brown, 1995; Paasche, 2001), Emiliania
huxleyi appears in the Patagonian continental shelf and
slope in late spring, according to remote sensing information,
as previously mentioned for the south-western Atlantic Ocean
(Mostajo, 1985, 1986). On the other hand, the occurrence of
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coccolithophorid blooms in situ in the region has only been
reported for Emiliania huxleyi in the northern Argentine
Sea (Gayoso, 1995), recently in the Patagonian shelf and
slope (Painter et al, 2010) and for Gephyrocapsa oceanica
(Negri et al., 2003). Emiliania huxleyi often dominates over
other autotrophs under suitable environmental conditions,
such as shallow mixed layer depth (MLD), high irradiance
levels and low nutrient concentrations (Andruleit et al.,
2003; De Vargas et al., 2007), which are typically found
during summertime, especially at temperate regions.

Several tools can be applied to study phytoplankton com-
munities in the environment. The classical microscope
counts and biometrics can be combined with other recent
techniques to provide a more comprehensive picture of taxo-
nomic groups and their relative contribution to total plankton
biomass. Some studies conducted in the south-western
Atlantic, near Rio de La Plata mouth, have used both micro-
scopic techniques and pigment analyses by high-performance
liquid chromatography (HPLC) (Carreto et al., 2003, 2008)
and found a good agreement between microscope and
HPLC-derived phytoplankton community assemblages. The
first work showed a complex community structure that com-
prised occasional blooms of diatoms, cryptophytes and hapto-
phytes overlapping small sized cells in the background
(Carreto et al., 2003). In general, microscope analyses allow
species identification and biometrics of each specimen,
which can be converted into species-specific biovolume or
biomass (Sournia, 1978). On the other hand, the HPLC
approach and use of CHEMTAX software (Mackey et al.,
1996) provide best results on those organisms not easily ident-
ified by light microscope and, consequently, both techniques
can be complementary in the study of phytoplankton commu-
nity ecology.

The present work describes the phytoplankton community
associated with a bloom of Emiliania huxleyi during a summer
period, in a region under the influence of sub-Antarctic waters
at the southern Patagonian continental shelf. Results from
both microscope counts and HPLC analyses on the phyto-
plankton community are shown and related to environmental
factors.

MATERIALS AND METHODS

Study area and sampling procedure

The sampling region was selected after examination of
MODIS images of the Patagonian shelf to reveal patches of
coccolithophorids. A total of eighteen stations were sampled
over a high reflectance patch in the region 48.5° to 50.5° S
(Figure 1), from 4-7 January 2008. Details of dates, station
positions and some measured parameters can be seen in
Table 1. Vertical profiles of temperature and salinity were
obtained with a SeaBird® 911+ conductivity - temperature—
depth (CTD) system and data were calibrated and reduced
to 1-m bins. More details about physical and optical features
during the cruise can be seen in Garcia et al. (in press).
Surface water samples were collected with a Van Dorn
bottle, and discrete sampling of the water column was
carried out using Niskin bottles attached to the CTD rosette.
Samples for both microscope and pigment analyses were
taken at surface and at the depth of apparent fluorescence
peak. However, a later examination of physical and biological

data showed that the apparent fluorescence peak was an arte-
fact of fluorescence quenching by light towards the surface
(Falkowski & Raven, 2007). Furthermore, the apparent
peaks were located within the upper mixed layer (except for
Station 508, where the peak was below the mixed layer) and,
therefore, can be considered as homogeneous with surface
samples.

Nutrient determination

Water samples for dissolved inorganic nutrients (nitrate,
nitrite, ammonium, phosphate and silicate) were filtered on
cellulose acetate membrane filters. Nutrients were analysed
on-board ship, following the processing recommendations
in Aminot & Chaussepied (1983). Ammonium was measured
by the method of Koroleff (1969) following modifications in
Aminot & Chaussepied (1983) and absorbance readings at
630 nm. Orthophosphate was measured by reaction with
ammonium molybdate and absorption reading at 885 nm.
Silicate measurements in the form of reactive Si were
corrected for sea salt interference following Aminot &
Chaussepied (1983). Absorbance values for all nutrients
were measured in a FEMTO® spectrophotometer.

HPLC pigment analysis

Seawater samples of 0.5 — 1 1 were filtered onto Whatman GF/F
filters (nominal pore size 0.7 wm and 25 mm diameter), under
vacuum pressure lower than 500 mbar. The filters were
immediately stored in liquid nitrogen. Photosynthetic pig-
ments were extracted with 2 ml of 95% cold-buffered metha-
nol (2% ammonium acetate) for 30 minutes at —20°C, in the
dark. Samples were sonicated (Bransonic, model 1210) for 1
minute at the beginning of the extraction period. The
samples were centrifuged at 1100 g for 15 minutes, at 4°C.
Extracts were filtered (Fluoropore PTFE filter membranes,
o0.2-pm pore size) and immediately injected in the HPLC.

Pigment extracts were analysed using a Shimadzu HPLC
that comprised a solvent delivery module (LC-10ADVP)
with system controller (SCL-10AVP), a photodiode array
(SPD-M10ADVP) and a fluorescence detector (RF-10AXL).
The chromatographic separation of pigments was achieved
using a monomeric OS C8 column (Symmetry C8, 15-cm
long, 4.6 mm in diameter and 3.5-pum particle size). Mobile
phases were: (A) methanol:acetonitrile:aqueous pyridine sol-
ution (0.25 M, pH adjusted to 5.0 with acetic acid)
(50:25:25, v/v/v); and (B) methanol:acetonitrile:acetone
(20:60:20, v/v/v). The solvent gradient followed Zapata et al.
(2000) with a flow rate of 1 ml min™’, an injection volume
of 100 pl and run duration of 40 minutes.

Pigments were identified from absorbance spectra and
retention times and concentrations were calculated from the
signals in the photodiode array detector or fluorescence detec-
tor (Ex. 430 nm; Em. 670 nm). The HPLC system was cali-
brated with pigment standards from Sigma (chlorophyll-a,
chlorophyll-b and B-carotene) and DHI (for other pigments).

Pigment data processing (CHEMTAX)

The relative abundance of microalgal classes contributing to
total chlorophyll-a (Chl a) biomass was calculated by
pigment concentration data using version 1.95 of
CHEMTAX software (Mackey et al., 1996). CHEMTAX uses
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Fig. 1. MODIS-Acqua ‘quasi true-color’ image of the study region on 31 December 2007, showing the turquoise water typical of coccolithophorid patch, and
location of the 18 occupied stations during the PATEX V cruise (4-7 January 2008) at the southern Patagonian shelf.

a factor analysis and steepest-descent algorithm to find the The pigments and microscopic analyses revealed that
best fit of the data on to an initial pigment ratio matrix. The 2 types of haptophytes were present: Type 6
basis of calculations and procedures used are fully described ~ with 19'-hexanoyloxyfucoxanthin (Emiliania huxleyi) and
in Mackey et al. (1996). Type 8 with both 19’-hexanoyloxyfucoxanthin and

Table 1. Details of sampling stations and some environmental parameters during the PATEX V cruise (4 - 7 January 2008).

Station Date (mm/dd/yy) Local time (hh/mm) Latitude (S) Longitude (W) Local depth (m) SST (°C) Secchi depth (m)

Pso1 01/04/08 17:40 50.14 63.70 136 11.02 7.5
Pso2 01/04/08 20:42 49.98 63.59 140 11.16 6
Ps503 o01/05/08 06:13 49.68 63.37 143 10.94 5
Ps04 01/05/08 09:56 49.43 63.20 148 10.99 5
Pso5 01/05/08 12:45 49.14 62.94 140 11.17 6
Ps506 o01/05/08 15:50 48.92 62.78 140 11.15 4
Pso7 01/06/08 06:12 48.81 62.69 137 11.15 5.5
P508 01/06/08 10:05 48.60 62.53 140 11.37 7
Pso09 01/06/08 13:00 48.76 62.29 143 11.30 6
Ps10 01/06/08 15:38 48.89 62.07 143 11.29 6
P511 01/06/08 18:02 49.01 61.91 144 11.06 4.5
Ps12 01/06/08 19:54 49.09 61.79 145 10.79 4
P513 o1/07/08 07:07 49.22 63.14 138 11.04 6.5
Ps514 o1/07/08 10:19 49.40 62.86 142 11.11 3
Psi1s 01/07/08 12:18 49.57 62.59 147 11.13 4
P516 o01/07/08 14:33 49.74 62.27 154 10.87 7
P517 o1/07/08 16:56 49.93 61.96 155 10.66 6
P518 o01/07/08 19:03 50.05 61.76 160 10.47 5
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19’-butanoyloxyfucoxanthin (Phaeocystis antarctica) (Zapata
et al, 2004). These will be referred to as their respective
species names with quotes, in the groups’ output results
of the CHEMTAX program. Based on these considerations
and the diagnostic pigments detected, 7 algal groups
were loaded into CHEMTAX: diatoms, dinoflagellates,
‘Emiliania huxleyi’, ‘Phaeocystis antarctica’, cryptophytes,
prasinophytes and cyanobacteria (see Table 2). The
pigments loaded were alloxanthin (Allo), fucoxanthin
(Fuco), peridinin (Perid), prasinoxanthin (Prasino), zeax-
anthin  (Zea), 19'-butanoyloxyfucoxanthin (But-fuco),
19'-hexanoyloxyfucoxanthin (Hex-fuco), chlorophyll-c, (Chl c;),
chlorophyll-b (Chl b) and Chl a.

Initial pigment:Chl a input ratios were derived from the
literature (Carreto et al., 2003—a study near the geographical
study region; and Zapata et al., 2004 for E. huxleyi and P. ant-
arctica ratios) (Table 2). For optimization of that input matrix,
a series of 60 pigment ratio tables were generated by multiply-
ing each ratio of the initial table by a random function as
described in Wright et al. (2009). The best six output results
(with the smallest residual) were then selected to apply a
further fourteen successive CHEMTAX runs in order to
check final ratios convergence, according to Latasa (2007).
Using the output pigment:Chl a ratios matrix of each run as
input for the following run, ratios should stabilize towards
their most probable values (Latasa, 2007). The Hex-fuco:Chl
a ratios evolution for ‘P. antarctica’ and ‘E. huxleyi’, important
similar-sized nannoflagellates that share the Hex-fuco pigment,
showed a convergence at 0.668 + 0.008 (mean + SD) and
1.152 + 0.002 (mean + SD), respectively (Figure 2). The
final results (ratios and abundances) were then calculated as
the average of the final six outputs obtained after the proces-
sing described above. The optimized pigment ratio matrix
derived by CHEMTAX is presented in Table 2. This matrix
was generated by pooling samples data from both the surface
and the apparent fluorescence peak, since the latter was con-
tained within the upper mixed layer, as stated previously.

Phytoplankton counting and identification

For phytoplankton identification and counting, water samples
were preserved in amber glass flasks (~250 ml) with 2%

alkaline Lugol’s iodine solution. Settling chambers from 10 to
soml volume were used under the inverted microscope
(Utermohl, 1958; Sournia, 1978). Species composition was
determined with an Axiovert 135 ZEISS microscope, at
200X, 400X and 1000x magnification, according to specific
literature.

Each of all species abundance (expressed in 10° cells 1*)
was converted to biovolume (mm?® 17" in the figures) using
two or three linear dimensions from captured images by a
camera (Spot Insight QE) attached to the microscope or
during observation. At least 30 specimens were randomly
chosen for metrics of each species or major taxa and, then,
biovolume was estimated using the most similar geometric
shape (Hillebrand et al., 1999). Due to its symbiotic
relationship with cryptophytes which contain alloxanthin,
Myrionecta rubra (known autotrophic ciliate) was considered
as Myrionecta rubra + cryptophytes in the figures. Except for
dinoflagellates, flagellates were combined and are referred to
as ‘Other Flagellates’, due to difficulties in discriminating
them by microscopy. A scanning electron microscope
(SEM) was used to confirm the identification of
coccolithophorids.

Statistical analysis

In order to determine a relationship between the
HPLC-derived data and biovolume estimates using cell
counts, Pearson-r parametric correlation coefficients were cal-
culated between both methods used in this study.

Cluster analysis using group average linkage and the
Bray-Curtis similarity index (Clarke & Warwick, 1994)
was used to describe spatial similarities between sites at the
level of algal division, genus or species. The absolute contri-
bution of the more frequent (>10% in all samples) algal cat-
egory to the total biovolume at each site was transformed
using the square root equation (Zar, 1999) and used as the
input data.

Finally, for every pair of biotic and environmental par-
ameters, non-parametric statistical analysis was applied
using Spearman’s rank correlations, due to small number of
sampling stations (N = 18 for biological features or N = 17
for physical and chemical parameters). In order to verify the

Table 2. Marker pigment to Chl a ratios. Input ratios were obtained from the literature (Carreto et al., 2003; Zapata et al., 2004) and output ratios (after
14 runs) were estimated with the CHEMTAX program as mean values of six best final matrices.

Allo Fuco Perid Prasino Zea But-fuco Hex-fuco Chl ¢, Chl b Chl a

(a) Input matrix

Diatoms o 0.863 o] [ o o o o ) 1
Dinoflagellates 0 0 0.800 o 0 0 0 0 o 1
Emiliania huxleyi 0 0.212 0 o 0 0 0.739 0.181 [ 1
Phaeocystis antarctica o 0.174 o o o 0.105 0.396 0.154 ) 1
Cryptophytes 0.700 0 0 o 0 0 0 0 o 1
Prasinophytes o o] 0 0.372 o 0 o o) 1.156 1
Cyanobacteria 0 0 0 o 1.115 0 0 0 o 1
(b) Output matrix

Diatoms o 3.368 o] ) o] 0 o o [ 1
Dinoflagellates 0 0 1.943 [ 0 0 0 0 o 1
Emiliania huxleyi o 0.021 o] o o o 1.152 0.304 [ 1
Phaeocystis antarctica o 0.241 o] [ o] 0.587 0.669 0.415 [ 1
Cryptophytes 0.607 0 0 o 0 0 0 0 o 1
Prasinophytes o o o 0.199 o o o o 0.796 1
Cyanobacteria o o] o [ 1.417 o o o [ 1
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relationships between the biota and environmental features,
only the significant correlations at P < 0.05 were taken into
account.

RESULTS

Environmental setting

The study region was characterized by a slightly north -south
surface gradient regarding temperature, salinity and nutrients
concentration, namely nitrate and phosphate (Figures 3A-D,
respectively). Nitrate concentration was variable and ranged
from 0.2 M at the south-eastern Station 518 to a moderately
high concentration of 4.17 wM at Station 509, located in the
northernmost part of the study area (Figure 3C). Phosphate
showed an opposite distribution pattern with higher values
at the southernmost part, reaching 0.33 pM at Station 501
but with values below the detection limit at Stations 507,
508 and 512 (Figure 3D). Silicate levels were lower than 2
wM throughout the study area, with highest concentration
at Station 518 (1.35 wM; Figure 3E). Consequently, the nutri-
ent ratios were variable in the sampling stations and these
ratios departed from the Redfield-Brzezinski ratio of
15Si:16N:1P (Brzezinski, 1985). The N:P ratio oscillated
between 5:1 (Stations 517 and 518) and 48:1 (at the northern-
most area), while the Si:N ratio was generally lower than 1,
except at Station 518 where it reached 2:1.

Based on water column measurements of light in the
photosynthetic active radiation (PAR) region, the euphotic
layer depth was estimated between 20 m (Station 512) and
43 m (Stations 517 and 518), being mostly shallower than
the averaged mixed layer depth of ~37 m at all stations
(Garcia et al, in press). The difference between MLD and
euphotic depth was between 2 and 19 m, except at Stations
516, 517 and 518, where the euphotic layer was deeper than
the MLD, coinciding with lower coccolithophorid abundance
at those stations (see Figure 9).

Pigment concentrations and CHEMTAX
analysis

Chlorophyll-a concentrations (biomass index) at each station
during the sampling period, both at surface and at the appar-
ent fluorescence peak, are shown in Figure 4. Surface values
varied between 0.3 and 1.5 pg 1. Highest Chl a was detected

at Station 512 (north-eastern part of study area) and lowest at
Stations 504, 513 and 517. In general, Chl a values were very
similar between surface and apparent peaks, confirming the
homogeneity of the mixing layer. The exception was Station
508, where Chl a concentration at the fluorescence peak,
which was below the mixed layer, was three-fold that at
surface (Figure 4).

High-performance liquid chromatography analyses
resulted in identification of a variety of pigments. Two
typical chromatograms were selected to show a contrast
between stations and to display the diversity of pigments
recorded in the study area (Figure 5). Besides Chl g,
Hex-fuco was the main accessory photosynthetic pigment,
with concentrations ranging from o.1 to 0.7 pg 1 . This is a
major pigment for coccolithophorids and highest concen-
trations were observed at Stations 503 (Figure 5A), 515 and
505 (0.60, 0.65 and 0.69 pg 1™, respectively). Other caroten-
oids were sparsely detected in high concentrations, such as
Perid, assigned to dinoflagellates, at Stations 501, 507 and
508 (>0.3 pg L") and Fuco at Station 512 (0.96 pg 1%
Figure 5B). The pigments Allo, Zea, But-fuco, Prasino, Chl
b, diatoxanthin and diadinoxanthin were also quantified, but
were found in concentrations lower than 0.1 pg 1"

The CHEMTAX-derived distribution of phytoplankton
groups (Figure 6) showed a general dominance of ‘Emiliania
huxleyi’ (0—83% of total Chl a), dinoflagellates (0o-37%) and
‘Phaeocystis antarctica’ (6-36%), with a minor contribution
of diatoms, cryptophytes, prasinophytes and cyanobacteria.
‘Emiliania huxley? was the major contributor in almost all
sampling stations, with values higher than 80% determined
at Stations 503 and 515 (Figure 6B). Dinoflagellates were
important at Stations 501, 507 and 508, where they contribu-
ted with 30% to 40% to Chl a concentration (Figure 6C).
‘Phaeocystis antarctica’ represented between 10% and 40% at
almost all stations, except at those with maximum °E.
huxleyi’ contribution (503 and 515) (Figure 6D). The
highest values of Chl a attributed to diatoms were obtained
at Stations 512 (21%), 517 and 518 (~10%) (Figure 6E).
Cryptophytes (here considering also Myrionecta rubra) were
the main contributors at Stations 516, 517 and 518 with
24%, 30% and 40% of Chl a biomass, respectively
(Figure 6F). Prasinophytes (34%; Figure 6G) and cyanobac-
teria (11%; Figure 6H) were more pronounced at the lowest
phytoplankton biomass surface sample (Station 513).

Phytoplankton assemblages, based on CHEMTAX results,
were similar at surface and apparent fluorescence peak for
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Fig. 3. Surface distribution of environmental variables: (A) temperature (°C); (B) salinity; (C) nitrate (uM); (D) phosphate (uM); (E) silicate (uM). Note the

missing data at Station 506.

all samples, even for Station 508, where a peak was actually
detected (Figure 7). Thus, results in this study were mainly
focused on describing the phytoplankton community of the
surface samples, as representative of the MLD assemblage.

Phytoplankton community composition
based on microscopy

Considering both autotrophic and mixotrophic/heterotrophic
organisms, at least 45 species or higher taxa were identified
comprising the phytoplankton assemblages, and 13 ciliates,
including the autotroph Mpyrionecta rubra (= Mesodinium
rubrum) (Table 3).

Dinoflagellates were the most diverse taxonomic group,
comprising 14 autotrophic taxa among species and/or
genera, the largest in size being Ceratium lineatum/pentago-
num, Prorocentrum spp., gymnodinioids and peridinioids.
All of those were more important at the northernmost
stations.

The coccolithophorid E. huxleyi, probably type B/C
(Figure 8), outnumbered other organisms at all stations,
with a range of 50,000 cells " at Station 517 to 11 x 10°
cells 17" at Station 515 (see Figure 4). Another haptophyte,
Phaeocystis antarctica, was found at all stations; while
diatoms were more abundant at Station 512, almost exclu-
sively represented by the opportunistic nano-sized pennate
Cylindrotheca closterium. The least represented organisms
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Numbers next to points indicate surface cell abundance of Emiliania huxleyi
(x10° cells 1), ranging from 0.05 at Station 517 to 10.98 at Station 515.

were cryptophytes, the euglenophyte Eutreptiella sp. and the
heterotrophic flagellate Rhizomonas setigera. The majority of
identified ciliates were heterotrophic aloricate oligotrichs,
but at Stations 516, 517 and 518 at the south-eastern section
of the study area Myrionecta rubra (having symbiosis with
cryptophytes) had an important relative contribution to
total biovolume.

COCCOLITHOPHORIDS IN THE PATAGONIAN SHELF

Biomass derived by both CHEMTAX
and algal biovolume

The surface phytoplankton assemblage derived from
CHEMTAX analysis was in agreement with the species-
specific biovolume data obtained by microscope counts
(Figure 9). Similar results were found by both techniques for
some groups, such as the ubiquity and relative abundance of
dinoflagellates, while some discrepancies were found for
others, such as the general although small presence of
diatoms and the determination of cyanobacteria and prasino-
phytes by the CHEMTAX analysis, which were not identified
by microscopy (Figure 9A). Flagellates including identified
and non-identified organisms, were not very significant in
numbers and in biomass, but were found throughout the
sampling stations by microscopy and grouped under the cat-
egory ‘Other Flagellates” (Figure 9B).

Figure 10 shows relationships between microscope (as
biovolume) and CHEMTAX (as chlorophyll biomass) analy-
sis of the different groups or organisms. A positive and sig-
nificant relationship was found between total Chl a biomass
derived from the CHEMTAX analysis and total biovolume
(r* = 0.40; Figure 10A). Biovolume of dinoflagellates, E.
huxleyi, P. antarctica, diatoms and Mpyrionecta rubra +
cryptophytes showed significant relationships to their rela-
tive contribution to the Chl a (Figure 10B-F, respectively).
Note the two outliers at the E. huxleyi and P. antarctica data
(Figure 10C, D), which corresponded to samples with
highest fucoxanthin concentration, at Station 512. At this
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Fig. 5. Selected high-performance liquid chromatography chromatograms showing pigment patterns associated with the main phytoplankton assemblages during
PATEX V cruise: (A) sample with dominance of 19'-hexanoyloxyfucoxanthin (Hex-fuco; Station 503); (B) sample with a higher concentration of fucoxanthin

(Fuco; Station 512).
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site, diatoms were relatively abundant, resulting in a poor Other statistical analys1s
correlation between CHEMTAX and microscope data and  Figure 11 shows results of the cluster analysis, based on
a clear overestimation by the former. the total biovolume of the main phytoplankton groups
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Station 508 showed three-fold Chl a at the peak, as compared to the surface (see Figure 3).

from surface samples. The analysis separated sampling sites
into 3 groups (60% similarity). A first and main cluster
assembled samples with coccolithophorid dominance (60-
80%) (empty squares), comprising Stations 503, 504, 505 and
515. A second cluster (black squares) was characterized by
Mpyrionecta rubra + cryptophytes (Stations 516, 517 and
518), associated with the lowest total biovolume of E.
huxleyi. The third cluster (half-filled squares) presented con-
ditions of intermediate biovolume values of E. huxleyi, relevant
concentrations of gymnodiniods, peridinioids and large cells of
Ceratium lineatum/pentagonum and P. antarctica (Stations
506-511). Finally, four sampling points were not grouped
with the identified clusters (black-filled circles), corresponding
to Station 512, with maximum contribution of the diatom C.
closterium, Station 513, with the highest dinoflagellate biovo-
lume, Station 501, with extremely low biovolume values and
Station 502, also with low biovolumes but still a considerable
relative contribution of E. huxleyi (see also Figure 9B).

DISCUSSION

Results of phytoplankton community composition by both
HPLC pigment and microscope analysis in this work have
confirmed the occurrence of coccolithophorid blooms in
summer at the study region, as predicted in satellite studies
(e.g. Signorini et al., 2006), with the species Emiliania
huxleyi dominating the phytoplankton assemblage in almost
all sampling stations. However, the importance of other phy-
toplankton taxa, mainly dinoflagellates, Phaeocystis antarctica
and even the diatom Cylindrotheca closterium was observed at
some sampling sites. This demonstrates the complexity and
patchy spatial distribution of coccolithophorid blooms
(Signorini et al., 2006 and references therein).

Comparisons between microscope-derived biovolume and
percentage contribution to HPLC-derived Chl a biomass
showed positive correlations for all studied groups. The corre-
lations for E. huxleyi and P. antarctica were not as high as for
dinoflagellates and diatoms. This can probably be related to a
misidentification of the flagellate stages of P. antarctica and
similar-sized coccolithophorids without coccoliths under the
microscope (De Vargas et al., 2007). Other studies have also
pointed out the difficulty in determining picoflagellates and

cryptophytes that are close to the resolution limits of the
light microscope, as compared with the HPLC technique,
which can detect diagnostic pigments at relatively low concen-
trations (Llewellyn et al, 2005 and references therein).
Another cause for discrepancies between both methods can
be partly attributed to the precision of cell counts. This is par-
ticularly relevant for those groups characterized by low cell
numbers. Nevertheless, with the Uterm6hl method, both the
quantity and diversity of phytoplankton can be determined
in water samples, making it a widely used method for the
quantitative analysis of phytoplankton (IOC UNESCO, 2010).

Diatoms were present at almost all sampling stations
according to HPLC data, but this was not detected by
microscopy, probably due to higher sampling volumes used
for HPLC analysis (filtering volumes of about one litre). It
should be noted that the presence of rare and large diatom
species not visible in the relatively small volume analysed by
microscope could have been detected in the pigment analyses.
However, a fraction of the measured fucoxanthin could be due
to haptophytes (Wright & Jeffrey, 2006), which were the
dominant group in this study. Consequently, at a few
samples (especially at Station 512), E. huxleyi and P. antartica
seemed to be overestimated by CHEMTAX. On the other
hand, we have found a strong correlation between fucoxanthin
concentration and diatom abundance (r* = 0.95) and a weak
correlation with P. antarctica abundance (r> = 0.25), indicat-
ing that diatoms were the main contributors to measured
fucoxanthin. Emiliania huxleyi abundance did not show any
correlation with fucoxanthin concentration.

The main phytoplankton group observed in the sampling
sites in this work was coccolithophorids, massively dominated
by E. huxleyi, with cell numbers between 50,000 cells 1" and
11 x 10° cells 17", The species was probably the cold-water
morphotype B/C, found in high latitudes. Other studies, in
the Eastern Bering Sea (North Pacific), have found similar or
lower E. huxleyi concentrations (up to 2.1-2.8 X 10° cells 1)
(Sukhanova & Flint, 1998; Merico et al., 2006). However,
the authors mentioned that the relatively high concentrations
found in those blooms would be an unusual phenomenon
when compared to events found in sub-Arctic North
Atlantic and adjacent seas. This highlights the potential
importance of E. huxleyi blooms at the southern Patagonian
shelf, regarding DMSP production and downward fluxes of
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Table 3. Checklist of species or higher taxa identified during the ‘PATEX V’
cruise. The photosynthetic organisms were labelled (a) and those used in
the cluster analysis were labelled (b).

Class Dinophyceae Ciliophora

Amphidinium aff. carterae
Amphidinium cf. crassum
Amphidinium sphenoides
Ceratium fusus (a, b)
Ceratium lineatum (a, b)
Ceratium pentagonum (a, b)
Ceratium lineatum/pentagonum
(a,b)
Cochlodinium spp.
Dinophysis cf. okamurai
Dinophysis sp.
Gonyaulax cf. scrippsae (a, b)
Gonyaulax sp. (a)
Gymnodinium galeatum (a, b)
Gymnodinium splendens (a, b)
Gymnodinium spp. (a, b)
Gyrodinium lachryma
Gyrodinium spirale
Gyrodinium spp.
Gymnodinium/Gyrodinium
Katodinium cf. glaucum
Oxytoxum variabile (a)
Peridinids (a, b)
Phalacroma sp.
Polykrikos sp.
Prorocentrum balticum/antarcticum
(a,b)
Prorocentrum minimum (a, b)
Prorocentrum sp. (a, b)
Protoperidinium depressum
Protoperidinium pyrum
Protoperidinium spp.
Torodinium robustum (a, b)
Unidentified athecates (a, b)
Unidentified thecate (a, b)
Warnowia cf. polyphemus
Class Haptophyceae -
Prymnesiophyceae
Coccolithus pelagicus (a)
Emiliania huxleyi (a, b)
Phaeocystis Antarctica (a, b)
Class Bacillariophyceae
Chaeotoceros sp. (a)
Cylindrotheca closterium (a, b)
Dactyliosolen sp. (a)
Fragilariopsis sp. (a)
Leptocylindrus minimus (a)
Thalassiosira sp. (a)
Class Cryptophyceae
Cryptophytes (a, b)
Other cryptophytes
Class Euglenophyceae
Eutreptiella sp. (a)

Class Kinetofragminophora
Lacrymaria sp.

Myrionecta rubra (a, b)
Unidentified spathidiid ciliates

Class Oligohymenophora
Unidentified philasterine
scuticociliates

Class Oligotrichea
Laboea cf. strobila
Leegaardiella sol
Salpingella sp.
Strobilidium neptuni
Strobilidium spp.
Strombidium acutum
Strombidium capitatum
Strombidium conicum
Strombidium spp.
Tontonia cf. gracilima
Undella sp.
Unidentified oligotrich ciliates

Rhizomonas setigera incertae sedis

calcium carbonate and particulate organic matter. In fact,
there were indications that significant amounts of calcite
from coccoliths were associated with the E. huxleyi patch
sampled in this work (see Garcia et al., in press).

The patchy distribution of the phytoplankton community
in the study region was demonstrated by a major dominance
of coccolithophorids at some stations, while others were better

1Ky

=R

Fig. 8. Photomicrograph of Emiliania huxleyi probably type B/C, which
occurred throughout the sampling stations. Scale bar: 5 pm.

represented by dinoflagellates, diatoms or a mixture of taxa
(see Figure 9). According to non-parametric correlations
(Spearman r) possible explanations for this mosaic-like distri-
bution pattern of phytoplankton communities could be nutri-
ent availability. For instance, nitrate concentration was
positively associated with temperature and salinity (r; = 0.79
and 0.58, respectively, P < 0.05), but negatively correlated
with diatoms and Mpyrionecta rubra + cryptophytes (ry =

-0.71 and -0.54, respectively). Those organisms were gener-
ally found together (0.58) at the easternmost colder part of the
study area, with smaller contribution of coccolithophorids,
being assembled as a separate cluster. Some studies have
demonstrated that coccolithophorids usually have an impor-
tant contribution to the phytoplankton biomass during
summer, along with dinoflagellates, as partners in oceanic
areas (Falkowski et al., 2004; Turkoglu, 2008). This is in agree-
ment with the high and constant presence of dinoflagellates in
the same samples characterized by elevated E. huxleyi abun-
dance in the present study.

Merico et al. (2004) suggested that a shallow mixed layer
depth, and lack of photoinhibition of E. huxleyi in the
environment, would represent favourable conditions for
bloom development of this organism in the Bering Sea shelf.
However, differently from other studies, they did not find a
clear relationship between those blooms and high N:P ratio.
In the present work, we could not associate the coccolitho-
phorid abundance with any absolute nutrient concentration,
but there was indication of an association between high abun-
dance of E. huxleyi with low Si:N ratio (ry = -0.49, P < 0.05),
which was the opposite situation found for high concentration
of diatoms and high Si:N ratio (0.54, P < 0.05). According to
Egge & Aksnes (1992), waters with very low silicate concen-
trations (<2 wmol 1" ") are thought to represent a favourable
condition to coccolithophorids in competition with diatoms.
Putland et al. (2004) found surprising correlations between
E. huxleyi and some environmental factors (temperature and
nutrient concentrations) suggesting that this species would
have a distinct ecological niche in the north-eastern Pacific
in relation to its counterpart in the North Atlantic.

In our study, the sampled E. huxleyi bloom was in a late
developmental stage, as indicated by optical and biochemical
measurements during the same cruise (see Garcia et al., in
press). Both relatively high ratios of PIC:POC (particulate
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inorganic to organic carbon) and high light backscattering
found in the study region, were associated with presumably
large concentrations of detached coccoliths in the water
column.

We can speculate that during the summer season cocco-
lithophorids would flourish in a shallow mixed layer, which
is nutrient-depleted due to the precedent spring diatom
blooms, when deeper MLD and high nutrient levels prevail,
associated with upwelled waters (Signorini et al., 2006;
Garcia et al, 2008). Other previous works suggested that

shallow MLD (<20 m) would be better suited for a long per-
sistence of coccolithophorid blooms (Andruleit et al, 2003), a
situation not registered in our case, where MLD were not par-
ticularly shallow (approximately 40 m; Garcia et al., in press).
We suggest that E. huxleyi can still grow and flourish within a
MLD around 40 m in the Patagonian continental shelf, which
would extend the ecological ability of this species to a new
environmental realm. However, typical environmental con-
ditions for E. huxleyi blooms such as a shallow MLD and
low nutrient concentrations (conferring them a competitive
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advantage) are subject to short-term changes, i.e. at daily or
weekly scales, imposing new conditions for the phytoplankton
community. For instance, some investigations in the study
area have shown that stronger tidal currents often cause
shifts in the water column stability, increasing the mixing
layer depth, providing a major environmental factor affecting
phytoplankton community structure (Acha et al, 2004;
Bianchi et al, 2005, 2009; Romero et al, 2006). In fact,
apart from the known seasonal phytoplankton succession
(Margalef, 1958; Reynolds, 1997; Smayda & Reynolds, 2001),

stochastic environmental shifts could promote the particular
optimal environment for growth of opportunistic phytoplank-
ton species, such as Cylindrotheca closterium and gymnodi-
niod dinoflagellates, found in this work. Processes such as
wind-driven mixing or tidal currents disrupting a stable
water column and enhancing the mixing layer depth, could
provide temporary favourable conditions for some diatom
and dinoflagellate species to dominate over E. huxleyi.

Apart from physical and chemical constraints, another
driving force that could exert influence on phytoplankton
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Fig. 11. Schematic representation of phytoplankton assemblages along the
region surveyed as defined by a cluster analysis based on biovolume data
(less frequent taxa (<10%) were excluded) for all surface samples (Bray-
Curtis similarity index and group average linkage clustering method, cf.
Clarke & Warwick 1994). Symbols: open squares (CJ) refer to the highest
abundance of Emiliania huxleyi (Stations 503, 504, 505, 514 and 515);
half-filled squares (HJ) refer to high biovolumes of dinoflagellates (Stations
506, 507, 508 and 509) and/or the haptophyte Phaeocystis antarctica
(Stations 510 and s511); black-filled squares (M) are related to the main
contributions of Myrionecta rubra + cryptophytes (Stations 516, 517 and
518); and black-filled circles (@) refer to mixed assemblages (Stations 501,
502, 512 and 513; see more in the text).

community is the top-down control, when selective grazing
over other phytoplankton groups can lead to increasing and
persistence of E. huxleyi abundance (Fileman et al., 2002;
Olson & Strom, 2002; Putland et al, 2004). In our study,
there was not a good correlation between the microhetero-
trophs and any phytoplankton group (data not shown),
although there was no survey of large heterotrophs such as
copepods that could indicate their grazing pressure upon the
phytoplankton community. Nevertheless, Sabatini et al
(2004) identified high zooplankton abundance during
summer in the southern Patagonian shelf (between 48° and
54.5° S), at onshore and offshore sites, with copepods, euphau-
siids and amphipods as the main groups. Also, these authors
indicated that this zooplankton hot spot’ could be related to
retention of phytoplankton biomass following the nutrient
entrainment from the south nutrient-rich waters after shifts
in the water column stabilization, mainly north of 51°
S. Therefore, grazing processes may have also contributed to
the observed patterns in the phytoplankton assemblages in
the present work.

CONCLUSION

A bloom of coccolithophorids, massively dominated by
Emiliania huxleyi, was sampled in summer at the southern
Patagonian shelf. The relatively high concentrations of E.
huxleyi indicate their potential relevance in biogeochemical
cycles in the region. The phytoplankton community associ-
ated with the coccolithophorid bloom comprised

COCCOLITHOPHORIDS IN THE PATAGONIAN SHELF

dinoflagellates (mainly Gymnodiniales), the haptophyte
Phaeocystis antarctica, cryptophytes and diatoms, particularly
the pennate species Cylindrotheca closterium. The relative
contribution of the different groups varied markedly
between sampling stations. A cluster analysis based on biovo-
lume estimates of phytoplankton groups showed one group
dominated by coccolithophorids (E. huxleyi), associated with
low Si:N ratio, another group where Myrionecta rubra +
cryptophytes dominated and a third group dominated by
dinoflagellates and P. antarctica. Comparisons between
microscope-derived biovolume and HPLC/
CHEMTAX-derived results showed that both techniques pro-
vided complementary information, proving useful to under-
stand the phytoplankton community distribution in the
region.
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ABSTRACT

This study investigates the relationships between spring phytoplankton community and
environmental factors in the Brazil-Malvinas Confluence region. Phytoplankton community
composition was determined by the HPLC/CHEMTAX approach, complemented with microscopic
examination. Abiotic factors consisted of temperature, salinity, dissolved inorganic macronutrients
(ammonium, nitrite, nitrate, phosphate and silicate), water column stability and upper mixed layer
depth (UMLD). These environmental variables were reasonably informative to explain the
variability of phytoplankton communities (44% of variation explained). Cluster and canonical
correspondence analyses allowed discrimination of four zones (Coastal, Subantarctic, Tropical and
Intermediate Zone), also identifiable in the T-S diagrams and in the nutrient spatial distribution
patterns. The presence of nutrient-rich subantarctic waters was a major oceanographic feature,
associated with diatoms and dinoflagellates. However, in the Subantarctic Zone, biomass was
particularly low, probably as result of grazing pressure, as suggested by chemical and biological
indicators. Contrarily, in oligotrophic tropical waters, phytoplankton was mainly composed by
small nannoflagellates and cyanobacteria. A large Intermediate Zone was also dominated by
nannoflagellates, mainly Phaeocystis antarctica, probably favored by strong water column stability.
The Coastal Zone exhibited conditions fairly similar to those in the Intermediate Zone, but with a
deeper UMLD, a condition adequate for diatom growth. Those results emphasize the importance of
water masses properties and also biological processes such as grazing, on the structure of

phytoplankton communities in the region.

INTRODUCTION

The Brazil-Malvinas Confluence (BMC) region (Fig. 1) is located around 38°S at the southwestern
Atlantic Ocean, encompassing mainly a pelagic domain with dynamic interaction between Brazil
and Malvinas currents (Gordon 1989; Chelton et al. 1990). These currents flow in opposite
directions and their mixing generate a marked thermohaline frontal zone (Peterson and Stramma,
1991; Souza and Robinson, 2004; Pezzi et al., 2009) recognized as one of the most energetic of the
world oceans (Gordon, 1989). Brazil Current (BC) is generated near 10°S and flows southwards
carrying tropical waters with high temperature (greater than 26°C) and salinity (between 34.0 and
36.7) (Stramma and England, 1999). The northward Malvinas Current (MC) is formed from a
ramification of the Antarctic Circumpolar Current (ACC) due to topographic effects (Matano, 1993)
and transports subantarctic waters with surface temperatures lower than 8°C in the austral winter

and salinity values between 33.7 and 36.0 (Jullion, 2010).
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Despite the large number of studies carried out within the BMC region (e.g. Provost et al., 1996,
Bianchi et al., 2002; Pezzi et al., 2005; Matano et al., 2010), only a few were concerned with the
distribution of phytoplankton assemblages and their association with environmental factors (e.g.
Gayoso and Podesta, 1996; Fernandes and Brandini, 1999; Brandini et al., 2000; Olguin et al.,
2006; Painter et al., 2010). Based on analysis of in sifu data, it has been shown that the BMC is an
area of enhanced chlorophyll a concentration promoted by the contrasting characteristics of the two
currents, allowing phytoplankton growth in the surface layers (Brandini et al., 2000). This
enhancement can stimulate the development of subsequent food web trophic levels in the BMC
region, from copepods to elephant seals (Berasategui et al., 2005; Campagna et al., 2006).
Some studies in the region have reported distribution patterns of phytoplankton communities and
biomass either at spatial or temporal scales. For instance, distinct zones have been recognized in the
BMC region based on chlorophyll a levels (Carreto et al., 1995) and specific phytoplankton groups
were shown to be associated to particular hydrographic features, along cross-shelf sections between
the Rio de la Plata and the oceanic waters of the Subtropical Convergence (Carreto et al., 2008).
Those authors have identified a Phaeocystis sp.-dominated community associated to the MC, while
another report has described an assemblage composed mainly by diatoms and dinoflagellates at the
shelf-break, under influence of subantarctic waters (Garcia et al., 2008). By using a chemical
taxonomic approach derived from pigment data, different haptophyte populations have also been
described along the SW Atlantic, associated with particular hydrographic features of the BMC and
the outer estuary of Rio de La Plata: Haptophytes B (represented by Emiliania spp. and
Chrysochromulina spp.) were associated to coastal waters; Haptophytes C (mainly the
coccolithophorid Emiliania huxleyi) were linked to the continental shelf domain; Haptophytes D
(mainly Phaeocystis antarctica) were more related to the cold waters of MC; and Haptophytes E
(composed by other coccolithophorid species) predominated within the BC domain (Carreto et al.,
2003). Thus, the diverse physical environments associated with the BMC at both spatial and time
scales impose the development of distinct phytoplankton assemblages, which, in turn, can influence
the trophic web structure in the region.
This study aims to investigate the relationship between some physical and chemical parameters with
the spatial distribution of the phytoplankton community in the BMC region, using the HPLC-
CHEMTAX approach as well microscopic phytoplankton observations.

METHODS

Sampling
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Data were collected at 41 oceanographic stations across the study area (Fig. 1) visited during 13-18
October 2008 on board the Brazilian Navy RV Ary Rongel. The sampling was carried out during the
springtime operation of the PATEX (PATagonian EXperiment) program, named as ‘PATEX VI'.
Surface water was sampled using a Van Dorn bottle and water samples from discrete depths were
collected using Niskin bottles attached to a combined rosette-CTD (conductivity-temperature-
depth) SeaBird® 911+ carrousel system. The instrument was also equipped with an in vivo
chlorophyll fluorescence sensor (SeaTech fluorometer). The vertical fluorescence profile was used

as a guide to select sampling depths for biological and chemical measurements.

Physical parameters
Potential density and stability (£) of the water column were calculated from the potential
temperature and salinity data obtained by CTD casts. Stability is based on vertical density

variations, as a function of the buoyancy or Brunt-Viiséla frequency (N?), which is defined by:

5 3 : ) NE ] . : . .
N¢=— ga—: (rad” s%) leading to E = \; (10 rad®> m™), where g is gravity and p is the potential water

density. In this study, £ values in the upper 100 m for all occupied stations were averaged in order
to represent the stability of the upper surface layer. Upper mixed layer depth (UMLD) was
determined fromo p/0z profiles. The depth where variations were greater than 0.05 over 1 m
interval was considered the UMLD (m) (adapted from Mitchell and Holm-Hansen, [Mitchell and
Holm-Hansen, 1991]). Classification of water masses was made based on an adaptation of the
thermohaline intervals used by Moller et al. (Méller et al., 2008) and Bianchi et al. (Bianchi et al.,
2005) (Table 1).

Nutrient analysis

Water samples for dissolved inorganic nutrients measurements (nitrate, nitrite, ammonium,
phosphate and silicate) were filtered on cellulose acetate membrane filters. Nutrients were analyzed
on board ship, following the processing recommendations in Aminot and Chaussepied (Aminot and
Chaussepied, 1983). Ammonium was measured by the method of Koroleff (Koroleff, 1969)
following modifications in Aminot and Chaussepied (Aminot and Chaussepied, 1983) and
absorbance readings at 630 nm. Orthophosphate was measured by reaction with ammonium
molybdate and absorption reading at 885 nm. Silicate measurements in the form of reactive Si were
corrected for sea salt interference following Aminot and Chaussepied (Aminot and Chaussepied,

1983). Absorbance values for all nutrients were measured in a FEMTO® spectrophotometer.

Phytoplankton pigment analysis
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Samples for phytoplankton pigment analyses were collected from the surface and from fluorescence
peak depths, where peaks were actually detected. Sample volumes ranging from 0.5to 2 L
(depending on concentration of material) were immediately filtered (filtration not longer than one
hour) onto Whatman GF/F filters (nominal pore size 0.7 um and 25 mm diameter) under vacuum
pressure lower than 5 inch Hg, and kept in liquid nitrogen until analysis. Pigment concentrations
were determined by the High Performance Liquid Chromatography (HPLC) technique following
the procedure in Zapata et al. (Zapata et al., 2000) and modifications in Mendes et al. (Mendes et
al., 2007). Chlorophyll a (Chl a) concentration data from HPLC analysis was used as a
phytoplankton biomass index in this work, as it is a photosynthetic pigment common to all

autotrophic phytoplankton.

CHEMTAX analysis

The relative abundance of microalgal classes contributing to total Chl a biomass was calculated by
pigment concentration data using version 1.95 of CHEMTAX software (Mackey et al., 1996).
CHEMTAX uses a factor analysis and steepest-descent algorithm to find the best fit of the data on
to an initial pigment ratio matrix. The basis of calculations and procedures used are fully described
in Mackey et al. (Mackey et al., 1996).

Based on microscopic observations and detected diagnostic pigments, 7 algal groups were loaded
into CHEMTAX: diatoms, dinoflagellates-1 (peridinin containing species), “chemotaxonomic
group”, “Phaeocystis antarctica”, cryptophytes, prasinophytes and cyanobacteria (see Table 2). The
pigments loaded were alloxanthin (Allo), fucoxanthin (Fuco), peridinin (Perid), prasinoxanthin
(Prasino), zeaxanthin (Zea), 19’-butanoyloxyfucoxanthin (But-fuco), 19’-hexanoyloxyfucoxanthin
(Hex-fuco), chlorophyll c¢; (Chl c3), chlorophyll » (Chl ) and chlorophyll a (Chl a). The
“chemotaxonomic group” was defined as having a pigment signature including Fuco, But-fuco,
Hex-fuco and Chl c¢;, relative to a group that includes peridinin-lacking autotrophic dinoflagellates
(Wright and Jeffrey, 2006) and other algal groups whose pigment composition has not yet been
exhaustively analyzed (e.g. Parmales and Chrysophytes).

Initial pigment:Chl a input ratios were derived from the literature (Carreto et al., 2003; de Souza et
al., 2011) (Table 2). The same initial ratio matrix was used for both depths (surface and
fluorescence peak depth), but data from each layer was run separately. For optimization of input
matrices, a series of 60 pigment ratio tables were generated by multiplying each ratio of the initial
table by a random function as described in Wright et al. (Wright et al., 2009). The average of the
best six output matrices (with the lowest residual root mean square errors — RMSE) were taken as
the optimized results. The optimized pigment ratio output matrix for surface samples derived by

CHEMTAX is presented in Table 2.
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Phytoplankton microscopy analysis

For counting and identifying phytoplankton, surface sea water samples were preserved in amber
glass flasks (~250 mL) with 2% alkaline Lugol’s iodine solution. Settling chambers of 50 mL
volume were examined under the inverted microscope (Utermdohl, 1958; Sournia, 1978).
Phytoplankton composition was determined with an Axiovert 135 ZEISS microscope, at 200x,
400x and 1000x magnification, according to specific literature (mainly, Hasle and Syvertsen, 1996;
Dodge, 1982). Identified species (or groups) were classified as Flagellates I (< 5 um) probably
including mainly prasinophytes while Flagellates II (5-10 pm) include cryptophytes as well as
chrysophytes. Among the dinoflagellates, some genera include several forms and were, for instance,
represented as Gymnodinum spp., Gyrodinium spp. and Protoperidinium spp. Other dinoflagellates
were identified at order level (Peridiniales). When genus or species identification of diatoms was
not possible they were grouped at order level (Centrales and/or Pennales). Except for the
identification of the autotrophic Myrionecta rubra, other ciliates were generally identified at genus

level.

Statistical analysis

Considering that more details on phytoplankton composition are provided by microscopy data,
multivariate statistics were run based on microscopic analysis.

Cluster analysis using group average linkage and Bray-Curtis similarity index (Clarke and
Warwick, 1994) was used to describe the surface spatial distribution of major phytoplankton
species’ abundance (derived from microscopic analysis) over the survey area. The contribution of
the more frequent (> 10% in all samples) algal category to total abundance at each site was log-
transformed to suppress the scale variability (Zar, 1999) and used as input data. Algal categories
were combinations of species of the same genus or similar size. Less abundant categories were
grouped at higher taxonomic levels.

Canonical correspondence analysis (CCA) was performed in order to identify the main patterns of
community and species variability, with respect to environmental variables (Ter Braak and Prentice,
1988). The analysis was carried out in order to corroborate the assumption that the water masses
(through their conservative and non-conservative properties) along the region directly influenced
the phytoplankton community structure. Biotic variables were represented by abundances of main
phytoplankton taxonomic groups determined from microscopic analysis, except for cyanobacteria
contribution, which was only identified by the CHEMTAX analysis. Environmental variables
included surface temperature, salinity, dissolved inorganic nitrogen (DIN: nitrate, nitrite and

ammonium), phosphate, silicate, UMLD and stability. All variables were log-transformed previous
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to the analysis to reduce the influence of the different scales in the sets of analyzed variables. In
order to test the significance of the CCA, Monte-Carlo tests were run based on 499 permutations
under reduced model (p < 0.05). Some sampling stations were excluded from the statistical analyses
because no chemical data was available (St. P611 and P627); no microscopic observations (St.
P602, P604, P638, P640) or no HPLC data (St. P601, P602, P636, P640). The two first significant
canonical roots are used to produce the canonical diagram. The canonical roots are the weighted
sums of the phytoplankton variables, which are used to calculate the position of the stations in the
diagram according to their algae composition and abundance. Thus, the distances between stations
in the ordination diagram reflect the degree of similarity among their phytoplankton assemblages
(short distances indicate high similarity). Canonical factor loadings are the simple correlations
between the environmental variables and the canonical roots, and are considered as a measure of the
importance of the different environmental variables determining phytoplankton variability within

the area.

RESULTS

Physical setting

Surface distribution of temperature (Fig. 2a) and salinity (Fig. 2b) evidenced a great spatial
variability and a thermohaline front over the sampling area. Temperature ranged from 8.1 (St. P611)
to 18.8°C (St. P615), displaying a strong horizontal thermal gradient over the shelf break region,
reaching 0.173°C km™ (from St. P613 to St. P615). Salinity ranged from 33.04 (St. P614) to 35.98
(St. P615) (Fig. 2b). A T-S diagram from the upper 100 m (Fig. 3) shows the presence of six water
masses (see Table 1): Sub-Antarctic Shelf Water (SASW), Sub-Antarctic Water (SAW), Tropical
Water (TW), Sub-Tropical Shelf Water (STSW), South Atlantic Central Water (SACW) and Low
Salinity Coastal Water (LSCW) (Fig. 3). Some points in the T-S diagram (Fig. 3) were result of

mixing between water masses and were not classified.

Surface distribution of inorganic nutrients

The highest surface values of DIN (11.62 uM) and phosphate (0.89 uM) concentrations were found
at station P611, dominated by SAW (Fig. 4a,b, respectively), while the lowest concentrations (0.94
uM of DIN and 0.18 uM of phosphate) were found at St. P605, under TW influence (Fig. 4a,b). In
addition, phosphate was higher towards coastal stations, reaching 0.79 uM at St. P641 (Fig. 4b). On
the opposite, silicate levels were higher at the northeastern part of the study area, mainly associated
with TW (maximum 7.33 uM at St. P604), and were low at coastal sites, with values lower than 3

uM (Fig. 4c). Consequently, the nutrient ratios (N:P and Si:N) showed a distribution pattern that
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reflected the zonation adopted in this study (see Fig. 7). Overall, N:P ratios close to the Redfield-
Brzezinski ratio (15Si:16N:1P) were only found associated with the SAW, whereas values below 10
N:P were found throughout the rest of the sampling area (Fig. 4d). Si:N ratios were mostly between
1 and 3, except a highest value at St. P605 in the TW regime and the particularly low values at
south, under SAW influence (Fig. 4e).

Phytoplankton community and chlorophyll a distribution

Surface Chl @ concentration varied between 0.13 and 2.46 mg m™ (Fig. 5a), with lowest values
associated with the TW and SAW and highest within the shelf and coastal waters. Concerning
phytoplankton distributions, the haptophyte “Phaeocystis antarctica” was present at all stations, but
was mainly associated with the shelf and mixing waters, particularly at northern stations and almost
absent in the SAW (Fig 5b). Diatoms were also ubiquitous, with the highest contributions (>50%)
within stations under influence of SAW and LSCW (Fig. 5c). Additionally, diatoms showed lowest
contributions (below 10%) in the shelf stations, where “P. antarctica” was important.
Dinoflagellates-1 showed high contributions (between 17 and 42%), only at stations under SAW
regime (Fig. 5d). The highest contributions of “chemotaxonomic group” (ranging from 38 to 68%)
were found in the shelf, sharing importance with “P. antarctica” at some stations (Fig. 5e).
Cyanobacteria and prasinophytes were particularly important in the warmer TW, with a maximum
contribution of 44% and 36%, respectively (Fig. 5f, g), but unimportant at the other stations.
Cryptophytes were only noticeable at coastal stations under LSCW influence (Fig. Sh).

Results of phytoplankton microscopic analyses, including data on heterotrophic species and also on
ciliates, are shown in Table 3. Small flagellates (or Flagellates I, 2 to 5 pm) including the
haptophyte P. antarctica (the only identifiable small flagellate during the lab routine), dominated in
abundance across all water masses. Those organisms were more abundant in the shelf and mixing
waters (up to 7.7 x 10° cells L") but high concentrations of nannoflagellates (reaching 2.9 x 10°
cells L'l) were also found in TW; their lowest concentrations were estimated for stations located at
the SAW regime (between 0.05 and 0.2 x 10° cells L) and for the coastal stations (ranging from
0.08 to 0.2 x 10° cells L") (Table 3). Significant diatom concentrations were found within the
following water masses/zones: Chaetoceros spp. 1 (< 10 um), Thalassiosira spp. I (<20 pm) and
Pseudonitzschia spp. showed higher numbers within SAW while Cylindrotheca closterium was
representative in shelf and mixing waters of the Intermediate Zone; Guinardia spp. and
Thalassionema nitzschioides were important in TW’s diatom assemblage and Asteromphalus
sarcophagus, Guinardia delicatula and Rhizosolenia spp. (e.g. R. setigera) were almost exclusively
found in the coastal portion of the survey area. Regarding dinoflagellates, the Subantarctic Zone

exhibited the highest abundance of auto-/mixotrophic (basically Gymnodinium spp., Ceratium
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lineatum/pentagonum, Peridinids and Prorocentrum minimum) and heterotrophic dinoflagellates
species (Amphidinium sphenoides, Gyrodinium fusiforme and Protoperidinium spp.). Among the
ciliates, a high abundance of the autotrophic Myrionecta rubra and the presence of tintinids
(Dadayiella ganymedes, Dictyocysta elegans speciosa and Salpingella spp.) were conspicuous

within TW, but a predominance of aloricate oligotrichids was observed across the remaining area.

Statistical analyses

Both total Chl a biomass index and relative contribution of taxonomic groups by CHEMTAX
showed no significant differences (based on t-tests; data not shown) between the surface and the
fluorescence peak depth at most sampling stations. The only exception was found at stations
located under the TW influence, where conspicuous fluorescence peaks were observed and
significant differences between the surface and the fluorescence peak were found mainly for
dinoflagellates and “chemotaxonomic group” (no microscopic data was available for those depths).
Thus, only the surface phytoplankton distribution data was used in the statistical analyses for
describing the study area.

Cluster analysis results based on the absolute abundance of major phytoplankton groups (Fig. 6)
showed four clusters, at 0.68 similarity level (cophenetic correlation coefficient: ¢ = 0.92), in
reasonable agreement with the water masses distribution from the T-S diagram (see Fig. 3). The
four clusters displayed in Fig. 6 were used to divide the study area into four distinct zones, as
follows: a Coastal Zone (CZ) represented by the LSCW; a Sub-Antarctic Zone (SAZ) including
stations under the SAW regime of low temperature values; a Tropical Zone (TZ) represented by
TW-dominated stations of high temperature and salinity values; and an Intermediate Zone (1Z)
associated with the presence of shelf waters (SASW and STSW) and mixing waters (see Fig. 7 for
zones location). Those zones could also be discriminated in the surface distribution patterns of the
environmental factors (both physical and chemical). Average values of the main variables in each
zone are shown in Table 4.

Results of the CCA analysis (Table 5 and Fig. 8) were used to investigate the association of species
or higher taxonomic categories to environmental variables. A Monte Carlo test of F-ratio, applied
during the CCA analysis, showed that the seven environmental variables (temperature, salinity,
DIN, phosphate, silicate, UMLD and water column stability) contributed significantly to the
observed spatial distribution of phytoplankton groups (p < 0.01). In fact, environmental variability
explained 44% of the spatial variability in phytoplankton communities and the first two significant
canonical roots cumulatively explained 73% of the observed variance. The first canonical root
(which explained 47% of variation) clearly distinguished species/groups (triangles in Fig. 8) most

positively related to salinity and temperature, while the second (26%) suggested that the
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species/groups were more related to temperature (negatively) and to DIN and phosphate
(positively) (see the factor loadings in Table 5 and Fig. 8). Ordination of the samples in the first two
canonical roots shows a clear separation of the Tropical, Subantarctic, Intermediate and (not so
clearly) Coastal Zone stations (Fig. 8), which were distributed in straight relation to the surface
water masses distribution. Since distance between stations in the ordination diagram correspond to
the level of similarity among stations (ter Braak, 1994), the second canonical root can be interpreted
as indicating a gradual change in phytoplankton structure from the Tropical to the Subantarctic
Zones, with high variability associated to the Coastal Zone stations. In addition, there is also a high
variability within the Tropical and Subantarctic Zones along the first canonical root. This possibly
represents the large spatial variability found in phytoplankton abundance and community
composition along the survey area, as noted in the cluster analysis (Fig. 6) and as seen in the
mosaic-like spatial structure of the zones (Fig. 7).
The high factor loadings found in association to temperature and salinity (Table 5; Fig. 8) reflect the
strong association between phytoplankton variability and water masses distribution. High factor
loadings were also observed for the dissolved inorganic nutrients (mainly DIN and phosphate). This
agrees with the hypothesis that water masses influence phytoplankton variability, since dissolved
macronutrients are known as non-conservative properties of water masses and can be used to
characterize some of them (Niencheski and Fillmann, 1997).
Regarding phytoplankton taxa, small (<20 um) diatoms (Thalassiosira spp. and Chaetoceros spp.,
and the pennate Nitzschia longissima) and large (> 20 um) dinoflagellates (Gymnodinium spp.,
Ceratium spp., Gonyaulax cf. scrippsae) were more associated to the Subantarctic Zone.
Conversely, cyanobacteria, other diatoms (e.g. Hemiaulus spp., Rhizosolenia spp., Guinardia
delicatula, Thalassionema nitzschioides) and the dinoflagellate Prorocentrum rostratum were
highly related to the Tropical Zone (Fig. 8). Within the Intermediate Zone, an assemblage of
flagellates was important (comprising a wide size spectrum, from 2 to 10 um in length) that
included Flagl (mostly the haptophyte Phaeocystis antarctica), Flagll and cryptophytes. The
dinoflagellates Prorocentrum minimum and P. micans and the nano-pennate diatom Cylindrotheca
closterium were also found in that zone. The Coastal Zone did not present a marked pattern, but
was characterized by some unique diatoms (e.g. Asteromphalus sarcophagus) and neritic

dinoflagellates.

DISCUSSION

Several studies have described the spatial phytoplankton distribution based on in situ data (Carreto

et al., 1995, 2003 and 2008; Brandini et al., 2000; Olguin et al., 2006) as well as variability of
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phytoplankton biomass and primary production based on satellite images, near the BMC region
(Garcia et al., 2004; Gonzalez-Silvera et al., 2006; Romero et al., 2006; Lutz et al., 2010). This area
has also been pointed out as having conspicuous biological gradients in which subtropical and
subantarctic plankton species are found (e.g. Boltovskoy, 1981). In the present work, four zones
were identified in the study area, based on phytoplankton distribution and these were clearly
discriminated according to physical features (conservative and non-conservative properties of water
masses). On the eastern section of the study area, the Tropical Zone was influenced only by TW,
although the influence of BC was also observed in the northeastern part of the Intermediate Zone,
dominated by STSW. A similar classification scheme has also been adopted in other investigations
over and/or near that region (Carreto et al., 2003 and 2008), including a wider coverage of coastal
and estuarine areas. Nonetheless, the authors did not identify STSW along the continental shelf,
since their sampling sites were located further south in comparison to our sampling grid, which
covered northernmost shelf sites in the Argentine Sea. Additionally, a stronger thermal gradient
(0.173 °C km™) found between the Tropical and Subantarctic Zone was computed in our study as
compared to other front studies with values of 0.065, 0.1 and 0.144 °C km! (Bianchi et al., 1993;
Souza and Robinson, 2004; and Berasategui et al., 2005, respectively). This highlights the strong
physical barrier established between the TW and SAW sub-domains during our study period.
Regarding the nutrients distribution pattern, a marked reflection of the physical zonation was
observed: the highest N and P concentrations (up to 11.62 pM of DIN and 0.89 pM of phosphate)
were determined in the Subantarctic Zone, while the highest (maximum of 7.33 uM) silicate level
was determined in the Tropical Zone. Relatively higher silicate levels have been attributed to TW
(with values >4 pM) in relation to nitrogen and phosphate in the southern Brazilian shelf
(Niencheski and Fillmann, 1997). Intermediate values of all nutrients were found in both the
Intermediate and Coastal Zone (except for phosphate in the Coastal Zone; see Fig. 4). Similar
patterns of nutrient distributions have been found close to the region, with high nitrogen and
phosphate associated to SAW (Subantarctic Zone) in contrast to oligotrophic TW (Brandini et al.,
2000; Painter et al., 2010). The silicate-rich TW observed in the present study are in contrast to low
silicate levels within the SAW (Subantarctic Zone) as previously observed (Garcia et al., 2008).
Consequently, average N:P values close to Redfield (14.3) and low (0.3) average Si:N ratios were
found in the Subantarctic Zone, suggesting a phytoplankton community under a progressive Si
limitation (Egge and Aksnes, 1992). On the other hand, low (5.9) N:P and high (2.5) Si:N in the
Tropical Zone could indicate a N-limited phytoplankton community (e.g. Barlow et al., 2002).
However, phytoplankton growth has been demonstrated to occur over a wide range of N:P ratios,
ranging from 5 to 34, indicating a plastic biochemical feature (Geider and La Roche, 2002). The

wide range of environmental N:P ratios in which phytoplankton can grow is a reflection of the
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highly variable elemental stoichiometry of marine phytoplankton species/groups (e.g., Ho et al.,
2003; Quigg et al., 2003; Klausmeier et al., 2004a; Arrigo, 2005). This variability is determined by
particular nutrient requirements of each species/group and to the flexibility in their overall
stoichiometry, often matching their nutrient supply at low growth rates (Rhee, 1978; Klausmeier et
al., 2004b). Laboratory studies have shown that the canonical Redfield N:P ratio of 16 is not a
universal biochemical optimum, but instead represents an average of species-specific N:P ratios
(e.g., Klausmeier et al., 2004a). Finally, in the Intermediate and Coastal Zones there was not a clear
indication of a particular nutrient limitation, based on nutrient ratios.

Many studies on phytoplankton growth have shown that, in most frontal zones of the global oceans,
phytoplankton blooms are generally distributed along narrow bands (Laubsher et al., 1993; Olson et
al., 1994; Longhurst, 1998). However, the BMC region represents a large scale phenomenon with a
vast area of relatively high phytoplankton biomass, due to the extensive frontal zone generated by
the confluence of BC and MC (Brandini et al., 2000; Barr¢ et al., 2006). In our study, higher Chl a
concentrations (> 1 mg m™) were observed across the Intermediate and Coastal Zone (see Table 4),
including both shelf and mixing waters (between BC and MC). This pattern has also been observed
during springtime, where highest Chl a concentrations were found associated with a coastal front
close to our southernmost cross-shelf transect (Carreto et al., 1995).

The occurrence of major phytoplankton groups, determined from the CHEMTAX analysis, within
the study region, can be summarized as follows: diatoms, “Phaeocystis antarctica” and
“chemotaxonomic group” were more frequent than dinoflagellates-1, prasinophytes, cyanobacteria
and cryptophytes in the whole study area. The patchy distribution of those groups closely reflected
the physical zonation identified in this study. The set of abiotic factors was reasonably informative
(44% of variation explained) of the spatial variability in phytoplankton communities. Salinity and
temperature showed the highest correlations with the first canonical root (see CCA in Fig. §),
indicating the importance of the water mass signal on the species spatial distribution within the
BMC, mainly through their influence on nutrient supply. In fact, nutrients (basically DIN and
phosphate) were major factors affecting the phytoplankton community, particularly within the
colder SAW, as displayed in the second canonical root. Water column stability and silicate showed
lower and negative correlations with this canonical root and were mostly associated with stations in
the Intermediate Zone (see Fig. 8). UMLD presented similar (but opposing) correlations with the
two significant canonical roots, denoting its less important influence on phytoplankton variability in
this study (see Table 5).

The Subantarctic Zone was characterized by relatively low values of temperature, stability, silicate
and UMLD, but high DIN and phosphate as well as moderate Chl a concentrations (see Table 4). In

this zone, many species of dinoflagellates and diatoms were the main phytoplankton organisms. The
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predominance of subantarctic water-related diatoms has already been described near our
Subantarctic Zone (e.g. many small [< 10 pm] Chaetoceros spp.) (Fernandes and Brandini, 1999;
Olguin et al., 2006). Garcia et al. (Garcia et al., 2008) found a remarkable bloom composed mainly
by diatoms and dinoflagellates further south, along the Patagonia shelf-break front. However, low
phytoplankton biomass and high macronutrient levels were found on the eastern side of that front,
associated with typical Malvinas Current waters and a deeper UMLD. Under those conditions, a
different phytoplankton community, mainly composed by very small flagellates (particularly
Phaeocystis sp.), dominated. In the present study, the Subantarctic Zone under influence of SAW
exhibited high concentration of nitrogen coupled with a shallow UMLD, which might have favored
phytoplankton growth. However, Chl a levels were not particularly high and this is probably due to
loss processes as grazing. This is suggested by the comparatively higher abundances of potential
grazers such as mixotrophic/heterotrophic dinoflagellates (large Gyrodinium spp.) and ciliates such
as Didinium spp., Strombilidium spp. and Strombidium spp. at this zone (see Table 3).
Mixotrophic/heterotrophic dinoflagellates dominance have already been reported in SAW closer to
the BMC region with a contribution of Gyrodinium spp. together with large autotrophic species,
such as Ceratium lineatum, C. pentagonum grande, Dinophysis okamurai, Gymnodinium spp. and
Prorocentrum sp. (Fernandes and Brandini, 1999). The dominance of dinoflagellates along the
Subantarctic Zone could be related to a possible Si limitation of diatoms growth (mean Si:N= 0.3)
in this area (see Table 4).

On the eastern side of the study area, the Tropical Zone was represented by high values of silicate
concentrations, temperature and salinity coupled with low DIN, phosphate and Chl a
concentrations, on average (Table 4). This combination of factors seemed to favor a significant
contribution of cyanobacteria and prasinophytes (determined by CHEMTAX) and of other distinct
diatoms, such as Hemiaulus spp. and Thalassionema nitzschioides. Again, those diatoms have been
found before in subtropical waters (Gayoso and Podesta, 1996; Fernandes and Brandini, 1999;
Olguin et al., 2006) as well as cyanobacteria and small flagellates, which were usually abundant
within the BC (Fernandes and Brandini, 1999; Carreto et al., 2008). The dominance of
cyanobacteria in subtropical waters was also observed along the geostrophic front in the Eastern
Alboran Sea (Claustre et al., 1994) while a dominance of cryptophytes and prasinophytes (in 2000
and 2001, respectively) was found in eastern New Zealand waters (Delizo et al., 2007). In
oligotrophic waters, such small cells (particularly prokaryotes) thrive because they have low
requirements for nutrients when compared to larger cells (Whitfield, 2001). However, the presence
of relatively large diatoms in TW in this work is fairly unexpected, taking into account the
relatively low nutrient concentrations (mainly DIN and phosphate), since diatoms are poor

competitors at low phosphate concentrations (Egge, 1998). Stations located at the Intermediate
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Zone represented a transition between the two sub-domains (Subantarctic Zone and Tropical Zone)
of contrasting characteristics (Table 4). Besides the important presence of the small-sized pennate
diatom Cylindrotheca closterium and the dinoflagellates Prorocentrum minimum and Gymnodinium
spp. (< 20 um), mainly small flagellates dominated over this region, grouped as “chemotaxonomic
group” (see Fig. 6). Among those flagellates, Phaeocystis antarctica was dominant in most sites
and, generally, under influence of subantarctic waters. This haptophyte has been previously
observed in subantarctic waters of the Malvinas Current while other haptophytes were associated
with a continental shelf community (Carreto et al., 2003). In our study, besides P. antarctica, other
nannoflagellates (Flagl and Flagll determined by microscopic observations) probably included
coccolithophores and chrysophytes, as previously observed along the shelf-break (Carreto et al.,
2003), but not clearly identified in our study either by microscopy or by CHEMTAX. The similar
pattern of enhanced Chl a concentration along the frontal (mixing) zone was found in studies
developed in the Eastern Alboran Sea (Claustre et al., 1994) and along the Subtropical Convergence
east of New Zealand (Delizo et al., 2007); however, both works have detected a diatom dominance
associated to those high Chl a zones in contrast with the pattern of Phaeocystis antarctica
dominance found in our study.
The Coastal Zone was marked by moderate temperature and low salinity, probably due to dilution
by continental waters. Also, high phosphate levels and a deeper UMLD were found within that
zone. However, the phytoplankton community was similar to the Intermediate Zone, but included
some typical neritic dinoflagellates such as Noctiluca scintillans and Ceratium tripos, previously
described by Balech (1988).
Apart from the physical and chemical factors controlling the development and distribution of
phytoplankton communities, the role of microzooplankton (ciliates and heterotrophic
dinoflagellates) and mesozooplankton (e.g. copepods) grazing on phytoplankton blooms has to be
considered. This has been mentioned particularly for the SAW, across the Argentine Sea, when fast
growth of primary producers in spring and summer were associated with high abundances of
grazers such as copepods (Sabatini et al., 2004). Ammonium concentration can be an indicator of
grazing pressure, since it is a common excretion product derived from heterotrophic metabolism
(e.g. Pernthaler, 2005). High levels of ammonium along the Patagonian shelf-break were suggested
as indication of grazing pressure controlling the phytoplankton biomass (Garcia et al., 2008; Painter
et al., 2010). In the present study, ammonium reached up to 50% of surface DIN, mainly within the
Intermediate Zone and Tropical Zone, while the lowest ammonium proportions were observed in
the Coastal Zone (13—-24%) and Subantarctic Zone (1-7%) (data not shown). At the same time, a
higher proportion of chlorophyll a degradation products, which are usually associated with grazing

processes, were found in the Subantarctic Zone, as compared to the other zones (see Table 4), but it
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was only statistically different from the average proportion of the Tropical Zone (Kruskal-Wallis
test H, p < 0.05). In fact, a rich zooplankton community, including meso-zooplankton groups, has
been shown to occur at the BMC region (Berasategui ef al., 2005). It is possible that in the SAW
there was a tight coupling between the growth of phytoplankton, based on consumption of
ammonium and other nutrients and a concurrent high grazing pressure, constraining the

accumulation of phytoplankton biomass (average 0.53 mg m™) in the Subantarctic Zone.

CONCLUSION

The BMC region studied in this work showed a complex distribution of phytoplankton
communities, due to environmental forcing. High Chl a was associated with shelf and mixed
waters, under strong water column stability and moderate nutrients concentration, favoring mainly
the growth of Phaeocystis antarctica. Coastal waters presented moderate Chl a associated with the
presence of typical neritic dinoflagellate species and deep UMLD. Tropical and Subantarctic waters
showed relatively low Chl a, related to low nutrient levels (N and P) and strong stability (Tropical)
and Si limitation (Subantarctic). The patchy distribution of phytoplankton communities followed
mainly the water masses distribution in the study region. These results emphasize the importance of
both conservative and non-conservative properties of water masses on the structure of

phytoplankton communities.
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Table 1: Thermohaline ranges used to characterize water masses in the region (adapted from

Bianchi et al., 2005 and Moller et al., 2008).

Water mass Temperature (°C) Salinity
Tropical Water (TW) >18.5 >36
. > 14 33.5<S<353
Subtropical Shelf Water (STSW)
>18.5 353<S<36
South Atlantic Central Water (SACW) <185 >353
Subantarctic Shelf Water (SASW) 9<T<115 33.5<S<34
Subantarctic Water (SAW) 9<T<14 33.5<S<342
Low Salinity Coastal Water (LSCW) - <335
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Table 2. Output ratios of marker pigment to Chl a for surface and fluorescence peak (FP) samples.
Input ratios were obtained from the literature (Carreto et al., 2003; de Souza et al., 2011) and output

ratios according to procedure in the methods section.

Allo Fuco Perid Prasino Zea But-fuco  Hex-fuco Chl ¢ Chl b Chl a

Input matrix
Diatoms 0 0.863 0 0 0 0 0 0 0 1
Dinoflagellates 0 0 0.8 0 0 0 0 0 0 1
Chemotaxonomic group 0 0.313 0 0 0 0.28 0.491 0.243 0 1
Phaeocystis antarctica 0 0.174 0 0 0 0.105 0.396 0.154 0 1
Cryptophytes 0.7 0 0 0 0 0 0 0 0 1
Prasinophytes 0 0 0 0.372 0 0 0 0 1.156 1
Cyanobacteria 0 0 0 0 1.115 0 0 0 0 1

Output matrix (surface)
Diatoms 0 0.954 0 0 0 0 0 0 0 1
Dinoflagellates 0 0 0.704 0 0 0 0 0 0 1
Chemotaxonomic group 0 0.330 0 0 0 0.440 0.613 0.367 0 1
Phaeocystis antarctica 0 0.276 0 0 0 0.098 0.874 0.495 0 1
Cryptophytes ~ 0.458 0 0 0 0 0 0 0 0 1
Prasinophytes 0 0 0 0.111 0 0 0 0 0.806 1
Cyanobacteria 0 0 0 0 0.931 0 0 0 0 1

Output matrix (FP)
Diatoms 0 1.009 0 0 0 0 0 0 0 1
Dinoflagellates 0 0 0.681 0 0 0 0 0 0 1
Chemotaxonomic group 0 0.379 0 0 0 0.283 0.696 0.440 0 1
Phaeocystis antarctica 0 0.477 0 0 0 0.237 0.877 0.615 0 1
Cryptophytes  0.503 0 0 0 0 0 0 0 0 1
Prasinophytes 0 0 0 0.168 0 0 0 0 0.811 1
Cyanobacteria 0 0 0 0 0.913 0 0 0 0 1

Table 3. Checklist of main species or higher level taxa identified in surface waters during the
‘PATEX VI’ cruise and ranges of cell abundance (cells L) for respective zones identified in this
work. The autotrophic organisms were labeled (a) and those used in the cluster and canonical

correspondence analyses were labeled (b).
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Taxonomic groups Coastal Zone Sub-antarctic Zone Tropical Zone Intermediate Zone
Flagellates
o Flagellates 1(2.5) 7504 176965 52367 - 191411 65008 - 2900061 151684 - 7746739
(2-5 pmy; including Phaeocystis antarctica )
Flagellates II (> 5 um) (a, b) 1803 - 13526 0 - 19682 0 - 191167 0 - 26150
Class Cryptophyceae (a, b) 902 - 15329 0 - 15329 0 - 4960 0 - 42381
Class Dinophyceae
Amphidinium sphenoides 0-922
Ceratium furca (a,b) 0-20
Ceratium fusus (a,b) 0 - 40 0-20
Ceratium lineatum/pentagonum (a, b) 0 - 360 0 - 1920 0 - 400
Ceratium pentagonum (a, b) 0 - 620 0 -40
Ceratium tripos tripos (a, b) 20 - 40 0-20 0-20
Cochlodinium spp. 0 - 280 0- 180
Dinophysis spp. (a,b) 0 - 140 0-20
Gonyaulax scrippsae (a,b) 0 - 100 0 - 380
Gymnodinium spp.1(<20 pm) (a, b) 902 - 6312 6763 - 59064 4960 - 45988 0 - 14428
Gymnodinium spp. Il (> 20 um) (a, b) 0 - 160 2580 - 25920 80 - 3040 0-20
Gymnodinium filum 0 - 40
Gymnodinium splendens 80 - 22080 0 - 160 0-20
Gyrodinium fusiforme 0 - 3520 0-40
Gyrodinium sp. (<20 um) (a, b) 0 - 902 0 - 2254 0 - 4960
Gyrodinium spp. (> 20 um) 0 - 2300 520 - 3000 0 - 540
Katodinium spp. 0 - 1803 0 - 1803 0 - 451
Noctiluca scintilans 20 - 60
Oblea baculifera 0-20 0-40
Oxytoxum spp. (a, b) 0 - 3156 0 - 4058 0-451
Peridiniales I (<20 pm) (a, b) 902 - 1803 1803 - 29306 0 - 13075 0 -902
Peridiniales II (> 20 pum) (a, b) 1011 - 4007 451 - 2400 0 - 1803
Polykrikos sp. 0 - 140
Prorocentrum micans (a,b) 20 - 460 0-120 0-20
Prorocentrum minimum (a, b) 1353 - 1803 2254 - 9468 0- 7214 0 - 3607
Prorocentrum minimum (~ 20 pm) (a, b) 80 - 1420 0-60 0-20
Prorocentrum rostratum (a, b) 0 - 380
Prorocentrum aff. scutellum (a, b) 340 - 1620 60 - 500 0-20
Protoperidinium spp. 440 - 780 300 - 8180 40 - 902 0-20
Scrippsiella cf. trochoidea (a,b) 0 - 200
Torodinium robustum (a, b) 100 - 240 0 - 180 0-120 0-20
Other autotrophic dinoflagellates (a, b) 0 40 0 - 920 0 - 40
Class Bacillariophyceae
Asteromphalus sarcophagus (a, b) 0 - 2254
Chaetoceros spp.1(< 10 um) (a, b) 0 - 293965 0 - 22543
Chaetoceros spp. 11 (> 10 pm) (a, b) 0 - 6312 0 - 14777 0 - 25051
Cylindrotheca closterium (a, b) 0 - 4509 0 - 4058 0 - 115569
Guinardia delicatula (a,b) 902 - 26601 0 - 19838
Guinardia striata (a,b) 0 - 400
Guinardia tubiformis (a,b) 0 -902
Guinardia spp. (a, b) 160 - 180 0 - 200 0 - 6843
Hemiaulus spp. (a, b) 0 - 1353 0 - 180
Meuniera membranaceae (a,b) 0 - 180
Nitzschia cf. longissima (a,b) 120 - 902 0- 120
Pseudonitzschia spp. (a, b) 0 - 10370 0 - 65827 0 - 31561
Rhizosolenia spp. (a, b) 400 - 5280 20 - 620 0-20
Thalassionema nitzschioides (a, b) 0 - 8110
Thalassionemataceae (a, b) 0 - 240 0 - 1500
Thalassiosira spp.1(<20 um) (a, b) 15780 - 22543 451 - 132555 0 - 962 0 - 451
Thalassiosira spp. II (> 20 to 50 pm) (a, b) 120 - 400 0 - 1000 0 - 100 0-20
Thalassiosira spp. III (> 50 to 100 um) (a, b) 0-20 0 - 60
Other centrics (a, b) 6332 - 20289 0 - 160 0- 1353 0 - 5417
Other pennates (a, b) 0 - 300 0 - 200 20 - 1453
Ciliophora
Didinium spp. 0 - 1140 0-40 0-40
Monodinium sp. 0-280
Lacrymaria sp. 0 - 80
Myrionecta rubra (a,b) 200 - 831 0 - 360 0 - 5169 0 -902
Dadayiella ganymedes 0-220
Dictyocysta elegans speciosa 0-40
Salpingella spp. 0 - 40 0 - 140
Laboea strobila 0 - 160 0-20 0-20 0-20
Strobilidium spp. 180 - 200 80 - 480 40 - 320 0-20
Strombidium spp. 60 - 120 20 - 600 120 - 500 0-40
Tontonia gracilima 0 - 40 0-20
Vorticelids 0-520 0-20
Oligotrichids (<20 pm) 60 - 260 451 - 3847 1353 - 6312 0 - 902

PaYE R LN N ANN n AN
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Table 4. Mean and minimum-maximum values of environmental variables at surface (or water

column for UMLD and stability) for each zone within the study region, discriminated by the Cluster

analysis. DegP: degradation products of Chl a (chlorophyllide a, pheophytin a and pheophorbide a).

cz SAZ TZ 1z
12.7 8.4 17.6 11.4
0,
Temperature (°C) (11.7-13.7) (8.1-8.7) (16.9-18.8) (9.9-13.9)
Salinit 33.69 33.92 3475 33.62
Ay (33.47-33.91) (33.85-34.02) (33.84-35.98) (33.04-33.89)
R 0.92 0.53 0.22 111
Chla (mg m™) (0.29-1.98) (0.30-0.90) (0.13-0.36) (0.39-2.27)
3.22 9.22 2.04 2.78
DIN (pm) (1.88-4.67) (6.52-10.92) (0.94-3.62) (1.24-6.64)
0.66 0.66 0.40 0.48
Phospahte (um) (0.53-0.79) (0.55-0.76) (0.18-0.63) (0.34-0.89)
Silicat 2.33 227 435 3.14
ilicate (um) (1.53-3.15) (0.61-5.18) (1.83-7.33) (1.69-6.41)
NP 48 143 5.9 6.4
: (3.5-6.3) (10.7-19.8) (23-11.8) (1.5-14.0)
SN 0.8 0.3 25 1.6
i: (0.5-1.3) (0.06-0.8) (0.7-5.7) (0.4-4.8)
15 9 14 12
UMLD (m) (9-25) (8-13) (8-20) (7-20)
11532 885.1 1392.7 1846.9

Stability (10 rad* m™)

DegP: Chl a

(893.2-1716.1)

0.017
(0.006-0.025)

(611.1-1085.9)

0.046
(0.016-0.074)

(318.2-2622.7)

0.011
(0-0.028)

(1129.2-4421.2)

0.03
(0.006-0.078)
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Table 5. Factor loadings (correlation coefficients) of environmental variables with canonical roots

estimated by canonical correspondence analysis in Fig. 7.

Parameter 1* canonical root 2" canonical root
Temperature 0.445 -0.780
Salinity 0.634 -0.363
DIN 0.173 0.873
Phosphate -0.039 0.571
Silicate -0.008 -0.350
UMLD -0.369 -0.350

Stability 0.201 -0.459




FIGURES

Fig. 1

20°s

ar

25°s

115

SOZ%‘W-“’ 55°W " 50°w " a5°W " 40°W

LONGITUDE

36°8

3rs

39°8 |

57'W 56°W 55°W

Fig. 1. AMSR-E 8-day Sea Surface Temperature (SST) (°C) composite map for 11-17 October

2008, showing the location of 41 oceanographic stations occupied at the Brazil-Malvinas

145

Confluence region during the ‘PATEX VI’ cruise (a) and a detailed map (b) showing some station

labels over the cruise track.
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Fig. 2. Surface distributions of temperature (°C) (a) and salinity (b) over the study area.

Fig. 3
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Fig. 3. T-S diagram for the first 100 m of all stations occupied during the ‘PATEX VI’ cruise. Dot
colors indicate Chl a concentration (mg m™ on the color bar) obtained from Chl @ versus

fluorescence profile relationships. Dots that are not classified as a specific water mass are

represented by mixing of SAW and TW. SASW: Sub-Antarctic Shelf Water; SAW: Sub-Antarctic
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Water; TW: Tropical Water; STSW: (TW), Sub-Tropical Shelf Water; SACW: South Atlantic
Central Water; LSCW: Low Salinity Coastal Water.
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Fig. 5. Surface distributions of Chl a concentration (mg m™) (a) and relative contribution of

phytoplankton groups to total Chl a, according to interpretation of HPLC-derived pigment data
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using CHEMTAX program: “P. antarctica” (b); Diatoms (c); Dinoflagellates-1 (d);
“Chemotaxonomic group” (e); Cyanobacteria (f); Prasinophytes (g); and Cryptophytes (h).

Fig. 6
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Fig. 6. Dendrogram for sampling stations based on absolute abundance of major phytoplankton
groups at surface (less frequent taxa [<10%] were excluded) from microscopic analysis, using Bray-
Curtis similarity index and group average linkage. The clusters were named according to four
similarity zones as follows: Coastal Zone (CZ), Subantarctic Zone (SAZ), Tropical Zone (TZ) and
Intermediate Zone (1Z).
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surface absolute abundance of major species/groups, whose abbreviations are as follows: Flagellates
I (2-5 um; including Phaeocystis antarctica — Flagl), Flagellates II (>5 pm - FlaglI), Class
Cryptophyceae (Crypt), Ceratium spp. (Cer), Cochlodinium sp. (Coch), Dinophysis spp. (Dinph),
Gonyaulax cf. scrippsae (Gony), Gymnodinium spp. I (< 20 pm - Gymnl), Gymnodinium spp. II (>
20 um - Gymnll), Gyrodinium sp. I (< 20 pm - Gyrol), Oxytoxum spp. (Oxyt), Peridiniales I (< 20
pum - Perl), Peridiniales II (> 20 um - Perll), Prorocentrum micans (Pmic), P. minimum (Pmin), P.
minimum 1l (~20 um - Pminll), P. rostratum (Prost), P. aff. scutellum (Pscut), Scrippsiella cf.
trochoidea (Scripp), Torodinium robustum (Torod), other dinoflagellates (Dinof), Asteromphalus
sarcophagus (Asarco), Chaetoceros spp. I (< 10 um - Chaetl), Chaetoceros spp. Il (> 10 um —
Chaetll), Cylindrotheca closterium (Cylclo), Guinardia delicatula (Gdelic), Guinardia spp. (Gspp),
Hemiaulus spp. (Hspp), Meuniera membranaceae (Mmembr), Nitzschia longissima (Nlong),
Pseudonitzschia spp. (Pseudo), Rhizosolenia spp. (Rhizo), Thalassionema nitzschioides (Tnitz),
Thalassionemataceae (Tnema), Thalassiosira spp. I (< 20 um - Thal), Thalassiosira spp. I (> 20 to
50 um - Thall), Thalassiosira spp. II1 (> 50 to 100 um - Thalll), Other Centrics (Centr), Other

Pennates (Penn), Myrionecta rubra (Mrub).
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ANEXO I

Mendes, C.R.B., Souza, M.S.de, Garcia, V.M.T., Leal, M.C., Brotas, V. e Garcia,
C.A.E. Dynamics of phytoplankton communities during late summer around the tip of

the Antarctic Peninsula. Artigo submetido (em revisdo) ao Deep-Sea Research I. 57p.

A participagdo do segundo autor/doutorando na elaboragcdo deste manuscrito foi na
redacdo (juntamente com R. Mendes), na interpretagdo de resultados e analises de

dados taxondmicos complementares por microscopia.
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ABSTRACT

The composition and distribution of phytoplankton assemblages around the tip
of the Antarctic Peninsula were studied during two summer cruises carried out
in February/March 2008 and February/March 2009. Water samples were
collected for HPLC/CHEMTAX pigment analysis and microscopic observations.
A great spatial variability in chlorophyll a (Chl a) was observed in the study
area: highest levels in the vicinity of the James Ross Island (exceeding 7 mg m’
% in 2009), intermediate values (0.5 to 2 mg m™) in the Bransfield Strait, and low
concentrations in the Weddell Sea and Drake Passage (below 0.5 mg m™).
Phytoplankton assemblages were generally dominated by diatoms, especially at
coastal stations with high Chl a concentration, where diatom contribution was
above 90% of total Chl a. Nanoflagellates, such as cryptophytes and/or
Phaeocystis antarctica, replaced diatoms in open-ocean areas (e.g., Weddell
Sea). Many species of peridinin-lacking autotrophic dinoflagellates (e.qg.,
Gymnodinium spp.) were also important to total Chl a biomass at well-stratified
stations of Bransfield Strait. Iron limitation, inferred from a Fe-nutritional state
index (19’-hexanoyloxyfucoxanthin:chlorophyll ¢; ratio), and water column
structure were the most important environmental factors determining
phytoplankton communities’ biomass and distribution. The HPLC pigment data
also allowed an assessment of different physiological responses of
phytoplankton to ambient light variation. The present study provides new
insights about the dynamics of phytoplankton in an undersampled region of the

Southern Ocean highly susceptible to global climate change.
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1. Introduction

The Antarctic Peninsula (AP) is experiencing one of the fastest rates of regional
climate change on Earth, as ocean surface temperatures at the continental
margin of the western AP have undergone a pronounced warming (3-4°C) over
the past century (Turner et al., 2005; Steig et al., 2009). Such changes promote
the collapse of ice shelves, retreat of glaciers and exposure of new terrestrial
habitats (Clarke et al., 2007). Environmental features, as regional circulation
system, seasonal changes in the light regime and sea ice cover, have been
shown to determine a latitudinal variation in phytoplankton productivity along the
western AP (Garibotti et al., 2003). Moreover, recent studies have shown that
changes in phytoplankton biomass and composition along the western shelf of
the AP are associated with regional long-term climate alterations (Montes-Hugo
et al., 2009).

The Southern Ocean is generally a high-nutrient and low-chlorophyll (HNLC)
area, mainly due to the limitation of micronutrients, such as iron. However, high
phytoplankton biomass has been observed in particular regions, especially at
oceanic fronts, marginal ice zones and nearshore straits, bays, and lees of
islands (Prézelin et al., 2000 and references therein). These high biomass
regions are considered critical feeding sites for higher trophic levels and play a
crucial role on biogeochemical cycling of nutrients. Phytoplankton blooms in
those regions (usually dominated by diatoms or haptophytes, such as
Phaeocystis antarctica) are generally associated with the development of a
shallow mixed layer (with increased light levels that enhance phytoplankton

growth) and/or iron availability (Prézelin et al., 2000). On the other hand, recent
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studies have shown an increasing dominance of cryptophytes in the AP region,
particularly in areas with glacial melt water (Moline and Prézelin, 1996; Moline
et al., 2004). The dominance of cryptophytes instead of diatoms may influence
the trophic web, as cryptophytes are more efficiently grazed by salps than by
antarctic krill (Moline et al., 2004). Therefore, studies on phytoplankton and the
influence of environmental constraints in species/groups composition are
relevant for evaluation of ecosystem changes, both at short and long-term
scales.

The study of phytoplankton community composition has been classically
performed with light microscope examination. An alternative way to study
phytoplankton community structure is through chemotaxonomic methods based
on High Performance Liquid Chromatography (HPLC) analysis, which rely on
the presence and relative concentration of pigments that are characteristic of
distinct algal taxonomic groups (Wright and Jeffrey, 2006). Nevertheless, the
use of phytoplankton pigments in chemotaxonomic methods has drawbacks,
such as non-unique pigment markers and/or potential fluctuations in pigment
ratios with physiological stressors, both at species and at cellular level (e.g.,
irradiance and nutrients) (Wright and Jeffrey, 2006). On the other hand,
variations in the relative concentration of those pigments may be used as
indicators of the physiological state of phytoplankton communities (Moline,
1998; DiTullio et al., 2007). One of the chemotaxonomic tools that has been
developed and continuously improved to minimize errors inherent to fluctuations
of pigment ratios is CHEMTAX (Mackey et al., 1996). This approach involves an
iterative process of matrix factorization to optimize pigment ratios in order to

estimate the contribution of phytoplankton groups to total chlorophyll a (Chl a).
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CHEMTAX has been extensively used in phytoplankton communities in the
Australian sector of the Southern Ocean (Wright et al., 1996; Wright and van
den Enden, 2000; Wright et al., 2009; 2010) but only few studies have applied
this approach to the AP region (Rodriguez et al., 2002; Kozlowski et al., 2011).
In the present work, the spatial pattern of phytoplankton communities was
studied around the tip of the AP, encompassing the Bransfield Strait, part of the
Drake Passage and a northwestern section in the Weddell Sea. On the eastern
side of the AP, particularly in the ice edge zone of the Weddell Sea, extensive
phytoplankton blooms have been detected during spring and summer (Sullivan
et al., 1993; Park et al., 1999; Kang et al., 2001), which form an important
feeding ground for grazers. In addition, the shallows and bays of southwestern
Bransfield Strait are breeding grounds for a host of biota, especially krill (Zhou
et al., 1994), as a result of high surface phytoplankton biomass associated with
seasonal blooms (Karl et al., 1991; Castro et al., 2002). The main objective of
the present study was to understand phytoplankton biomass variation and
assemblage distribution during two late summers around the tip of AP by
chemotaxonomic analysis complemented with microscopic observations. The
specific questions addressed in this study were: (1) what is the relationship
between the thermohaline structure, water-column physico-chemical properties
and the phytoplankton communities in different areas of the study region?; and
(2) can photosynthetic pigments be used as indices (proxies) that reflect
physiological state and adaptations of phytoplankton communities to

environmental constraints (e.g., iron-limitation and light availability)?

2. Material and Methods
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2.1. Study area and sampling collection

Oceanographic cruises were conducted in the adjacent waters of the tip of AP,
from 60.6°S to 64.3°S and from 48.3°W to 62.2°W (Fig. 1), during late summer
of 2008 (February/March 2008) and 2009 (February/March 2009) and as part of
the SOS-CLIMATE (Southern Ocean Studies for Understanding Global-
CLIMATE lIssues) project. Surface water samples were taken in all CTD
(conductivity-temperature-depth) stations for phytoplankton pigments and
microscopic analyses (phytoplanktonic cell abundance and carbon biomass).
No microscopic analyses were made for the Weddell Sea samples due to very
low phytoplankton concentrations. Both physical data (conductivity, temperature
and salinity) and water samples were collected using a combined Sea-Bird
CTD/Carrousel 911+system® equipped with 24 five-liter Niskin bottles. Density
(kg m™) was calculated for evaluation of the water column physical structure
based on temperature, salinity and pressure data. The upper mixed layer (UML)
depth was determined as the depth where a change of 0.05 kg m occurred
over a 5 m depth interval (Mitchell and Holm-Hansen, 1991). At some stations,
chosen according with the fluorescence profiles (WetLabs® profiling
fluorometer), water samples were taken from several depths for phytoplankton
pigment analysis. Phytoplankton cell abundance and carbon biomass data were
calculated for surface samples, as they are representative of the UML (Garibotti

et al., 2003).

2.2. HPLC pigment analysis
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Immediately after sampling, seawater samples (1-2 L) were filtered onto
Whatman GF/F filters (nominal pore size 0.7 um and 25 mm in diameter), under
vacuum pressure (< 500 mbar) and filters were immediately stored in liquid
nitrogen. Phytoplankton pigments were extracted in the dark with 2 mL of 95%
cold-buffered methanol (2% ammonium acetate) for 30 min at -20°C. Samples
were sonicated (Bransonic, model 1210, w: 80, Hz: 47) for 1 min at the
beginning of the extraction period. Samples were then centrifuged at 1100 g for
15 min at 4°C. Extracts were filtered (Fluoropore PTFE membrane filters, 0.2
Mm pore size) and immediately injected in the HPLC instrument. Pigment
extracts were analyzed using a Shimadzu HPLC comprised of a solvent delivery
module (LC-10ADVP) with system controller (SCL-10AVP), a photodiode array
(SPD-M10ADVP), and a fluorescence detector (RF-10AXL). The
chromatographic separation of pigments was achieved using a monomeric OS
C8 column (Symmetry C8, 15 cm long, 4.6 mm in diameter, and 3.5 uym particle
size). Mobile phases were: (A) methanol:acetonitrile:aqueous pyridine solution
(0.25 M, pH adjusted to 5.0 with acetic acid) (50:25:25, v/v/v), and (B)
methanol:acetonitrile:acetone (20:60:20, v/v/v). The solvent gradient followed
Zapata et al. (2000) with a flow rate of 1 mL min~", with an injection volume of
100 L, and 40 minute runs. The limit of detection and limit of quantification of
this method were calculated and discussed in Mendes et al. (2007). Pigments
were identified from both absorbance spectra and retention times and
concentrations calculated from the signals in the photodiode array detector or
fluorescence detector (Ex. 430 nm; Em. 670 nm). The HPLC system was

previously calibrated with pigment standards from Sigma (chlorophyll a, b and
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B-carotene) and DHI (for other pigments). Table 1 lists all pigments detected

above the limit of quantification and that were considered in this study.

2.3. CHEMTAX analysis of pigment data

The relative abundance of microalgal groups contributing to total Chl a biomass
was calculated by pigment concentration data using CHEMTAX v1.95 chemical
taxonomy software (Mackey et al., 1996; Wright et al., 1996; Wright et al.,
2009). CHEMTAX uses a factor analysis and steepest-descent algorithm to best
fit the data on to an initial pigment ratio matrix. The basis for calculations and
procedures are fully described in Mackey et al. (1996). The initial pigment ratios
of major algal classes were based on pigment matrices used in studies from the
western AP region (Rodriguez et al., 2002; Kozlowski et al., 2011) (Table 2a).
Based on the identified diagnostic pigments and confirmation of the higher
taxonomic groups by microscopic analysis, 6 algal groups were loaded on
CHEMTAX: diatoms, dinoflagellates-1 (peridinin-containing dinoflagellates),
"Phaeocystis antarctica", cryptophytes, green flagellates (with Chl b) and
"chemotaxonomic group". The loaded pigments were chlorophyll ¢; (Chl ¢3),
chlorophyll ¢, (Chl ¢;), peridinin (Perid), 19’-butanoyloxyfucoxanthin (But-fuco),
fucoxanthin (Fuco), 19’-hexanoyloxyfucoxanthin (Hex-fuco), alloxanthin (Allo),
chlorophyll b (Chl b) and chlorophyll a (Chl a) (see Table 2a). The
"chemotaxonomic group" was characterized by a pigment signature that
includes Chl c3, Chl ¢,, But-fuco, Fuco and Hex-fuco, relative to a group

including peridinin-lacking autotrophic dinoflagellates and diatoms with Chl c3
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(Wright and Jeffrey, 2006), and other algal groups whose pigment composition
has not yet been exhaustively analyzed (e.g., Parmales and Chrysophytes).
The same initial ratio was used in data from both study years. Data from each
cruise were run separately in order to detect potential variations in optimization
of CHEMTAX procedures. In order to account for pigment ratios’ variation with
irradiance and/or nutrient availability, data from each cruise were also split into
three groups according to sample depth (0-50 m, 50-100 m and >100 m).

A series of 60 pigment ratio matrices were generated by multiplying each ratio
from the initial matrix by a random function, as described by Kozlowski et al.
(2011) to optimize the input matrix. The average of the best six output matrices
(with the lowest residual or root mean square error) were taken as the optimized
results. The optimized pigment ratio matrix derived by CHEMTAX for the 0-50 m
group is presented in Tables 2b and 2c¢ (data from 2008 and 2009,
respectively). The output data are presented as absolute amounts (mg m™) of
Chl a attributed to each phytoplankton group, and as a relative amount

(percentage) of the total Chl a in a sample.

2.4. Microscopic analysis

In order to determine the species composition, water samples were preserved
in amber glass flasks (~250 mL) with 2% alkaline Lugol’s iodine solution for
phytoplankton identification and counting. Settling chambers (from 50 to 100 mL
settling volume) were inspected on an Axiovert 135 ZEISS inverted microscope
(Utermaohl, 1958; Sournia, 1978) at 200x, 400x and 1000x magnification,

according to specific literature (mainly, Hasle and Syvertsen,1996; Scott and
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Marchant, 2005). Staining cells with Lugol’s solution allows recognition of
chloroplasts and pyrenoids and provides a clear picture of the cell outline, which
favors recognition of shape and size under the microscope (Sournia, 1978).
Distinction between autotrophic and heterotrophic dinoflagellates was made on
either the known taxonomic trophic mode or the presence/absence of
chloroplasts. Species-specific cell biovolumes were estimated by measuring cell
dimensions (from microscope images - Spot Insight QE camera) and by
applying volume calculations based on the most similar geometric shapes as in
Hillebrand et al. (1999). At least 30 specimens of each species or major taxa
were randomly chosen for measurements. Cell carbon content (carbon
biomass) was then calculated using different carbon-to-volume ratios for
diatoms and dinoflagellates according to Montagnes et al. (1994), and for all

other algae groups according to Menden-Deuer and Lessard (2000).

3. Results

3.1. Spatial distribution of phytoplankton pigments

Figure 2 shows Chl a distribution along with Hex-fuco:chl c; ratio (higher Hex-
fuco:chl c; ratio associates with iron limitation). Three spatial features are
observed in Chl a distribution around tip of the AP: (i) a high Chl a region
(exceeding 7 mg m™ in 2009) in the vicinities of James Ross Island; (ii) a region
with intermediate Chl a levels (0.5 to 2 mg m™) in the Bransfield Strait, and (i)
two areas with very low Chl a concentrations (below 0.5 mg m™), comprising the

Weddell Sea section and stations located mainly offshore in the Drake Passage
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(only sampled in 2008). Both highest values of Hex-fuco:Chl c3 ratios (>3) and
lowest phytoplankton biomass were observed in the Weddell Sea (in both
years) and offshore in the Drake Passage (Fig. 2).

Besides Chl a, the most abundant pigments (with maximum concentrations >
0.5 mg m™) were Fuco, Chl ¢,, diadinoxanthin (Diadino) and some degradation
products of Chl a (see Table 1). The highest concentrations of these pigments
were observed near James Ross Island. Bransfield Strait (particularly in 2008)
and Drake Passage also presented relatively high values (> 0.05 mg m™) of Chl
¢3, Hex-fuco and But-fuco. In the Weddell Sea region, where the lowest pigment
concentrations were observed, Fuco was the main accessory pigment at
coastal stations, while Allo and Hex-fuco appeared as the major carotenoids at
some offshore stations.

Relationships between particular accessory pigments can be used to reveal the
dominance of specific taxonomic groups. As observed in Figure 3, the highest
values of Chl c3:Fuco (slope = 0.38) were registered in 2008 for the Bransfield
Strait and Drake Passage. Intermediate values (slope = 0.16) were recorded in
2009 for the Bransfield Strait and the lowest values (slope = 0.037), for both
years, were observed near James Ross Island. The different slopes of this ratio
were associated with relative diatom contribution to phytoplankton community,
as observed in Ross stations where higher diatom contributions were

associated with a lower slope (further information on next section).

3.2. Distribution of taxonomic groups in relation to oceanography

3.2.1. Spatial distribution
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The relative contribution of the main phytoplankton groups to surface Chl a,
calculated by CHEMTAX, is shown in Figure 4. Phytoplankton assemblages
were generally dominated by diatoms in both years (Fig. 4a and b), especially at
stations with high Chl a concentration (mainly near James Ross Island) where
diatom contribution was above 90% of total Chl a. Other groups were also
abundant at distinct areas around the tip of the AP. Cryptophytes dominated the
Weddell Sea region, particularly stations with low diatom contribution, and at
one station in the Bransfield Strait, in 2008 (Fig. 4c and d). The haptophyte P.
antarctica showed the greatest contributions to total biomass in the Drake
Passage region (only sampled in 2008) and at some Weddell Sea stations (Fig.
4e and f). The “chemotaxonomic group” was more dominant in the Bransfield
Strait comparing to other regions (Fig. 4g and h). Dinoflagellates-1, which were
more abundant in the Bransfield Strait, were always below 10% of total Chl a,
and green flagellates never represented more than 8% of biomass (data not

shown).

3.2.2. Microscopy vs. CHEMTAX

Direct comparisons of the estimated biomass using microscopy data and
CHEMTAX showed significant relationships for total phytoplankton (Fig. 5a) and
diatom biomass (Fig. 5b). The significant correlation between microscope-
derived carbon biomass and diatom-allocated Chl a calculated through
CHEMTAX (Fig. 5b) mirrored the correlation for the total autotrophic community

(Fig. 5a), which denotes a clear dominance of diatoms. A conspicuous
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dominance of diatom carbon biomass was observed in both years, with higher
values (> 100 pg C I", in average) found near James Ross Island and in
agreement with CHEMTAX results (see Fig. 4a and b). Differences for the
haptophyte P. antarctica varied with the study period. In 2009 this organism was
rarely recorded in microscope observations, partly due to the lack of microscope
data from Weddell Sea, where the contribution of P. antarctica to Chl a was 20-
40% (determined by CHEMTAX). In 2008, with the additional data of Drake
Passage, a significant correlation was observed between the two methods (Fig.
5c). Other groups (not shown in figure 5), such as cryptophytes, were barely
separated from other small flagellates by microscopic analysis, except at one
station in the Bransfield Strait (in 2008), where CHEMTAX data also showed a
higher contribution of cryptophytes to biomass. The "chemotaxonomic group"
was correlated with small flagellate biomass in the Drake Passage (R2=0.52;
p<0.05). In the Bransfield Strait significant correlations were observed between
the "chemotaxonomic group" and dinoflagellates for both years (R*=0.62;
p<0.05). The correlations found in the Bransfield Strait may indicate the
presence of other types of dinoflagellates that contain combinations of pigments

without peridinin.

3.2.3. Drake Passage (DRAKE)

Figure 6 shows the vertical profiles of Chl a biomass of the taxonomic groups
determined by CHEMTAX at a typical coastal and offshore station from DRAKE.
An increase in water column stratification was generally observed from coastal

to offshore stations, as observed in Figure 6. A coastal-offshore gradient was
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also observed for biomass and relative distribution of taxonomic groups, with
higher Chl a concentration at the coastal stations decreasing towards offshore.
At the coastal station (Fig. 6a), a dominance of diatoms was observed but no
deep chlorophyll maximum (DCM), which was present at the offshore station
(Fig. 6b). Relatively low diatom contributions were found at the surface layers of
offshore stations (below 60 m diatoms became dominant) as they were
replaced by nanoplankton (<20 um in greatest axial linear dimension), such as
P. antarctica, cryptophytes and green flagellates (Fig. 6b). Although many
flagellates could not be identified by microscope observations, the most
representative phytoplankton species in DRAKE were the large centric diatom
Corethron pennatum, the haptophyte P. antarctica and nanoflagellates,

comprising dinoflagellates (e.g., Gymnodinium spp.).

3.2.4. Bransfield Strait (BRANSFIELD)

Great spatial and temporal variability were observed for both biomass and
distribution of taxonomic groups and between the two surveyed years (Fig. 7).
Higher biomass was observed in 2009 (see also Fig. 2) compared with 2008,
coupled with an increase in the relative contribution of diatoms (mainly the
centric Thalassiosira spp., Corethron pennatum, the nano-sized Chaetoceros
neglectus and the pennate Pseudonitzschia spp.). The highest biomass levels
within the UML were generally registered at the deep stations in the central
basin and characterized by a major contribution of the "chemotaxonomic group"
(associated with high densities of Gymnodinium spp.) and diatoms (Fig. 7b and

e). Biomass levels decreased from offshore to coastal stations, where diatoms
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and/or cryptophytes dominated the phytoplankton community (Fig. 7a and d). In
2008, a negative relationship was found between surface Chl a and the UML
depth (R2 =0.50, p <0.01), and the deepest UML reached 155 m near the
Elephant Island (station B104). Lower biomass and an increase of small
flagellates over diatoms were observed at stations with deeper UML (see Fig.
7c¢). This physical feature was not observed in 2009 (UML was always less than
100 m) and biomass levels were similar to those observed at other
BRANSFIELD stations, which were characterized by diatoms dominance (see
Fig. 7f).

Generally, biomass levels of the main taxonomic groups were associated with
water column stratification, particularly in 2008 (Fig. 8). At stations with deep
UML (stations B119, B120 and B121), mainly along the coast, diatoms reached
up to 0.4 mg m™ of total Chl a (inset in Fig. 8), which represented over 75% of
total biomass. On the other hand, other taxonomic groups (mainly
dinoflagellates) reached a similar or higher relative contribution at shallow UML
stations (e.g., stations B117, B125 and B126). At intermediate stratification
conditions (station B124) cryptophytes became the dominant group (more than
80% of total Chl a). A slight stratification and low biomass, with a co-dominance
of diatoms and cryptophytes was observed at the nearshore station B115 (Figs.

7a and 8).

3.2.5. Weddell Sea (WEDDELL)

The phytoplankton community was mainly composed by diatoms, cryptophytes

and P. antarctica (see Fig. 4), and was associated with low biomass values
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during both years (Chl a always below 0.5 mg m™; see Fig. 2). A particular
strong coastal-offshore gradient in water column stratification was observed at
DRAKE (Fig. 9). The phytoplankton community composition displayed a neat
succession along this gradient (insets in Fig. 9). Diatoms were dominant in the
well-mixed water column at coastal stations, associated with highest biomass (>
0.2 mg m'3), and were gradually replaced by cryptophytes at stations with
intermediate stratification. During both studied years, offshore stations were
strongly stratified, which was associated with very low biomass (< 0.1 mg m™).
Figure 10 shows the vertical profiles of the phytoplankton community
composition at six stations (Fig. 10a-f) and their density profiles (insets in Fig.
10). For station W211 (Fig. 10d), samples from only two depths (including
surface) are available. The vertical distribution of the Hex-fuco:Chl c3 ratio (Fe-
index ) is also shown. Surface Hex-fuco:Chl c3 ratio values increased from
approximately 2 at coastal station (Fig. 10a and d) to nearly 7 at the most
offshore 2008 station (Fig. 10c), dominated by P. antarctica. At stations with
intermediate ratio values at surface (station W114, Fig. 10b), a major
contribution of cryptophytes was observed within the upper 20 m. Moreover,
depth profiles showed that at stratified stations Hex-fuco:Chl c; ratios were
higher at surface and decreased with depth (Fig. 10b,c,f). Although both
stations were located in a similar position and showed a similar density profile,
the intermediate stratified station W215 (Fig. 10e) showed a different biomass
profile than the station W114 (Fig. 10b). Despite the similar biological pattern
between sampling years, there was an evident interannual difference in the
Weddell Sea region, as higher biomass was observed in 2009 (Fig. 10d-f),

which was coupled with a lower Hex-fuco:Chl c; ratio.
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3.2.6. Vicinity of James Ross Island (ROSS)

High Chl a concentration was generally recorded around ROSS. On the other
hand, at the Antarctic Sound stations (e.g., stations R118 and R210; see Fig. 1
for their location) surface Chl a was always below 0.5 mg m™ (see Fig. 2).
Figure 11 shows the vertical profiles of the phytoplankton community at six
stations (Fig. 11a-f) that represent high (Fig. 11a and d), intermediate (Fig. 11b
and e) and low (Fig. 11c and f) Chl a values during both years. Despite this
relatively large biomass range, there was an absolute dominance of diatoms at
all stations (>90 % contribution to total biomass). On a decreasing level of
importance, the main diatom species were Odontella weissflogii (> 70 ym in
length), an assembly of moderately large centric diatoms (from 20 to 100 ym in
diameter) and Eucampia antarctica. Areas with relatively high biomass were
associated with a shallow UML, and generally comprised the stations nearest to
land (e.g., Fig. 11a and d; stations R113 and R208, respectively). On the other
hand, relatively low biomass (Fig. 11c and f; stations R118 and R210,
respectively) was observed at deep UML (insets in Fig. 11c and f) Antarctic
Sound stations. Maximum and average Chl a levels in 2009 were twofold

greater than those observed in 2008 (see Table 1).

3.3. Other pigment indices

3.3.1. Pigment degradation products



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

172

The HPLC analysis allowed the separation, identification and quantification of
three types of Chl a degradation products: chlorophyllide a (Chlide a),
pheophytin a (Phytin a) and pheophorbide a (Phide a). Apart from the area
around ROSS, where a typical diatom-bloom situation was observed, the
concentration of the degradation products were always below 0.1 mg m=. The
main degradation product of Chl a for the whole surveyed region was
pheophorbide a (see Table 1). The concentrations of degradation products,
particularly chlorophyllide a, were higher at ROSS than in other areas. Figure
12 shows the linear relationships observed between degradation products and
total Chl a in this region, and indicates a significant difference between both
study years. In 2008 all degradation products were present at significantly
higher concentrations than in 2009, with an average proportion (degradation
product/total degradation products plus Chl a) of 11% for chlorophyllide a, 9%
for pheophorbide a and 3% for pheophytin a. In 2009 the average proportions

were 7%, 6% and 2%, respectively.

3.3.2. Photosynthetic and photoprotective pigments

The array of phytoplankton pigments found in this study include photosynthetic
and photoprotective carotenoids. The ratio of the sum of photoprotective
carotenoids (PPC; alloxanthin, diadinoxanthin and diatoxanthin in our study) to
the sum of total pigments (TP) indicated the physiological adaptation of the
phytoplankton community to the prevailing ambient light. An evident difference
in those indices was found between samples taken during day and at nighttime

in the diatom-dominated ROSS region. For instance, Figure 13 shows vertical



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

173

profiles of PPC: TP for ROSS and DRAKE regions. The PPC:TP ratios at the
nighttime stations in ROSS were about twofold smaller than those at daytime,
especially on the surface layer (Fig. 13a and b), which indicates that relative
PPC concentrations may change over a day. In the stratified water column
conditions observed at DRAKE the PPC:TP ratios within the upper mixed layer
were five-times higher than those at or below the pycnocline during daytime
(Fig. 13c). However, no noteworthy differences were found at stratified stations
between day and nighttime stations or with depth variation for the ratio of
pooled photosynthetic carotenoids (PSC; 19'-butanoyloxyfucoxanthin, 19'-

hexanoyloxyfucoxanthin, fucoxanthin and peridinin) to TP (insets in Fig. 13).

4. Discussion

4.1. Application of CHEMTAX in the study of phytoplankton communities

Several studies in the western AP region have already suggested that both
microscopy and HPLC techniques should be simultaneously used (e.g.,
Rodriguez et al., 2002; Kozlowski et al., 2011). Microscope observations
provide important taxonomical information (to species or genus), which provides
a better taxonomic resolution than HPLC, particularly for large and recognizable
organisms. Small-sized organisms, such as nanoplanktonic cells that were
common in low biomass areas of the studied region, are often difficult to
preserve and recognize by light microscopy. HPLC-CHEMTAX provides
valuable information about the whole phytoplankton community, including small-
size groups. The good relationship observed between HPLC-CHEMTAX and

microscope derived biomass of representative taxonomic groups (diatoms and



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

174

P. antarctica) (Fig. 5) supports the reliability of the HPLC. Additionally, a high
number of pigment samples were analyzed with HPLC-CHEMTAX during these
oceanographic surveys, which would be impractical to study only by
microscopic analysis.

The CHEMTAX software (Mackey et al., 1996) has been successfully used in
many worldwide investigations (e.g., Mackey et al., 1998; Schliter et al., 2000;
Carreto et al., 2008; Wright et al., 2009; 2010). When using the CHEMTAX tool
it is recommended to apply different approaches for matrix optimization
procedures, as described by Latasa (2007) and Wright et al. (2009). Other
possibility is the combination of different approaches in order to improve the
results (Mendes et al., 2011; Schliter et al., 2011; de Souza et al., 2011). In the
present study, we used the Wright's method to obtain the output data from
CHEMTAX. This method is appropriate for regions with low pigment
concentrations (Wright et al., 2009), which was observed in the Weddell Sea
and Drake Passage.

The output pigment ratios (see Table 2b and c) were generally equivalent to
values available in literature (e.g., Rodriguez et al., 2002; Kozlowski et al.,
2011) for the AP region. The average Fuco:Chl a (diatom) output ratio was
lower in Rodriguez et al. (2002) (0.425 in 1995/1996) as compared to our study
(0.940 for 2008 and 0.822 for 2009), but it was above the maximum value
(0.714 £ 0.160 from 1995 to 2007) observed by Kozlowski et al. (2011). The
cryptophyte Allo:Chl a ratio (0.428 for 2008 and 0.362 for 2009) was also higher
than the observations made by Rodriguez et al. (2002) (0.228 in 1995/1996),
but again within the range observed by Kozlowski et al. (2011) (0.443 £ 0.125

from 1995 to 2007). On the other hand, we have observed negligible variations
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between our study and results presented by both Rodriguez et al. (2002) and
Kozlowski et al. (2011) for the ratios Hex-fuco:Chl a and But-fuco:Chl a of P.
antarctica. These differences may be associated with a light regime variation,
nutrients availability and changes in algal populations (Schlutter et al., 2000).
The different CHEMTAX approaches used by the different authors may also
affect these final ratios. The output ratios for that we observe for the
"chemotaxonomic group" varied between the two sampling years and also with
the literature previously mentioned. Such differences are associated with the
structure of the "chemotaxonomic group", which is composed of different taxa.
For instance, the high Chl ¢3:Chl a ratio (0.501) observed in 2008 may be
related to the presence of Gymnodinium spp. (detected by microscopy), as
higher concentrations of Chl c; were registered only at stations with high
dinoflagellates abundance. Moreover, the high abundance of c3 -containing
Pseudonitzschia spp. may have contributed to this ratio, particularly in the

Bransfield Strait.

4.2. Phytoplankton communities and oceanographic parameters

A great spatial variability (horizontal and vertical) in the phytoplankton
community was observed in the AP for both biomass and composition. This
variation was mainly associated with water column structure, which can
determine light availability and/or iron limitation within the UML. Stratification
was associated with several physical processes in the study area, such as
coastal ice melting (characteristic of ROSS region) and seasonal warming of

surface layers (evident in WEDDELL and DRAKE regions). For instance, a



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

176

remnant cold and salty Winter water is usually found below warmer and fresher
Antarctic Surface Water commonly formed during summer (Gordon and Huber,
1984), particularly in offshore areas.

We sampled during the late summer, when the existing phytoplankton
community result from the succession associated with timing and extent of ice
melting during the summer (Garibotti et al., 2005 and references therein).
Although in the present study a temporal variation was not evaluated, the great
spatial heterogeneity allowed us to understand some processes related to the
distribution of phytoplankton communities around the tip of the AP. For
instance, the low phytoplankton biomass observed in WEDDELL may be
associated with a post bloom stage, as frequent blooms are often observed in
this region during summer (Sullivan et al., 1993; Park et al., 1999; Kang et al.,
2001). On the other hand, a clear diatom bloom situation was observed in
ROSS. In this region we also observed reasonably well-stratified water column
due to ice melt and runoff from glaciers at James Ross Island. Both ice melt and
runoff are a likely source of iron that may have triggered the diatom-dominated
(e.g., Odontella weissflogii) phytoplankton bloom. Moreover, a biological-
physical gradient was observed, as higher diatom biomass was generally
associated with stratified nearshore areas (see Fig. 11). This scenario was
already described, highlighting the importance of a shallow UML depth (Mitchell
and Holm-Hansen, 1991; Garibotti et al., 2005) and associated stratification as
a result of ice melting on phytoplankton development. This feature has been
observed predominantly in coastal areas, as these regions are apparently
protected from strong winds (Ducklow et al., 2007). Even though the lowest

biomass levels in ROSS were measured in the Antarctic Sound area
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(associated with a deep UML), the phytoplankton composition was similar to
other stations of the same region. This could be associated with advection
processes in the Antarctic Sound, which prevented the accumulation of
phytoplankton biomass (e.g., Moline and Prézelin, 1996).

The phytoplankton community in WEDDELL and DRAKE regions was
characterized by low biomass and dominated by flagellates, including P.
antarctica and cryptophytes at the stratified offshore stations. These
stratification situations were probably a major physical feature affecting
phytoplankton assemblages by a supposed limitation of Fe input into the upper
surface layer, leading to development of a deep chlorophyll maximum (Ducklow
et al., 2007). Other factors, such as senescence and/or grazing, may have also
contributed to the low biomass observed in those regions. The dominance of P.
antarctica at shallow UML stations was not observed in other Antarctic regions,
such as the Ross Sea (Arrigo et al., 1999, 2000), where this organism is
commonly associated with deep UML due to photophysiological abilities
(Kropuenske et al., 2010; Mills et al., 2010). In this study, this haptophyte was
found in very low biomass at shallow UML layers and therefore was able to
thrive under apparently low iron conditions. Those oligotrophic conditions
(mainly in WEDDELL) may reflect the timing of our sampling period (late
summer).

The BRANSFIELD region is hydrographically complex, comprising water
masses that progressively change from Bellingshausen Sea to Weddell Sea
influence (Sangra et al., 2011 and references therein). This complexity may
explain the great temporal (interannual) and spatial variability in phytoplankton

biomass and composition. Briefly, higher biomass levels were recorded in 2009
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mainly associated with diatoms and a shallower UML. At the northernmost part
of this region (near Elephant Island), particularly in 2008, a low-biomass
community composed by small flagellates was observed, coupled with a UML
deeper than in 2009 (presumably leading to light limitation; see Fig. 7c and f). At
coastal sites, diatoms and/or cryptophytes were the major groups contributing to
phytoplankton biomass. On the other hand, the “chemotaxonomic group” was
very important at the central channel (in the southernmost portion of the Strait).
This group was dominated by Gymnodinium spp., which is known to contain
carotenoids other than peridinin (Carreto et al., 2001). As demonstrated by
classical ecological theories (Margalef, 1958; Smayda and Reynolds, 2001), we
found the high abundance of Gymnodinium spp. and other dinoflagellates
correlated with well-stratified water masses at the central channel in
BRANSFIELD. Another interesting feature was the conspicuous dominance of
cryptophytes at station B124, characterized by an intermediate stratification
condition (see Fig. 8). One possible explanation for this particular area is the
occurrence of a topographically induced upwelling of Weddell Sea water,
inferred from the temperature-salinity profile (data not shown). Indeed,
cryptophytes were a relatively important group at the WEDDEL region. Few
studies have reported episodic upwelling caused by topographic characteristics
in other regions close to AP (Ducklow et al., 2007 and references therein) as
well as intrusions of Weddell Sea water from the southwest into the Bransfield

Strait (Sangra et al., 2011).

4.3. Pigments as indicators of community physiological state
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Pigment information can be used not only as a taxonomic tool to describe the
phytoplankton community but also as a proxy for physiological responses to
distinct environmental factors, such as nutrient stress, light availability and
grazing pressure. This study tested the Hex-fuco:Chl c3 ratio as an index of Fe-
nutritional state of the phytoplankton community. This approach was based on
the experimental work developed and validated by DiTullio et al. (2007) for P.
antarctica cultures and on iron enrichment field studies and its effect on the
phytoplankton community (e.g., Hoffmann et al., 2006; Wong and Crawford,
2006). In Fe-stress conditions, P. antarctica (present at most sampling stations,
mainly in DRAKE and WEDDELL) is able to convert fucoxanthin into 19’-
hexanoyloxyfucoxanthin (Van Leeuwe and Stefels, 1998, 2007) and increase
the Hex-fuco:Chl c; ratio (DiTullio et al., 2007). Moreover, experimental in-situ
studies (e.g., Hoffmann et al., 2006; Wong and Crawford, 2006) reported
important shifts in phytoplankton communities and their pigments in iron-
fertilized areas. According to these studies, diatoms dominated (increase in
fucoxanthin concentrations) when iron was supplied, while nanoflagellates,
dominated mainly by haptophytes, dominated when iron was presumably less
supplied. The Hex-fuco-containing nanoflagellates, which were probably not
stimulated by iron supply, were controlled by grazing pressure (Hoffmann et al.,
2006). Moreover, upon iron enrichment, there was a slight increase in Chl c;
(Hoffmann et al., 2006; Wong and Crawford, 2006). Although these studies
associated Chl c¢; with haptophytes, the increase of this pigment could be also
coupled with higher abundance of Chl c¢s-containing diatoms, such as
Pseudonitzschia spp. observed in naturally iron-enriched environments (Wright

and Jeffrey, 2006). Iron enrichment would thus change the phytoplankton
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community with a decrease in the Hex-fuco:Chl c¢; ratio. The Hex-fuco:Chl c3
ratio may therefore reflect the physiological response of P. antarctica to iron
availability, particularly in regions dominated by this species. This ratio can also
provide information about changes in phytoplankton communities associated
with this important micronutrient, regardless the presence of P. antarctica. In
this view, we assume that the Hex-fuco:Chl c; ratio can provide a suitable index
of the Fe-nutritional state of the whole phytoplankton community. Our results
shown a high ratio (> 3), indicating Fe-limitation, in the WEDDELL region and
offshore DRAKE, particularly at the surface layer where the lowest biomass
levels were recorded. A strong association was found between the pattern of
Hex-fuco:Chl c; ratio and the Fe spatial distribution pattern previously reported
for this AP region. For instance, in the northernmost sector of the studied
region, which encompasses Drake Passage and the western Weddell Sea
(where high Hex-fuco:Chl c3 ratios were observed), previous studies report a
limitation of primary production and biomass associated with low iron
concentration (Holm-Hansen and Hewes, 2004). Additionally, Safnudo-Wilhelmy
et al. (2002) described a coastal-offshore gradient in trace metal concentration
(including Fe) in the AP region, from coastal waters with high metal
concentrations to offshore waters with low metal levels. This pattern was also
evident in this study, particularly along the WEDDEL transect, from low (coast)
to high (offshore) surface Hex-fuco:Chl c; ratio. This onshore-offshore gradient
in Hex-fuco:Chl c3 ratio was accompanied by changes in the phytoplankton
community: a dominance of diatoms along with low Hex-fuco:Chl c; ratio was
observed in coastal regions, cryptophytes dominated when intermediate Hex-

fuco:Chl c3 ratios were found in middle sites, and very low biomass (dominated
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by smaller flagellates such as P. antarctica) was detected at far offshore
stations, associated with the highest Hex-fuco:Chl c; ratios (see Fig. 10). These
composition shifts are possibly related to competition for nutrient resources,
especially iron, including different nutrient-uptake abilities of distinct
phytoplankton groups found across the WEDDELL transect. We also observed
a variation of the Fe-index between the studied years. Hex-fuco:Chl c; ratios
were generally higher in 2008 (indicating a stronger limitation) and associated
with lower biomass levels, as compared to 2009 (see Fig. 2).

Among other environmental factors controlling the phytoplankton community,
grazing pressure must also be considered (Ross et al., 1998; Anadon et al.,
2002). Despite the lack of zooplankton data in this work, the relative content of
Chl a degradation products can be used as a proxy for grazing pressure and for
senescence of phytoplankton cells (Jeffrey et al., 1997). Apart from ROSS,
where a diatom bloom was observed, low concentrations of these degradation
products were generally observed (see Table 1). Higher proportions of all those
products were observed in ROSS in 2008 than in 2009, which may suggest that
the 2008 diatom-bloom was in an advanced senescence stage and under
higher grazing pressure relatively to the scenario found in 2009 (see Fig. 12).
Considerable differences were observed for the proportions of specific
(photosynthetic or photoprotective) carotenoids over the total amount of
pigments. Contrasting differences between the response of PPC and PSC to
irradiance variation were detected across vertical profiles within the diatom-
bloom at ROSS and at well-stratified offshore DRAKE stations (see Fig. 13).
While a noteworthy difference in PPC:TP ratios were observed between day

(higher values) and night (lower values) stations at ROSS, no detectable
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differences were found between day and night PSC:TP ratios. In addition, the
PPC:TP proportion was significantly higher in the upper surface layer than in
depth at the well-stratified DRAKE stations, although this pattern was again not
evident for the PSC:TP ratios. These results may be explained by the
carotenoids’ key functions in photosynthesis: (i) PSC have a significant role in
extending the phytoplankton light-harvesting spectrum, thus ensuring optimal
absorption efficiencies and (ii) PPC acts as a protector of microalgal cells
against high irradiances that may damage the photosynthetic apparatus (Kirk,
1994). Furthermore, the ratios of PPC:TP and PSC:TP have been considered
remarkably robust for assessing the physiological state of a phytoplankton
community (Barlow et al., 2008 and references therein). Information on PPC: TP
ratios may thus indicate phytoplankton light histories (e.g., day vs. night, as in
our study) and water column stability (Moline, 1998). Nonetheless, the PSC: TP
ratios did not show an apparent response to short-term light changes,
associated with neither daily-varying light field nor depth profiles or water
column stratification. Our results support the assumption that photosynthetic

pigments and respective ratios are rather adequate as taxonomic biomarkers.

5. Concluding remarks

This study shows that the spatial distribution of phytoplankton communities
around the AP, particularly in the northernmost regions, is very complex and
subject to several environmental factors, which may determine their
composition and succession stage. Diatoms were the main contributors to Chl a
biomass in areas presumably affected by ice melting processes, as observed at

ROSS. Ice melting processes probably enhance iron input into seawater,
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triggering growth of large diatoms (both isolated cells and colonies). In open-
ocean areas such as DRAKE and WEDDELL, where iron-limited conditions
were observed in stratified waters, nanoflagellates replaced diatoms as the
dominant phytoplankton group. P. antarctica was the dominant organism among
flagellates. Cryptophytes were persistently found at intermediate stratification
conditions and associated with intermediate Hex-fuco:Chl c3 values, i.e.,
between diatom-dominated and offshore low biomass stations. At both
BRANSFIELD and DRAKE coastal stations, many species of dinoflagellates
(dominant taxa of the “chemotaxonomic group” that contain carotenoids rather
than peridinin) were also important to total Chl a. Based on the spatial
distribution of phytoplankton community composition and associated
environmental factors, it seems that flagellates may replace diatoms in
particular conditions (intermediate to strong stratification leading to iron
limitation). Finally, this study highlights the usefulness of HPLC pigment data as
biotic indicators of physiological responses to environmental conditions, such as

Fe-nutritional state, ambient light and/or grazing pressure.
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Table 1: Concentrations (mg m™) of pigments (average and minimum-maximum

concentrations for each geographic region). Chl a = chlorophyll a; Chlide a =

chlorophyllide a; Phytin a = pheophythin a; Phide a = pheophorbide a; Chl b =

chlorophyll b; Chl ¢, = chlorophyll ¢,; Chl ¢; = chlorophyll ¢3; Allo = alloxanthin;

Fuco = fucoxanthin; Hex-fuco = 19'-hexanoyloxyfucoxanthin; But-fuco = 19'-

butanoyloxyfucoxanthin; Diadino = diadinoxanthin; Diato = diatoxanthin; Perid =

peridinin.

Pigment

2008

2009

Drake

Bransfield

Ross

Weddell

Bransfield

Ross

Weddell

Chl a
Chlide a
Phytin a
Phide a

Chl b

Chl c;

Chl c3

Allo

Fuco
Hex-fuco
But-fuco
Diadino

Diato

Perid

0.39 (0.04-0.89)
0.01 (0.00-0.03)
0.02 (0.00-0.05)
0.04 (0.00-0.10)
0.01 (0.00-0.02)
0.07 (0.01-0.20)
0.10 (0.00-0.28)
0.01 (0.00-0.07)
0.31(0.03-0.72)
0.07 (0.02-0.12)
0.06 (0.01-0.19)
0.10 (0.01-0.23)
0.01 (0.00-0.04)
0.02 (0.00-0.05)

0.55 (0.12-1.08)
0.02 (0.00-0.05)
0.02 (0.01-0.05)
0.08 (0.01-0.22)
0.01 (0.00-0.04)
0.11 (0.03-0.24)
0.15 (0.00-0.37)
0.02 (0.00-0.23)
0.44 (0.10-0.96)
0.08 (0.02-0.14)
0.07 (0.01-0.18)
0.13 (0.02-0.29)
0.02 (0.00-0.06)
0.05 (0.00-0.13)

1.76 (0.25-4.50)
0.24 (0.00-0.87)
0.07 (0.01-0.26)
0.19 (0.02-0.61)
0.03 (0.02-0.09)
0.50 (0.03-1.27)
0.06 (0.00-0.21)
0.00 (0.00-0.00)
1.60 (0.17-3.47)
0.02 (0.00-0.07)
0.01 (0.00-0.02)
0.13 (0.02-0.28)
0.02 (0.00-0.05)
0.06 (0.00-0.17)

0.15 (0.04-0.15)
0.01 (0.00-0.01)
0.01 (0.00-0.01)
0.01 (0.00-0.03)
0.01 (0.00-0.03)
0.02 (0.01-0.05)
0.01 (0.00-0.03)
0.02 (0.00-0.06)
0.05 (0.02-0.14)
0.05 (0.02-0.08)
0.01 (0.00-0.02)
0.02 (0.01-0.03)
0.00 (0.00-0.00)
0.00 (0.00-0.00)

0.92 (0.35-1.98)
0.03 (0.00-0.14)
0.04 (0.01-0.07)
0.09 (0.01-0.29)
0.01 (0.00-0.03)
0.13 (0.03-0.28)
0.09 (0.01-0.28)
0.01 (0.00-0.03)
0.59 (0.10-1.42)
0.02 (0.01-0.06)
0.02 (0.01-0.06)
0.09 (0.01-0.22)
0.02 (0.00-0.06)
0.03 (0.00-0.09)

3.73 (0.36-7.61)
0.33 (0.00-0.90)
0.08 (0.01-0.18)
0.26 (0.03-0.55)
0.02 (0.00-0.03)
0.73 (0.03-1.71)
0.11 (0.00-0.30)
0.00 (0.00-0.01)
3.00 (0.2-6.95)
0.01 (0.00-0.03)
0.00 (0.00-0.01)
0.29 (0.02-0.60)
0.06 (0.00-0.16)
0.03 (0.00-0.06)

0.27 (0.02-0.27)
0.01 (0.00-0.03)
0.01 (0.00-0.03)
0.01 (0.00-0.04)
0.01 (0.00-0.03)
0.04 (0.00-0.13)
0.02 (0.00-0.05)
0.03 (0.00-0.13)
0.11 (0.02-0.60)
0.06 (0.01-0.14)
0.01 (0.00-0.02)
0.03 (0.00-0.09)
0.00 (0.00-0.01)
0.01 (0.00-0.02)
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Table 2: Pigment to chlorophyll a ratios used for CHEMTAX analysis. Initial

ratios before analysis (a), 2008 optimized ratios (for 0-50m bin) after analysis

(b), and 2009 optimized ratios (for 0-50m bin) after analysis (c).

Chlc; Chlc, Perid But-fuco Fuco Hex-fuco Allo Chl b Chl a

(a) Input matrix

Diatoms 0 0.110 0 0 0.754 0 0 0 1
Dinoflagellates-1 0 0.320 0.720 0 0 0 0 0 1
Chemotaxonomic group 0.067 0.126 0 0.122 0.290 0.248 0 0 1
Phaeocystis antarctica 0.141 0.144 0 0.080 0.011 0.916 0 0 1
Cryptophytes 0 0.174 0 0 0 0 0.228 0 1
Green flagellates 0 0 0 0 0 0 0 0.945 1
(b) Output matrix: 0 - 50 m (2008 data)

Diatoms 0 0.225 0 0 0.940 0 0 0 1
Dinoflagellates-1 0 0.274 0.926 0 0 0 0 0 1
Chemotaxonomic group 0.501 0.184 0 0.337 0.821 0.353 0 0 1
Phaeocystis antarctica 0.209 0.128 0 0.135 0.023 0.982 0 0 1
Cryptophytes 0 0.191 0 0 0 0 0.428 0 1
Green flagellates 0 0 0 0 0 0 0 0.932 1
(c) Output matrix: 0 - 50 m (2009 data)

Diatoms 0 0.149 0 0 0.821 0 0 0 1
Dinoflagellates-1 0 0.381 0.898 0 0 0 0 0 1
Chemotaxonomic group 0.249 0.118 0 0.093 0.401 0.037 0 0 1
Phaeocystis antarctica 0.208 0.128 0 0.080 0.011 1.237 0 0 1
Cryptophytes 0 0.192 0 0 0 0 0.362 0 1
Green flagellates 0 0 0 0 0 0 0 0.879 1
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Figure captions

A SOS-CLIMATE 2008
O  SOS-CLIMATE 2009

61°S

62°S

Ocean Data View

60°W 55°W 50°W
Figure 1. Study area and stations’ locations during SOS-CLIMATE 2008 and
2009 summer cruises. Bounded stations (dashed line) represent the
geographical zonation used in this study (non-bounded stations were not used
in the discussion of the results). The first letter of the stations’ label is related to
the surveyed region (D = DRAKE, B = BRANSFIELD, W = WEDDELL, R =
ROSS). The number following that letter refers to the sampling period (1 = 2008
cruise, 2 = 2009 cruise). Inset map includes the South Polar orthographic

projection and the box indicates the magnified region.
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Hex-fuco:Chl c; ratio (isolines) for SOS-CLIMATE 2008 (a) and 2009 (b).
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Figure 4. Surface distribution of the relative contribution (%) of main
phytoplankton groups to total Chlorophyll a estimated by CHEMTAX using
HPLC pigment data: diatoms in 2008 (a) and 2009 (b); cryptophytes in 2008 (c)
and 2009 (d); Phaeocystis antarctica in 2008 (e) and 2009 (f);

"Chemotaxonomic group" in 2008 (g) and 2009 (h).
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Figure 5. Relationship between Chlorophyll a biomass estimated from
CHEMTAX/HPLC pigment data and carbon biomass obtained from microscopy
data. (a) All groups (2008 and 2009), (b) diatoms (2008 and 2009) and (c)

Phaeocystis antarctica (only 2008).
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Figure 6. Depth distribution of phytoplankton groups' biomass (as Chlorophyll a

concentration) calculated by CHEMTAX at: (a) a coastal station (D119) and (b)

offshore station (D125) in the Drake Passage region. Insets: density profiles of

the respective stations (see Fig. 1 for stations’ locations).
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ANEXO IV

Souza, M.S.de, Tavano, V.M., Mendes, C.R.B., e Garcia, C.AE. (em
preparacgao) Fitoplancton e variaveis abidtias na Peninsula Antartia (verao) e na
Patagénia (primavera-verao).

Este manuscrito é resultante da andlise e interpretacdo de dados de
microscopia 6tica realizados pelo primeiro autor/doutorando e ainda recebera a

contribuicdo dos demais co-autores.



212

FITOPLANCTON E VARIAVEIS ABIOTICAS NA
PENINSULA ANTARTICA (VERAO) E NA PATAGONIA
(PRIMAVERA-VERAO), Souza, M.S.de, Tavano, V.M.,

Mendes, C.R.B. e Garcia, C.A.E.

Resumo

O objetivo deste trabalho é relacionar o fitoplancton ao redor da Peninsula
Antartica e da quebra de plataforma continental da Patagbnia com fatores
fisicos e quimicos, durante o periodo de maior desenvolvimento fitoplanctonico
(primavera-verao austrais) e determinar possiveis relagdes entre o fitoplancton
nos dois ambientes. Amostras de superficie foram coletadas em cinco cruzeiros
ocenograficos (em outubro de 2004, novembro de 2007 e janeiro de 2009 na
Patagénia e fevereiro-margo de 2008 e 2009 na Antartica) a bordo do Navio de
Apoio Oceanografico Ary Rongel. Contagem, identificagdo e medidas de
dimensdes do fitoplancton foram realizadas em camaras de sedimentagéo sob
microscoépio otico invertido. A densidade celular e os respectivos biovolumes
foram convertidos em niveis de biomassa em carbono, de acordo com a
literatura especifica para cada grupo taxondmico. Dados de temperatura e
salinidade foram utilizados para calculo da profundidade da camada de mistura.
Foram aplicadas analises estatisticas multivariadas para sintese dos dados
biolégicos e para a determinagdo da relagdo entre parametros fisicos e
quimicos e o fitoplancton. Espécies de Thalassiosira spp. e flagelados <20 uym

foram predominantes nos cruzeiros de primavera contribuindo 60,77% de
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dissimilaridade cumulativa para a formagdo de quatro agrupamentos que
compreenderam: 1) dois cruzeiros de primavera na Patagbnia; 2) um cruzeiro
de verao na Patagbnia, com 3 subgrupos; 3) o cruzeiro de 2008 na Antartica; 4)
o cruzeiro de 2009 na Antartica. As diatomaceas microplanctdnicas, Odontella
weissflogii na Antartica e Rhizosolenia crassa préximo as llhas Malvinas,
reforgcaram a separagao dos agrupamentos. Foi identificada a ocorréncia, tanto
na quebra de plataforma da Patagbnia quanto na Peninsula Antartica, de
algumas diatomaceas como Corethron pennatum, Eucampia antarctica e
Thalassiothrix antarctica. Temperatura, nutrientes inorganicos dissolvidos e
profundidade da camada de mistura foram as variaveis que explicaram melhor
a variabilidade do fitoplancton na regido antartica. Este trabalho mostrou que
diatomaceas foram os componentes principais do fitoplancton no verao na
Antartica e na primavera na PatagOnia, embora representada por espécies
nanoplanctonicas. O verdo na Patagbnia apresentou uma composigao
complexa e distinta, dependendo da regido considerada. Além disso, foi
demonstrado que algumas espécies de diatomaceas comuns na Antartica
também ocorrem em menores latitudes no Atlantico Sudoeste, principalmente
na primavera austral, sugerindo sua adaptacgéo fisioldgica e/ou ecoldgica a

ambientes de temperatura mais elevada.
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Abstract

The objective of this work is to relate the phytoplankton communities from the
Antarctic Peninsula and from the Patagonian shelf break with some physical
and chemical variables, during the phytoplankton’s growth seasons (southern
spring and summer) and to identify possible relationships between the
phytoplankton in the two environments. Surface samples were collected during
five oceanographic cruises (in October 2004 and 2007, and January 2009 in the
Patagb6nia and February-March 2008 and 2009 in the Antarctic Peninsula) on
board the Brazilian Navy ship Ary Rongel. Counting, identification and
measurement of linear dimensions of the phytoplankton species were made in
settling chambers under the inverted microscope. The number of cells per liter
(density) and concurrent biovolume estimates were transformed into
phytoplankton carbon biomass, using taxa-specific conversion factors derived
from the literature. Temperature and salinity data were used to calculate the
upper mixed layer depth. Multivariate statistical analyses were applied in order
to summarize the biological data and to examine the relationship between
environmental factors and major phytoplankton species. Thalassiosira spp. and
flagellates <20 ym were dominant in the spring sampling period, contributing
60.77% of cumulative dissimilarity to the identification of four clusters as
followed: 1) two spring cruises to the Patagonia; 2) one summer cruise to the
Patagonia, with three sub-groups; 3) the 2008 summer cruise to the Antarctica;
4) the 2009 summer cruise to the Antarctica. Large microplankton diatom cells,
Odontella weissflogii in the Antarctic Peninsula and Rhizosolenia crassa near

the Malvinas Islands, also contributed to the separation of clusters. Three



215

diatom species, Corethron pennatum, Eucampia antarctica and Thalassiothrix
antarctica occurred in both the Patagonian shelf break and the Antarctic
Peninsula. Temperature, dissolved inorganic nutrients and upper mixed layer
depth contributed to explain the variability of the phytoplankton spatial
distribution around the Antarctica Peninsula. This work showed that diatoms
were the main phytoplankton component in summer in the Antarctic Peninsula
and in spring in the Patagonia, although with nanoplankton species, whereas
the Patagonian summer showed a complex and distinct phytoplankton
composition, depending on the region considered. In addition, it was
demonstrated that some diatom species common in the Antarctica also occur in
lower latitudes in the southwestern Atlantic Ocean, mainly in the austral spring,
suggesting their physiological and/or ecological adaptation to higher

temperature environments.
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5.1 Introducgao

O Atlantico Sudoeste é caracterizado pela presenga marcante da
Corrente das Malvinas (CM), que é resultante da ramificagdo da Corrente
Circumpolar Antartica (CCA) nas proximidades da Passagem de Drake. A CM
carreia, em diregdo ao norte, aguas frias e ricas em nutrientes ao longo da
margem continental da Argentina (Piola et al., 2010). Esse aporte importante de
macronutrientes inorganicos oriundo da CM influencia o desenvolvimento do
fitoplancton, embora os aportes e os niveis de ferro (micronutriente essencial)
na regido, ainda nado tenham sido detalhadamente determinados. Ao mesmo
tempo, a concentracdo de nutrientes na zona eufética, influenciados por
forgantes fisicas, por exemplo, estratificagdo da coluna d’agua, profundidade da
camada de mistura, pode influenciar a estrutura e composigao do fitoplancton
(Signorini et al., 2009, e as referéncias inclusas).

No Mar Argentino, conforme mostrado em estudos classicos de
ecologia fitoplanctonica (Margalef, 1978; Smayda e Reynolds 2001),
geralmente, ha uma associagdo entre a abundancia de diatomaceas,
associadas com concentracdo alta de clorofila-a, e a estagdo quente
(primavera e verao), quando ha aumento na radiagao solar e estabelecimento
de uma camada de mistura rasa. Por outro lado, os flagelados ganham
importancia, progressivamente, sob concentragbes reduzidas de nutrientes
dissolvidos e a permanéncia da camada de mistura rasa em partes do Mar
Argentino, apds as floragdes de diatomaceas (Garcia et al., 2008; Signorini et

al., 2006 e 2009; Souza et al., 2011). Em torno da Peninsula Antartica e, da
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mesma maneira, no Mar Argentino, esse padrdo de sucessao de diatomaceas
— flagelados é controlado pela profundidade da camada de mistura (Garibotti et
al., 2003, 2005a,b), pela pressao de herbivoria (Smetacek et al., 2004; Smith
Jr. e Lancelot, 2004), pela irradiancia luminosa (Holm-Hansen e Hewes, 2004;
Montes-Hugo et al., 2009) e pela variagdo da concentracdo do metal-traco
Ferro (Smetacek et al., 2004; Smetacek e Nicol, 2005).

Embora haja uma teleconexao fisica entre aguas antarticas e aguas
da margem continental argentina através da CM e sua interagcdo com a
plataforma, ha poucos estudos que demonstrem o grau de similaridade entre o
fitoplancton da Patagbnia e da Antartica. As frustulas de diatomaceas (Romero
e Hensen, 2002) e cocolitos de cocolitoforideos (Boeckel et al., 2006)
depositados em sedimentos ocednicos permitiram confirmar a influéncia do
transporte de fitoplancton encontrado no Oceano Austral que é conduzido pela
CM para a bacia argentina. Uma regiao central, entre 46°S—-54°S, do Atlantico
Sudoeste foi caracterizada por concentragao alta de clorofila-a (0,65 a 2,46 ug
L'1) acompanhando a concentracdo de diatomaceas, por exemplo, Eucampia
antarctica e Fragilariopsis kerguelensis, comuns na Antartica (Fernandes e
Brandini, 1999). Por outro lado, € comumente dificil abranger maiores escalas
temporais (mais de 1 ano de amostragem) que permitam verificar a
semelhanga entre as assembléias de fitoplancton durante o periodo de maior
crescimento (primavera e verao austrais).

A frente polar tem sido apontada como uma barreira importante para
a expatriacdo de espécies de diatomaceas tipicamente antarticas para latitudes

mais baixas da plataforma e regides profundas da bacia argentina (Olguin e
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Alder, 2011). Fernandes e Brandini (1999) observaram que floragdes de
espécies fitoplanctdénicas distintas, uma comunidade dominada por
diatomaceas pouco silicificadas ao norte da Confluéncia Brasil-Malvinas e outra
com diatomaceas fortemente silicificadas na Frente Polar com caracteristicas
hidrograficas diferentes, podem resultar em mesma magnitude de biomassa em
clorofila-a. Olguin et al. (2006) identificaram cinco areas discretas entre 30—
61°S no Atlantico Sudoeste, de acordo com um conjunto de espécies tipicas,
principalmente diatomaceas, embora a diversidade ao longo do extenso
transecto estudado tenha sofrido poucas mudangas. Esses estudos,
localizados em estacbes mais afastadas e a leste da quebra de plataforma da
Patagbnia, verificaram que dinoflagelados foram mais abundantes nas
estagdes ocupadas mais ao norte (Fernandes e Brandini, 1999) enquanto que
diatomaceas e silicoflagelados caracterizaram um pico proximo a frente polar
(Olguin et al., 2006).

Este trabalho pretende contribuir com dados sobre a caracterizagao
das comunidades fitoplanctonicas na quebra de plataforma do Mar Argentino e
nos arredores da Peninsula Antartica e sua relacdo com variaveis ambientais.
O trabalho pretende, também, detectar espécies ou grupos taxondmicos

antarticos/subantarticos que ocorrem nos dois dominios estudados.
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5.2 Materiais e Métodos

5.2.1 Area de estudo

Os cruzeiros oceanograficos cobriram setores do Oceano Atlantico
Sudoeste e do Oceano Austral (Fig. 5.1). Os cruzeiros PATEX | e PATEX IV
foram conduzidos predominantemente sobre a regido de quebra de plataforma
da Patagbnia, durante a primavera de outubro de 2004 e novembro de 2007,
respectivamente. O PATEX VII, realizado no verdao de janeiro de 2009,
abrangeu uma area de plataforma ao sul das llhas Malvinas e proxima do
banco submarino de Burdwood. Os cruzeiros de verao (fevereiro-margo de
2008 e 2009) em torno da Peninsula Antartica (SOS | e Il) ocuparam estacgdes
costeiras, préoximas da llha James Ross e do arquipélago Shetlands do Sul
(proximo a llha Elefante) e estagbes oceanicas na regido proxima da

Passagem de Drake e no canal central do Estreito de Bransfield (Fig. 5.1).
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Figura 5.1- Localizagdo geografica das estacdes de coleta dos cruzeiros oceanograficos:

PATEX | (outubro de 2004), PATEX IV (novembro de 2007), PATEX VII (janeiro de 2009); (B)

SOS | (circulos pretos) e SOS Il (circulos abertos).
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5.2.2 Paréametros fisicos e quimicos

Para a coleta dos dados fisicos e quimicos, foi empregado um
sistema carrossel de 12 (ou 24) garrafas Niskin (5 L de capacidade em cada
garrafa) e de CTD SBE 911+ acoplada. Foram coletados na coluna d’agua os
dados de temperatura, condutividade, pressao (CTD) e amostras discretas para
determinagao de nutrientes inorganicos. Os dados biolégicos sédo referentes
apenas a superficie do mar (em torno de 5 m). A profundidade da camada de
mistura superficial foi determinada a partir de perfis da variacao de densidade
potencial em fungdo da profundidade (ou seja, dp./dz). Aquela profundidade,
onde as variagdes foram maiores que 0,05 em um intervalo de um metro de
profundidade (cruzeiros PATEX) ou, maiores que ou iguais a 0,02 no mesmo
intervalo de um metro (cruzeiros SOS), foi considerada como o limite da
profundidade da camada de mistura superficial (adaptado de Mitchell e Holm-
Hansen, 1991). Esta diferenca de calculo entre as regides é devida ao fato de
que as variagdes de temperatura na coluna d’agua sdo muito pequenas na
Antartica e, portanto, um valor menor (0,02) se mostrou mais sensivel para a
determinagao da camada de mistura. A concentracdo de nutrientes dissolvidos
(nitrato[NO3]+nitrito[NO, ]+aménia[NH3] ou nitrogénio inorganico dissolvido —
NID, fosfato [PO4®] e silicato [Si(OH)s*]) foi determinada, basicamente, de
acordo com Aminot e Chaussepied (1983) (dados cedidos pelo Prof. Dr.
Ricardo Pollery — UFRJ). As razdes molares entre esses nutrientes (N:P e Si:N)

foram também utilizadas como fatores abidticos nas analises estatisticas.
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5.2.3 Composigéo taxonémica, numero de células, biovolume e biomassa dos

organismos

As amostras bioldgicas (250 mL) foram coletadas em superficie com
o uso de garrafa Van Dorn (5 L), acondicionadas em frascos ambar com
solugédo alcalina de Lugol (2%) para posterior contagem e identificagdo do
fitoplancton em microscépio invertido (Utermaohl, 1958).

A identificagdo taxonémica, até o menor nivel taxondmico possivel e
a estimativa da densidade em numero de células por litro foram realizadas com
o0 auxilio de camaras de sedimentagao e microscépio 6tico de luz invertida
ZEISS Axiovert 135 ou Olimpus IX51 (Lab. de Fitoplancton e Microorganismos
Marinhos, 10-FURG), equipados com contraste de fase e de interferéncia
diferencial, em aumento de 200 a 1000 vezes, segundo a literatura
especializada (Balech, 1988; Chrétiennot-Dinet, 1990; Scott e Marchant, 2005;
Steidinger e Tangen, 1997; Throndsen, 1997). Os ciliados foram identificados
segundo os trabalhos de Alder (1999) e Petz (1999).

A contagem de cada taxon foi efetuada em campos ou até toda a
area da camara de sedimentacdo a fim de assegurar um numero minimo de
400 células fitoplanctonicas, com uma margem de erro de 10% (Lund et al.,
1958). A partir dos valores de densidade, da mensuracéo dos principais eixos
lineares dos organismos e da utilizagdo de formas geométricas aproximadas, o
biovolume celular, em pm3, foi calculado (Hillebrand et al., 1999) e utilizado

para a conversao em valores de biomassa em carbono (Eppley et al., 1970;
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Putt e Stoecker, 1989; Montagnes et al., 1994; Menden-Deuer e Lessard,
2000). Para a mensuragdo dos organismos, foram capturadas imagens em
camera digital — Spot Insight QE e programas associados — acoplada ao
microscopio invertido, dos principais organismos identificados. As medidas
foram efetuadas, durante as rotinas de contagem, no minimo em 30 individuos
de cada espécie ou taxon.

Muitos taxa foram agrupados devido as dificuldades inerentes a
identificagcdo dos organismos. Para esses agrupamentos, foi considerada a
classe de tamanho, o género ou a maior categoria taxonémica (ordem, no caso
de dinoflagelados e diatomaceas) e funcado tréfica (autotrofia versus
heterotrofia/mixotrofia). O grupo dos flagelados (Flag) incluiu todos os
flagelados nédo distinguiveis durante as contagens, tais como prasinoficeas,
crisoficeas e outras células nano-eucaribticas, entre 2 e 10 um. Entre os
dinoflagelados, alguns géneros englobaram varios morfotipos e foram
representados por Gymnodinum spp., Gyrodinium spp., Prorocentrum spp.
(excegao, P. minimum) e Protoperidinium spp. enquanto outros dinoflagelados
foram mantidos no nivel de ordem (Peridiniales). As diatomaceas foram
também agrupadas no nivel de género ou ordem (Centrales ou Pennales), e
em classes de tamanho, tais como Thal (Thalassiosira spp. <20 um de
diametro), Thall (Thalassiosira spp. entre 20 e 50 ym), Thalll (principalmente
Thalassiosira spp. entre 50 e 100 pym), ThalV (Thalassiosira sp. e outras
céntricas >100 ym de diametro), Cent5 e Cent10 (céntricas <5 e entre 5 e 10
pm de didmetro, respectivamente), e P20, P50 e P100 que corresponderam

respectivamente as penadas <20, entre 20 e 50, e entre 50 e 100 um de eixo
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apical. Com excegdo dos ciliados heterotrofos que foram geralmente
agrupados em género, foi identificado o autotréfico Myrionecta rubra (=

Mesodinium rubrum).

5.2.4 Concentracgéo de clorofila-a

Um volume de amostra de superficie, de 500 a 2000 mL, conforme a
concentragcao de material particulado em suspensao, foi retirado da garrafa Van
Dorn e filtrado em filtros de fibra de vidro GF/F Whatman de 25 mm de
diametro (em duplicata), por meio de sistema de filtracdo a vacuo. Apds a
filtracdo, os filtros foram acondicionados em papel aluminio e colocados
imediatamente em nitrogénio liquido. Em laboratério (I10-FURG), as amostras
de clorofila-a foram extraidas em acetona a 90% (mantidas a —20 °C, por 24
horas) e analisadas através de método fluorimétrico sem acidificacao
(Welschmeyer, 1994) com um fluorimetro Turner Designs TD-700. A

concentragao de clorofila-a foi expressa em mg m™.

5.2.5 Analises estatisticas

As anadlises multivariadas de agrupamentos e de correspondéncia
candnica foram escolhidas com o objetivo principal de sintetizar a informacéo e
procurar agrupamentos de amostras e/ou grupos de espécies/maiores taxa
(Gauch, 1982) e gradientes ambientais explicativos para a distribuicao espacial

do fitoplancton (McGarigal et al., 2000).
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Andlises de classificagdo hierarquica (de Agrupamentos) foram
aplicadas, usando o indice de similaridade de Bray-Curtis (Clarke & Warwick,
1994) e o algoritmo de ligagado UPGMA (distancia média ndo-ponderada entre
grupos), para descrever a similaridade espacial entre estacbes de coleta
(andlise do tipo R) ou assembléias de espécies (analise do tipo Q). A
contribuicdo para a biomassa em carbono total ou densidade total dos grupos
fitoplancténicos mais frequentes (>10% em todas as amostras), em cada
estacao de coleta, foi transformada logaritmicamente (Zar, 1999) e usada como
matriz de entrada no programa PAST versdo 1.81 (Hammer et al., 2008). As
categorias fitoplanctdnicas foram resultantes da combinacédo de espécies/taxa
de tamanho similar ou do mesmo género e as categorias menos abundantes
foram reunidas em maior nivel taxonémico (ver segdo 5.2.3 para mais
detalhes).

Uma andlise de ordenagéo foi adotada, Analise de Correspondéncia
Canbnica (ACC), para identificar os padrdoes principais da variabilidade do
fitoplancton conforme as variaveis ambientais explicativas (Ter Braak and
Prentice, 1988). As variaveis bibticas foram representadas pela densidade ou
biomassa em carbono dos principais grupos taxonémicos determinados através
da microscopia Otica. As variaveis explicativas (ambientais) incluiram
temperatura, salinidade, nitrogénio inorganico dissolvido (NID: nitrato, nitrito e
amonia), fosfato, silicato, profundidade da camada de mistura, clorofila-a e
biomassa em carbono do nano- (2-20 um) e microfitoplancton (>20 ym). Todas
as variaveis foram transformadas logaritmicamente antes da analise. Para

verificar a significancia do modelo da ACC que explicou a variabilidade do
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fitoplancton, o teste de Monte-Carlo foi efetuado baseando-se em 499
permutagcdées considerando o modelo reduzido (p<0,05). Algumas variaveis
foram excluidas, ap6s a verificagdo de resultados da ACC, quando houve
multicolinearidade, o que prejudicaria a interpretacdo dos dados. Por fim, as
variaveis selecionadas para a ACC final foram temperatura, salinidade, NID,

fosfato, silicato, camada de mistura e clorofila-a.

5.2.6 Analises de similaridade (ANOSIM) e do percentual de similaridade

(SIMPER)

Considerando os resultados das analises de agrupamentos, foi
avaliada a significancia dos grupos formados utilizando-se a técnica ANOSIM
(analise de similaridades). A ANOSIM é um teste ndo-paramétrico para verificar
diferencas significativas entre dois ou mais grupos, baseados em uma medida
de distancia (Clarke, 1993). Analogamente a uma ANOVA, a ANOSIM baseia-
se na comparagdo das distancias entre grupos com as distancias dentro de
cada grupo. A aplicagao do teste post-hoc Bonferroni, de carater conservativo,
permitiu determinar o quanto os grupos formados eram distintos entre si
(Hammer et al., 2008).

A contribuicao relativa média de cada espécie ou grupo taxonédmico
para a caracterizacdo do fitoplancton, correspondente a cada cruzeiro
oceanografico, foi verificada com o procedimento SIMPER (percentual de
similaridade). O SIMPER ¢é baseado no indice de similaridade de Bray-Curtis,

que indica os taxa responsaveis primariamente para a diferenga (ou
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dissimilaridade) obervada entre os grupos de amostras (Clarke, 1993). Apds a
identificacdo dos grupos, é possivel verificar os taxa importantes para o padréao
observado (Hammer et al., 2008). Esses dois recursos (ANOSIM e SIMPER)

foram aplicados com o programa livre PAST versao 1.81.
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5.3 Resultados

5.3.1 Caracterizagdao ambiental das regiées oceanograficas

Em consequéncia da extensado geografica amostrada, foi observada
uma variagao latitudinal (em superficie) de variaveis abioticas, particularmente
da temperatura e de nutrientes inorganicos dissolvidos (Tabela 5.1). As
temperaturas médias na Patagbnia durante outubro de 2004, novembro de
2007 e janeiro de 2009 (8,19 °C, 7,39 °C e 7,36 °C, respectivamente) foram,
como esperado, maiores que as temperaturas medias na Peninsula Antartica
durante fevereiro-margo de 2008 (0,47 °C) e 2009 (0,19 °C). Houve um
aumento dos niveis (em média) de todos os nutrientes, de norte para sul, em
diregdo a Peninsula Antartica. Na Patag6nia, as menores concentragdes de
nitrogenados (2,82 uM) e silicato (0,50 uM) foram estimadas em novembro de
2007. As menores concentragdes médias de fosfato foram medidas em outubro
de 2004 (PATEX |) e novembro de 2007 (PATEX V), oscilando entre um
minimo indetectavel e 0,37 pM. A salinidade foi pouco variavel entre todos os
cruzeiros, com médias ligeiramente menores em outubro de 2004 (33,82) e
novembro de 2007 (33,78), realizados mais a norte, do que em janeiro de 2009
(34,00) medido mais ao sul. Esta ultima foi mais proxima da salinidade média
medida em fevereiro-margo de 2008 (34,21) e 2009 (34,18) (Tabela 5.1).

A concentragdo de clorofila-a (mg m™) (Tabela 5.1) apresentou na
primavera as maiores concentragdes (em média e valor maximo,

respectivamente) em superficie: 9,84 mg m™ e 19,93 mg m™ (outubro de 2004)
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e 5,93 mg m> e 22,30 mg m™ (novembro de 2007). As coletas de verdo em
torno da Peninsula Antartica caracterizaram-se por concentracdes médias e
maximas intermediarias: 1,83 mg m™ 10,13 mg m™ (2008) e 2,34 mg m™ 11,08
mg m™ (2009). A menor concentracdo média de clorofila-a em superficie foi
estimada para o verao de 2009, proximo ao banco de Burdwood (0,63 mg m'3).
A fracdo nanofitoplancténica foi a que mais contribuiu, em média, para a
biomassa total de carbono em outubro de 2004 (79,5%, correspondendo a
98,06 ug C L") e em novembro de 2007 (56,4%, correspondendo a 78,51 ug C
L™"). O microfitoplancton foi mais importante nas aguas subantarticas em
janeiro de 2009 (95,6% correspondentes a 109,26 ug C L") e nas aguas
antarticas no verao de 2008 (95%, 37,62 ug C L™") e no verdo de 2009 (94,7%,
75,79 ug C L ™). Foi observada uma variabilidade espacial da concentragdo de
clorofila-a (desvios-padrdo altos) e das respectivas fragbes nano- e

microfitoplancténica em carbono em cada periodo de amostragem (Tabela 5.1).
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Tabela 5.1- Média, desvio-padrao (entre parénteses), minimo e maximo das variaveis abitticas (temperatura [°C], salinidade, nitrogenados [uM],

fosfato [uM], silicato [uM]) e de variaveis bidticas (clorofila-a [mg m'3], biomassa em carbono do nanofitoplancton [2-20 pm; ug L'1] e do

microfitoplancton [>20 pm; pg L']) em superficie, para os respectivos cruzeiros e estagdes de coleta realizados na regido de quebra de plataforma da

Patag6nia (PATEX I, PATEX IV e PATEX VII) e em torno da Peninsula Antartica (SOS | e SOS Il), conforme a estagdo do ano (primavera ou verao).

Cruzeiro Estacdo do ano Numero de Temperatura Salinidade Nitrogenados Fosfato Silicato Clorofila-a Biomassa em carbono Biomassa em carbono
tagd (°C) (HM) (uM) (uM) (mg m*) (2-20 ym; pg L") (>20 um; pg L)
PATEX| primavera/2004 15 819 (050) 33,82 (0,07) 4,02 (3,80) 0,10 (0,11) 2,33 (0,91) 9,84 (4,82) 98,06 (57,70) 25,34 (15,48)
6,62-863  3377-3405  094-1661 0,00-0,35 0,91- 3,96 2,00 - 19,93 8,22 - 223,26 9,77 - 74,65
PATEX IV  primavera/2007 30 739 (047) 33,78 (0,20) 2,82 (1,61) 0,15 (0,10) 0,50 (0,44) 5,93 (6,09) 78,51 (71,75) 60,06 (129,38)
6,32-836  3340-3407  052-7.22 0,03-0,37 0,05- 1,61 0,32-22,30 6,22 - 264,05 2,54 - 592,45
PATEXVIl  ver&o/2009 29 736 (046)  34,00(0,03) 20,60 (2,63) 1,20 (0,24) 4,39 (1,31) 0,63 (0,50) 5,06 (3,97) 109,26 (376,15)
6,19-7,96  3391-3409 1516-2514  0,72-180 2,54 -743 0,10-2,72 0,64 - 11,24 0,02 - 1994,13
S0s| ver&o/2008 67 047 (115)  34,21(0,14) 23,74 (4.96) 0,82 (0,42) 43,44 (10,94) 1,83 (2,25) 1,98 (1,40) 37,62 (73,38)
1,19-2,50  33.83-34,39  14,05-4023  0,26-298 6,89 - 65,87 0,11-10,13 0.21-6,14 0,51 - 283,23
sos i verao/2009 39 019 (1,08)  34,18(042) 29,42 (4,79) 2,62 (0,44) 51,92 (6.25) 2,34 (2,78) 4,22 (2,92) 75,79 (111,76)
0,91-1,88  31,67-34,36  19,21-36,39  1,50-3.42 42,04 - 61,88 0,22 - 11,08 1,30 - 14,32 4,06 - 535,98
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5.3.2 Composigéo fitoplancténica nas areas de estudo

As analises de agrupamentos resultaram em dendrogramas
relativamente similares tendo em consideracdo os dados de densidade de
células (Fig. 5.2) e de biomassa em carbono (Fig. 5.3) dos principais grupos
taxondmicos. Baseando-se na densidade de células, o0s seguintes
agrupamentos foram identificados de acordo com um nivel de similaridade
em torno de 56% (Fig. 5.2):

1) PATEX | e IV (primavera de 2004 e 2007): concentracbes altas
(floragbes de diatomaceas) na regido de quebra de plataforma da Patagénia;

2) PATEX VIl (verao de 2009): concentragdes intermediarias de
diatomaceas, sub-dividido em agrupamentos menores, Vll-a, VII-b e VlI-c;

3) estagdes antarticas do Estreito de Bransfield e Passagem de
Drake, do verao de 2008 (SOS I);

4) estagdes do verao de 2009 (SOS Il) e aquelas préoximas da llha
James Ross do verao de 2008 (SOS 1), caracterizadas pelas floragdes de
diatomaceas microfitoplancténicas.

Os valores de biomassa em carbono dos principais grupos
fitoplanctonicos (Fig. 5.3) permitiram identificar basicamente a formacao dos
mesmos agrupamentos obtidos utilizando-se o numero de células, com 56%
de similaridade:

1) verdao de 2009 (PATEX VIl) foi separado primeiramente dos
demais agrupamentos, apresentando as mesmas sub-divisdées (Vll-a, VIl-b e

Vil-c);
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2) os cruzeiros de primavera ao longo da quebra de plataforma
argentina (PATEX | e IV) formaram um agrupamento unico;

3) a maioria das estacdes de Bransfield e todas da Passagem de
Drake de 2008 (SOS |) formaram outro agrupamento;

4) algumas estagbes de Bransfield (B103, B111, B112, B120 e
B121) e de Ross (R104, R118 e R119) formaram um agrupamento pequeno,
intermediario entre o anterior e o proximo;

5) o agrupamento que englobou o verdao de 2009 (SOS Il) e as
demais estacdes (R101-R103, R105-R117 e R120) proximas da llha James
Ross, do verao de 2008 (SOS I).

De acordo com a analise ANOSIM aplicada sobre ambos
parametros, densidade celular e biomassa em carbono, os agrupamentos
formados foram significativamente distintos (p<0,05), exceto quando
considerou-se (a) o numero de células, entre as sub-divisdes Vll-a, VII-b e
VII-c e dessas com o agrupamento que reuniu SOS |l e Ross (2008) (Fig. 5.2)
e (b) os valores de biomassa em carbono entre as sub-divisdes Vll-a, VII-b e

Vll-c.
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Figura 5.2- Analise de agrupamentos baseada nos dados de densidade celular (numero de
células L") dos organismos fitoplanctonicos, para os cruzeiros PATEX |, PATEX IV, PATEX
VII, SOS | e SOS II. A linha vertical em preto indica o ponto de corte (~56%) no nivel de
similaridade (indice de Bray-Curtis) dentro dos agrupamentos: (1) SOS Il e Ross (2008), (2)
SOS | (Bransfield e Drake), (3) PATEX Vlla, (4) Vllb e (5) Vlic, e (6) PATEX | e PATEX IV.
Os organismos fitoplanctdnicos mais importantes em cada agrupamento sdo mostrados ao

lado direito. Anexo V apresenta o signifcado de cada acrénimo.
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Figura 5.3- Analise de agrupamentos baseada nos dados de biomassa em carbono (ug C L™
dos organismos fitoplancténicos, para os cruzeiros PATEX I, PATEX IV, PATEX VI, SOS | e
SOS II. A linha vertical em preto indica o ponto de corte (~56%) no nivel de similaridade
(indice de Bray-Curtis) dentro dos agrupamentos: (1) SOS Il e Ross (2008), (2) SOS |
(poucas estagdes Bransfield e Ross), (3) SOS | (restantes estagdes Bransfield e Drake), (4)

PATEX | e PATEX IV, (5) PATEX Vilic, (6) Vlla e (7) Vllb. Os organismos fitoplancténicos
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mais importantes em cada agrupamento sdo mostrados ao lado direito. Anexo V apresenta o

signifcado de cada acrénimo.

De acordo com a analise SIMPER aplicada aos dados de
densidade celular (Tabela 5.2), os dez primeiros grupos taxonémicos que
mais contribuiram (total de 93,6% de contribuicdo relativa cumulativa) para a
dissimilaridade média entre os agrupamentos foram predominantemente
organismos nanofitoplancténicos (2-20 ym), cujas concentragbes foram em
média maiores nos dois cruzeiros sobre a quebra de plataforma argentina
(PATEX | e IV). Entre aqueles organismos, o grupo Flag (soma de todos os
flagelados nao identificados entre ~2 e 10 um) contribuiu relativamente com
35,24% e o grupo Thal (Thalassiosira spp. <20 ym de diametro) contribuiu
com 25,53%, resultando, cumulativamente em 60,77% da dissimilaridade
média. Em ordem decrescente, a haptoficea Phaeocystis antarctica (Phaeo)
apresentou valor de contribuigéo relativa igual a 13,5%; Pseudonitzschia spp.
<5 pym de eixo transapical (Pseudo), 5,5%; Chaetoceros spp. <10 ym de eixo
valvar (Chaetl), 4,4%; diatomaceas céntricas <5 ym de diametro (Centb),
3,1%; Gymnodinium spp. <20 ym (Gymnl), 2,9%; Peridiniales <20 uym (Perl),
1,5%; Prorocentrum minimum (Pmin), 1,2%; e criptoficeas <10 pm de
comprimento (Crypt), 0,7% (Tabela 5.2).

Ao se considerar o teor de biomassa em carbono, a contribuicdo
relativa foi mais distribuida entre os grupos fitoplancténicos (Tabela 5.3). O
principal contribuinte, entre os dez primeiros, para a dissimilaridade média foi
Thalassiosira spp. <20 pm (Thal), com 22,51%. Os demais grupos foram
representados por microfitoplancton (>20 um), exceto os dinoflagelados
Gymnl e Pmin (<20 pm) que contribuiram com valores relativos maiores que

2%, respectivamente, 3,4% e 2,7% (Tabela 5.3). Em ordem decrescente,
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foram também importantes as diatomaceas Corethron pennatum (Cpenn,
12,8%), Odontella weissflogii (Owe, 11,3%), Thalassiosira spp. 50-100 um de
diametro (Thalll, 11,0%), Rhizosolenia crassa (Rcra, 8,3%), Thalassiosira
spp. 20-50 ym de didmetro (Thall, 2,7%) e Thalassiosira spp. 100-150 um de
didametro (ThalV, 2,5%). Entre os dez primeiros grupos importantes para a
dissimilaridade média em biomassa, dinoflagelados atecados >20 um de
comprimento Gymnodinium spp. (Gymnll) contribuiram com 2,6% (Tabela

5.3).

Tabela 5.2- Contribuicdo absoluta (dissimilaridade média) e relativa cumulativa (%) dos
principais grupos taxonémicos que contribuiram para a dissimilaridade média global (72,20)
obtida através da analise SIMPER com os dados de densidade de células. Agrupamentos
formados a partir da analise de agrupamentos: PATEX | e IV, PATEX Vll-a, VII-b e Vlic, SOS
| (Bransfield e Drake), e SOS Il e Ross 2008. Os valores para cada agrupamento

correspondem a uma densidade média de células por litro, de cada grupo taxonémico.

Grupo Contribuiga ibuigao relativa PATEX | PATEX VII SOSs | sos Il

i ilaridade) iva (%) elv Vil-a Vil-b Vil-c  (Bransfield e Drake) e Ross 2008
Flag 25.44 35.24 752000 293000 219000 439000 92400 298000
Thal 18.44 60.77 1190000 226 241 0 283 1540
Phaeo 9.76 74.30 0 0 30600 0 177000 14000
Pseudo 3.95 79.77 135000 0 631 37200 7210 28100
Chaetl 3.16 84.15 83400 1680 9 12300 380 50000
Cent5 2.28 87.30 0 3910 8180 128000 1380 24500
Gymnl 2.05 90.156 39800 12000 26700 27200 27000 11100
Perl 1.10 91.67 42800 0 301 1750 2290 400
Pmin 0.89 92.90 13300 150 17000 12700 2110 2230
Crypt 0.51 93.60 0 15500 2520 620 1660 4360
Dissimilaridade média global 72.20
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Tabela 5.3- Contribuicdo absoluta (dissimilaridade média) e relativa cumulativa (%) dos
principais grupos taxondmicos que contribuiram para a dissimilaridade média global (89,52)
obtida através da analise SIMPER com os dados de biomassa em carbono. Agrupamentos
formados a partir da andlise de agrupamentos: PATEX | e IV, PATEX VlI-a, VII-b e VlIc, SOS
| (Bransfield e Ross), SOS | (Bransfield e Drake), e SOS Il e Ross 2008. Os valores para
cada agrupamento correspondem a uma biomassa média em carbono (pg C L), de cada

grupo taxondémico.

Grupo i C ibui Contribuigéo relativa PATEX | PATEX VII S0S | S80S 1 §Os I

issimilaridade) iva (%) elv Vil-a Vii-b Vik-c (Bransfield e Ross) (Bransfield e Drake) e Ross 2008
Thal 20.15 2251 70500000 13700 14600 0 2140 11400 234000
Cpenn 11.43 35.28 35100000 326 827 17000 2280000 1890000 8660000
Owe 10.09 46.55 0 0 0 0 2190000 [} 32700000
Thalll 9.86 57.56 0 0 0 0 660000 113000 34400000
Rcra 7.47 65.9 0 426000000 30800000 9120000 0 [} ]
Gymnl 3.08 69.34 2740000 900000 1980000 2020000 123000 794000 247000
Thall 243 72.05 636000 10400 4900 22500 338000 54400 6690000
Pmin 2.38 74.7 2130000 12500 1370000 1030000 10600 172000 172000
Gymnll 2.28 77.25 2480000 735000 437000 1670000 39700 415000 434000
ThalV 2.27 79.78 0 0 0 0 3940000 6580000 1270000
Dissimilari média global 89.52

5.3.3 Espécies comuns ao Oceano Austral e Mar Argentino

A ocorréncia das diatomaceas Corethron pennatum (Fig. 5.4),
Eucampia antarctica (Fig. 5.5) e Thalassiothrix antarctica (Fig. 5.6), embora
em periodos distintos, permitem sugerir um elo entre o fitoplancton
identificado na regido da quebra de plataforma da Patagbnia e aquele dos

arredores da Peninsula Antartica.
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Figura 5.4- Concentragdo de células (células L' na paleta em cores) da diatomacea

Corethron pennatum nas regides de estudo: mapas do lado esquerdo acima (PATEX I, IV e

VIl, ao longo da quebra de plataforma da Argentina e banco Burdwood) e esquerdo abaixo

(SOS I e Il, nos arredores da Peninsula Antartica). O quadro a direita indica a ocorréncia e o

numero de células (paleta em cores) em um diagrama T-S com os dados de superficie. Note

as diferentes escalas de concentragdes (paletas em cores).

As maiores concentracdes (maximo de 120000 células L) de C.

pennatum foram estimadas na Patagbnia (temperatura entre 6 e 8 °C). No

verao antartico (-2 a 2 °C) essa espécie alcangou maior abundancia (entre

4000 e 6000 células L'1) em parte do Estreito de Bransfield e proximo da llha

James Ross (Fig. 5.4).
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Ao contrario, Eucampia antarctica foi mais abundante (maximo de
25000 células L") proximo a costa da llha James Ross do que no Mar
Argentino, exceto pela concentracdo de aproximadamente 2000 células L
em uma estacao oceanica (Fig. 5.5).
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Figura 5.5- Concentracdo de células (células L' na paleta em cores) da diatomacea
Eucampia antarctica nas regides de estudo: mapas do lado esquerdo acima (PATEX I, IV e
VII, ao longo da quebra de plataforma da Argentina e banco Burdwood) e esquerdo abaixo
(SOS I e ll, nos arredores da Peninsula Antartica). O quadro a direita indica a ocorréncia e o
numero de células (paleta em cores) em um diagrama T-S com os dados de superficie. Note

as diferentes escalas de concentragdes (paletas em cores).
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Thalassiothrix antarctica esteve presente em concentragdes baixas
(<800 células L") em todos os cruzeiros na regido de quebra de plataforma
da Patagbnia e em estagdes do Estreito de Bransfield e da llha James Ross
(Fig. 5.6).
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Figura 5.6- Figura 5.5- Concentracdo de células (células L na paleta em cores) da
diatomacea Thalassiothrix antarctica nas regides de estudo: mapas do lado esquerdo acima
(PATEX I, IV e VII, ao longo da quebra de plataforma da Argentina e banco Burdwood) e
esquerdo abaixo (SOS | e Il, nos arredores da Peninsula Antartica). O quadro a direita indica
a ocorréncia e o numero de células (paleta em cores) em um diagrama T-S com os dados de

superficie. Note as diferentes escalas de concentragdes (paletas em cores).
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Outras espécies, por exemplo, o dinoflagelado Ceratium
lineatum/pentagonum e as diatomaceas Hemiaulus spp., foram identificadas
predominantemente na regido de quebra de plataforma da Patagénia.
Hemiaulus spp. foram restritas as estagcdes mais ao norte nos cruzeiros ao
longo da quebra de plataforma em outubro de 2004 e novembro de 2007,
alcancando  concentraces de até 120000 células L. C.
lineatum/pentagonum foram detectados em maior concentragéo, ~600 células
L™, no talude da Patagdnia (primavera de 2004 e 2007) do que em algumas

estacdes do verao de 2009 (PATEX VII) (Fig. 5.7).

Ceratium lineatum/pentagonum Hemiaulus spp.
- = (600 - =1 (4120000
> )
40°s 40°s /
500 S 100000
1400 80000
45°S 45°s N
300 60000
1200 40000
50°s 50°S
;J100 20000
55°S§ § 55°S § 20
64°W62°W60°W58°W56°W54°W 64°W62°W60°W58°W56°W54°W

Figura 5.7- Distribuicdo espacial do dinoflagelado Ceratium lineatum/pentagonum
(esquerda) e das diatomaceas Hemiaulus spp. (direita) (células L'1) nas regides de estudo
dos PATEX I, IV e VII, ao longo da quebra de plataforma da Argentina e banco Burdwood.

Os mesmos foram ausentes na regiao antartica. Note as diferengas de escala (em cores).
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5.3.4 Distribuicdo espacial do fitoplancton e parametros oceanograficos

Resultados da Analise de Correspondéncia Canbnica (ACC) com
base no numero de células por litro e biomassa em carbono dos grupos
fitoplanctonicos e parédmetros ambientais, para os cruzeiros na Patagbnia
(primavera de 2004 e 2007, verao de 2009) e na Antartica (verdo de 2008 e
2009) sao mostrados, respectivamente, nas Fig. 5.8A e B e Fig. 5.9A e B. A
analise resultou em diagramas de ordenacgado praticamente similares, tendo
em consideragdo os nutrientes inorganicos dissolvidos (NID, fosfato e
silicato), temperatura, salinidade, camada de mistura e clorofila-a. Os
diagramas foram significativos de acordo com o teste de permutagdes de

Monte Carlo (p<0,05).
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Figura 5.8- Diagramas de ordenagéao baseados na analise de correspondéncia candnica dos
principais grupos fitoplancténicos determinados em outubro de 2004 (PATEX I) e novembro
de 2007 (PATEX IV) na quebra de plataforma da Patagbnia e janeiro de 2009 (PATEX VII)
proximo ao banco Burdwood. (A) é referente ao nimero de células por litro e (B) é referente
aos dados de biomassa em carbono. O fitoplancton foi relacionado com as variaveis
explicativas: temperatura, salinidade, NID (nitrogenados), fosfato, silicato, camada de mistura
e clorofila-a, denotados pelas setas em vermelho. Estagdes correspondentes aos cruzeiros
sdo apresentadas conforme a anadlise de agrupamentos prévia: PATEX | e PATEX IV
(tridngulos invertidos), PATEX Vll-a (losangos pretos), PATEX VII-b (retdngulos abertos) e

PATEX VII-c (circulos abertos), e o outgroup estagdo P110 (quadrado preto). Para evitar a

sobreposicdo de rétulos, apenas grupos fitoplancténicos distantes da origem sdo mostrados
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Os acrénimos para os grupos fitoplancténicos sdo explicados

(A)
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Figura 5.9- Diagramas de ordenagao baseados na analise de correspondéncia candnica dos
principais grupos fitoplancténicos determinados em fevereiro-marco de 2008 (SOS I) e
fevereiro-margo de 2009 (SOS Il) ao redor da Peninsula Antartica. (A) é referente ao nimero
de células por litro e (B) é referente aos dados de biomassa em carbono. O fitoplancton foi
relacionado com as variaveis explicativas: temperatura, salinidade, NID (nitrogenados),
fosfato, silicato, camada de mistura e clorofila-a, denotados pelas setas em vermelho.
Estagbes correspondentes aos cruzeiros sido apresentadas conforme a analise de
agrupamentos prévia: (A) SOS Il e Ross 2008 (tridngulos invertidos) e SOS | (Bransfield e
Drake; quadrados pretos). (B) SOS | (algumas estagbes Bransfield e Ross; quadrados
pretos), SOS | (restantes estagdes Bransfield e Drake; losangos pretos), e SOS Il e restantes

estagdes Ross 2008 (triangulos invertidos). Para evitar a sobreposi¢cdo de rétulos, apenas
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grupos fitoplancténicos distantes da origem sdo mostrados ao lado dos tridangulos azuis. Os

acrébnimos para os grupos fitoplanctdnicos séo explicados no Anexo V.

Para os cruzeiros da Patagbnia, o conjunto de variaveis ambientais
explicou 19,1% para biomassa em carbono e 20,1% para células por litro da
variabilidade da composicdo dos principais grupos fitoplanctdnicos.
Temperatura, silicato e clorofila-a correlacionaram-se positivamente com o
eixo 1 (primeira raiz candnica), responsavel por 45,9% para biomassa em
carbono e 48,2% para células por litro da explicagdo devida ao conjunto de
variaveis. O eixo 2 (segunda raiz candnica) foi responsavel apenas por 16%
para densidade celular e 17% para biomassa em carbono da explicagao
obtida pelo mesmo conjunto de variaveis, sendo que camada de mistura e
clorofila-a foram as variaveis com maior correlagdo (positiva) com este
segundo eixo. Salinidade correlacionou-se negativamente com ambos os
eixos, enquanto que nitrogénio e fosfato apresentaram correlagéo (negativa)
com o segundo eixo.

De acordo com esta anadlise, Navicula directa (Ndir) e Hemiaulus
spp. (Hemi) pareceram ter seu 6timo em aguas menos frias e com maior teor
de silicato; Thalassiosira spp. (Thal e Thall), Corethron pennatum (Cpenn) e
Thalassiothrix antarctica (Thant) foram associadas com maior concentragao
de clorofila-a, principalmente em algumas esta¢des do agrupamento ao longo
da quebra de plataforma (PATEX | e IV). Rhizosolenia crassa (Rcra) foi
identificada exclusivamente para o verdo de 2009 ao sul das llhas Malvinas,
agrupamento Vll-a — losangos pretos, sendo o grupo fitoplanctonico mais
associado a camada de mistura profunda. Ao contrario, dinoflagelados (por
exemplo, Ceratium lineatum — Cerlin, Torodinium robustum — Torod e

Gonyaulax spp. — Gony) foram relacionados a aguas relativamente mais
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halinas e com camada de mistura rasa. A estacao P110 (outgroup; quadrado
preto, Fig. 5.8A e B) foi associada com maior teor de todos os nutrientes
inorganicos dissolvidos.

Em relacdo aos cruzeiros da Antartica, houve uma melhor
separagao entre os agrupamentos pré-formados (Fig. 5.9A e B): o conjunto
de variaveis ambientais explicou 28,9% para biomassa em carbono e 31,5%
para células por litro da variabilidade da composigao fitoplanctonica entre as
estacdes. Fosfato, silicato, clorofila-a (correlacdo positiva) e temperatura
(correlacado negativa) foram as variaveis mais importantes no primeiro eixo
(raiz canénica), que foi responsavel por 58,3% para biomassa em carbono e
61,6% para células por litro da explicacao obtida pelos respectivos modelos.
Fosfato, nitrogenados e temperatura (correlagdo positiva) e salinidade
(correlacao negativa) foram preponderantes para o segundo eixo (raiz
candnica), sendo responsaveis por 18,1% para células por litro e 22% para
biomassa em carbono da explicabilidade alcancada pelos respectivos
modelos.

O verao de 2009 (SOS Il) e as estagcdes Ross 2008 (triangulos
invertidos) foram representados pela abundancia das diatomaceas
Chaetoceros spp., Eucampia antarctica, Thalassiosira spp., Odontella
weissflogii e Plagiotropis gaussii, em aguas relativamente mais frias, com
camada de mistura mais rasa, maiores teores de silicato e fosfato e
associados com maior biomassa fitoplancténica. Diferentemente, varios
dinoflagelados gimnodinidides Gymnl e Il, Prorocentrum minimum — Pmin e
Torodinium robustum — Torod, Phaeocystis antarctica (Phaeo) e as

diatomaceas Proboscia alata — Prob, Pseudonitzschia spp. — Pseudo e
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penadas nanoplancténicas — P20 foram mais abundantes no agrupamento
Bransfield e Drake do SOS | (2008; quadrados pretos), com aguas menos
frias, com relativamente menos teor de macronutrientes e com camada de
mistura mais profunda (Fig. 5.9A).

Quando considerou-se o modelo baseado nos dados de biomassa
em carbono (Fig. 5.9B), houve a separagao de algumas esta¢des Bransfield e
Ross de 2008 (quadrados pretos), as quais continuaram em posi¢cao
intermediaria entre o agrupamento SOS Il e restante das estagdes Ross 2008
(triangulos invertidos) e o agrupamento das demais estagdes Bransfield e

Drake 2008 (losangos pretos).
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5.4 Discussao

5.4.1 Variabilidade espacial e sazonalidade

Os trabalhos, que cobriram uma extensdo consideravel do
Atlantico Sudoeste até o Oceano Austral, concentraram-se no grupo das
diatomaceas em aguas neriticas em sua maioria (Olguin et al., 2006) ou em
aguas mais afastadas da quebra de plataforma da Patagénia (Olguin e Alder,
2011). Fernandes e Brandini (1999) caracterizaram uma distribuicao espacial
do fitoplancton com diatomaceas dominando na plataforma continental da
PatagOnia e com a haptoficea Phaeocystis aff. globosa presente em quatro
estacbes na Confluéncia Brasil-Malvinas e em uma estagdo em aguas
subantarticas. Estes trabalhos também apresentaram dados de composigéo e
biomassa do fitoplancton na barreira biogeografica da Frente Polar que é
uma feicdo importante para a dispersdo de varias espécies antarticas
(Fernandes e Brandini, 1999; Olguin et al., 2006; Olguin e Alder, 2011).

O presente trabalho ndo apresentou dados na Frente Polar e ao
longo da Passagem de Drake (entre Antartica e América do Sul). Contudo,
ele abrangeu fei¢des oceanograficas da quebra de plataforma continental da
Patagbnia (Argentina) e regibes costeira e oceanica proximas da parte
setentrional da Peninsula Antartica, apresentando a distribuicido espacial de
outros grupos fitoplanctdnicos além das diatomaceas.

Foram observados gradientes ambientais latitudinais em superficie
(em valores médios): temperaturas baixas (<2,50 °C) e concentragbes altas

de nutrientes inorganicos dissolvidos (nitrogenados >20 pM e silicato > 40
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MM) na porcdo sul da area estudada (Peninsula Antartica), confirmando o
observado em outros estudos (Fernandes e Brandini, 1999; Brandini et al.,
2000; Olguin e Alder, 2011).

A concentracado de clorofila-a decresceu desde os setores mais
setentrionais (>5 mg m™ de clorofila-a, em média) ocupados durante a
primavera austral quando ha presumivelmente o inicio de crescimento
fitoplanctonico (primavera de outubro 2004 e novembro de 2007) até as
estacdes do verao em janeiro de 2009, proximas das llhas Malvinas (0,63 mg
m™ de clorofila-a, em média). Na regido antartica, o nivel médio de clorofila-a
retornou para valores altos, sendo maior no verao austral de 2009 (2,34 mg
m®) do que no verdo de 2008 (1,83 mg m™>, em média), época do
crescimento fitoplancténico naquela parte do planeta (Knox, 2007; Smith Jr.,
1990).

A concentracao de clorofila-a deve ter sido influenciada por fatores
fisicos, tais como a frente de quebra de plataforma da Patagénia que fornece
nutrientes oriundos da CM (Garcia et al., 2008; Signorini et al., 2009), a frente
oceanografica de Bransfield que se extende ao sul das llhas Shetland do Sul
e a frente baroclinica proxima da Peninsula Antartica (Sangra et al., 2011), o
degelo continental préximo a Ilha James Ross e, eventualmente, intrusdes de
Agua Circumpolar Profunda Superior sobre a plataforma continental a oeste
das llhas Shetland do Sul (Prézelin et al., 2000, 2004).

Uma frente oceanografica mantém o fitoplancton em uma camada
de mistura relativamente rasa e sob irradiancia luminosa e fotoperiodo maior
ligados a primavera austral na Patagbnia (Signorini et al., 2009) ou ao verao

austral na Antartica (Prézelin et al., 2000, 2004), além da concentracao alta
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de nutrientes inorganicos dissolvidos, especialmente nitrogenados e fosfato
(Prézelin et al., 2000; Sanudo-Wilhelmy et al., 2002; Hewes et al., 2008;
Signorini et al., 2009). Fatores bioldgicos, tais como a herbivoria e a
sedimentagdo passiva, também podem ser importantes no Oceano Austral
(Smetacek et al., 2004; Ducklow et al., 2007). Ao mesmo tempo, a diferenca
inter-anual observada na regido antartica pode estar relacionada ao degelo
ao redor da Peninsula, pois 0 seu inicio, duracdo e extensao estdo
diretamente conectados com a profundidade da camada de mistura
superficial e influenciam a estrutura e sucessao do fitoplancton (Mendes et
al., submetido; Capitulo 4) dominado normalmente por diatomaceas >20 ym
ou formadoras de col6nias (Garibotti et al., 2005a,b).

Em relagao a estrutura da comunidade, o nanofitoplancton foi mais
importante para a biomassa total na quebra de plataforma da Patagbnia
(PATEX | e IV, primavera de 2004 e 2007) enquanto que o microfitoplancton
contribuiu para a biomassa total na plataforma sul da Patagbnia e em torno
da Peninsula Antartica (ver Tabela 5.1). A regido da quebra de plataforma da
PatagOnia na primavera pareceu favorecer o crescimento e/ou acumulagao
de diatomaceas nanoplanctonicas (Thalassiosira spp., Thal) e flagelados,
embora também tenham sido importantes as células >20 ym de Corethron
pennatum e formadores de colénias (Chaetoceros spp., Pseudonitzschia spp.
e outras Thalassiosira spp.). Essas contribuiram relativamente mais para a
biomassa em carbono microfitoplanctdnico em novembro de 2007 (PATEX
VII) (43,6% ou 60,6 ug C L™"; ver Tabela 5.1). Assume-se que a fracdo
picofitoplanctdnica ndo estimada no presente estudo deve ter sido menos

importante durante o periodo de maior crescimento fitoplancténico, quando o
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aporte de nutrientes pela CM para a regiao de quebra de plataforma (Garcia
et al., 2008; Matano et al., 2010) ou a entrada de nutrientes causada pelo
derretimento do gelo marinho e geleiras na Antartica (Ducklow et al., 2007;
Holm-Hansen e Hewes, 2004; Montes-Hugo et al., 2009) devem ter
primeiramente favorecido diatomaceas >20 uym ou formadoras de cadeias,
como observado na plataforma sul da Patagbnia e proximo a Peninsula
Antartica.

A predominancia de nanofitoplancton durante a primavera na
Patagbnia pode estar relacionada com habilidades ecofisioldgicas
diferenciadas e dependentes do tamanho celular (Edwards et al., 2011).
Células grandes (>20 pm) podem ter vantagem em ambientes com um
suprimento flutuante/com pulsos de nutrientes (Litchman et al., 2009). Este
deve ser o caso do crescimento fitoplancténico em torno da Peninsula
Antartica, que é dependente do aquecimento e derretimento de geleiras e,
em consequéncia, da disponibilidade do micronutriente ferro no verao austral
(Garibotti et al., 2005a). Esse microfitoplancton parece ter maior taxa maxima
de absor¢do de carbono por célula (Litchman et al., 2007) e maior
capacidade de armazenamento de nutrientes (Litchman et al, 2009),
sugerindo que essas caracteristicas possam ser aplicaveis em relagédo ao
metabolismo do ferro. E provavel que a predominancia de nanofitoplancton
na quebra de plataforma ndo seja resultante apenas da interagdo do
fitoplancton com o ambiente fisico que gera heterogeneidade espacial e
temporal. Isto explicaria a variabilidade em numero de espécies ou grupos
fitoplanctonicos no gradiente latitudinal estudado. No entanto, a

heterogeneidade pode também ser resultante das interagcdes bioldgicas
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promovendo estratégias ecoldgicas distintas e a coexisténcia de varios taxa
(Klausmeier e Tilman, 2002).

Apesar de ndo termos apresentado dados quantitativos sobre o
zooplancton, podemos sugerir que as diferengas observadas na estrutura em
tamanho do fitoplancton podem também ser resultado de diferencas de
estrutura dos niveis tréficos subseqlientes, particularmente dos consumidores
primarios. O microzooplancton, por exemplo ciliados oligotriquidos e
dinoflagelados heterotréficos, pode controlar as populagées de nanoplancton
na regiao patagobnica (Santoferrara e Alder, 2009) e na Antartica (Smetacek
et al., 2004; Smith Jr. & Lancelot, 2004). Tal controle favorece a maior
abundéncia de diatomaceas >20 ym e bem silicificadas, contribuindo para
uma bomba biolégica de silica. Por outro lado, o desenvolvimento e
concentracdo de meso- e macrozooplancton (copépodos, salpas e Kkrill
antartico Euphausia superba, até baleias; Smetacek et al., 2004) é
estimulado durante as floragdes de diatomaceas pouco silicificadas e de
Phaeocystis antarctica, sob condigbes 6timas de ferro, como as encontradas
nos arredores da Peninsula Antartica, particularmente em regides mais rasas
(Garibotti et al., 2005a).

Como enfatizado acima, as amostragens de primavera na
Patag6nia foram dominadas por nanoplancton, especialmente Thalassiosira
spp., enquanto que as de verdo (tanto em regides da Patagbnia quanto da
Antartica) foram caracterizadas por diatomaceas >20 pm, tais como
Rhizosolenia crassa, Odontella weissflogii e Eucampia antarctica. No Oceano
Austral, o elemento-traco ferro também ¢é apontado como um possivel

nutriente regulador do desenvolvimento fitoplancténico nas regides rasas ou
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com o aporte do derretimento de geleiras ou plataforma de gelo (Ducklow et
al., 2007). Neste estudo, isto pode ser sugerido pelas concentragdes altas de

diatomaceas e de clorofila-a estimadas préximo da llha James Ross.

5.4.2. Espécies comuns ao Mar Argentino e Oceano Austral

Agrupamentos de estacgdes/cruzeiros foram identificadas como
significativos (através da ANOSIM), diferenciando composi¢des taxondmicas
do fitoplancton entre a Patagbnia e Antartica. Os principais grupos
taxondmicos responsaveis por tais agrupamentos (pelo uso do SIMPER)
foram também identificados. Contudo, podemos apontar algumas espécies
que indicam a influéncia de aguas antarticas, provavelmente via Corrente
Circumpolar Antartica/Corrente das Malvinas, na regido de quebra de
plataforma da Patagbnia. As trés espécies de diatomaceas identificadas na
PatagOnia, Corethron pennatum, Eucampia antarctica e Thalassiothrix
antarctica, sdo comumente encontradas no Oceano Austral (Medlin & Priddle,
1990; Hasle & Syvertsen, 1997). Apenas C. pennatum apresentou
concentragdo consideravel de células (até 120000 células L™) na regigo
patagbnica durante a primavera, distante do Oceano Austral, enquanto que
E. antarctica e T. antarctica, ainda que estivessem presentes na parte mais a
sul da quebra de plataforma da Patagbénia também na primavera, foram mais
abundantes proximo da llha James Ross. C. pennatum deve apresentar
caracteristicas fisiolégicas de tolerancia a condigdes ambientais em menores
latitudes, pelo menos considerando-se o intervalo de temperatura

determinado neste estudo (-2 °C na Peninsula Antartica a ~8 °C na
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Pataglnia), ainda que seja considerada uma diatomacea cosmopolita com
abundéancias maiores nos polos (Scott e Marchant, 2005).

Nao foi possivel realizar a mesma abordagem em relagdo aos
demais grupos taxondmicos, em virtude das préprias limitagdes impostas
pela identificacdo de células <5 pym em microscopia otica. Isso foi
particularmente verificado no caso da haptoficea Phaeocystis antarctica, a
qual foi claramente identificada em apenas uma estagao oceénica de outubro
de 2004 (PATEX 1), associada com camada de mistura
profunda/luminosidade baixa (Garcia et al., 2008). A mesma nao foi estimada
em novembro de 2007 (PATEX IV) e, provavelmente, esteja incluida no grupo
Flag — flagelados entre 2 e 10 ym. Cabe ressaltar que as coldnias esféricas
destes organismos se desfazem sob agdo do fixador comumente utilizado
(solugdo de Lugol alcalina), liberando as células na amostra aquosa (R.
Comin, comm. pess.). Esta espécie também foi identificada na quebra de
plataforma da Patagbnia na primavera de 2006 e verao/outono de 2007 em
termos de biomassa em carbono, especialmente no verdo, com baixa
biomassa (Comin, 2009). Estes resultados apontam para a necessidade de
um estudo mais detalhado sobre esse organismo, com o intuito de verificar
possiveis variagdes inter-anuais e espaciais ao longo e nas cercanias da
quebra de plataforma da Patago6nia, haja vista sua importdncia em ciclos
biogeoquimicos tais como o do enxofre e do carbono (Schoemann et al.,

2005; van Leeuwe et al., 2007 e referéncias inclusas).
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5.4.3 Composigéao do fitoplancton associada a parametros fisicos e quimicos

A analise de ordenacao dos dados da Patagénia (ver Fig. 5.8A e
B) ndo exibiu os agrupamentos de estag¢des sob o controle de apenas um ou
outro eixo/raiz canénico, apesar da significancia do modelo. Isso pode ser
devido a variabilidade sazonal (primavera e verdo), anual e espacial
latitudinal observada. A inclusdo da amostragem de verao (PATEX VII) nesta
analise permitiu a inclusdo de aguas subantarticas mais ao sul (até 55°S),
considerando a relacdo do fitoplancton com a maior camada de mistura e
fraca estratificagao vertical sob influéncia da CM (Garcia et al., 2008).

Entre todas as espécies e/ou grupos taxondmicos analisados,
Rhizosolenia crassa foi fortemente associada com camada de mistura
profunda, ao sul das llhas Malvinas (PATEX VII). Outra espécie de tamanho
similar, Rhizosolenia formosa, foi também associada com camada de mistura
profunda, sendo considerada como um organismo capaz de desenvolver-se
nesta condicao em virtude de um controle relativo de flutuabilidade na coluna
d’agua, ligado ao metabolismo das proteinas flavodoxina e ferredoxina
(McKay et al., 2000). Contrariamente, muitos dinoflagelados (Ceratium
lineatum/pentagonum, Gonyaulax spp. € Torodinium robustum) foram
relacionados com camada de mistura rasa, mas proximos a plataforma
continental. Smayda (2010a,b) descreveu extensivamente as estratégias
adaptativas de dinoflagelados em regides de ressurgéncia, apontando os
“ceratians” (tipo C. lineatum/pentagonum) como tipicas dessas regides e
Gonyaulax polygramma como tipica de regido de relaxamento da

ressurgéncia, com habilidade para tolerar danos causados pela turbuléncia.
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Essas relagdes explicariam a constante presencga daqueles dinoflagelados na
quebra de plataforma. Hemiaulus spp. foram associadas a aguas
relativamente menos frias nesta analise de ordenagao. Varias espécies deste
género sao relacionadas com aguas mais quentes a temperadas (Hasle &
Syvertsen, 1997). Contudo, H. hauckii e H. membranaceus foram
identificadas em aguas subtropicais (Olguin et al., 2006) e ao norte da
Confluéncia Brasil-Malvinas (Fernandes e Brandini, 1999), distante da nossa
regido de estudo, sugerindo uma area de distribuicdo mais ampla no Atlantico
Sudoeste para essas espécies.

Os resultados da ACC relativos aos dados da regido antartica
resultaram em melhor contraste entre os agrupamentos de estagdes. O verao
de 2009 (SOS Il) e a maioria das estagdes proximas da Ilha James Ross em
2008 foram caracterizados por camadas de mistura relativamente rasas,
temperatura baixa em superficie (em relagdo as regides mais a norte, do
Estreito de Bransfield e da Passagem de Drake), concentracao relativamente
alta de silicato. Estas condigbes refletiram em uma concentracdo alta de
clorofila-a associada as diatomaceas >20 ym, tais como Odontella weissflogii,
Eucampia antarctica, varias céntricas tipo Thalassiosira spp. € Chaetoceros
spp. A maioria das estagdes do Estreito de Bransfield e as estagcbes da
Passagem de Drake (2008) foram caracterizadas por condicbes opostas:
camada de mistura profunda, onde Phaeocystis antarctica parece ser uma
das poucas espécies que conseguem desenvolver-se e alcangar produgéo
primaria alta (Arrigo et al., 1999; Mills et al., 2010). Alguns dinoflagelados
foram também importantes, provavelmente indicando estagios de sucessao

tardios em relacdo ao encontrado préximo da llha James Ross. Analises de
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cromatografia liquida de alta eficiéncia (CLAE) nos mesmos periodos de
estudo mostraram também maior concentragdo de dinoflagelados e
“Phaeocystis antarctica’” no Estreito de Bransfield e Passagem de Drake
(2008) e dominancia de diatomaceas proximo da llha James Ross (Mendes
et al., em revisao; Capitulo 4).

A presenga e a concentragao alta das espécies de diatomaceas
indicam que, especialmente proximo a llha James Ross, a comunidade
fitoplanctdénica estava composta por representantes associados a condigbes
de degelo (aporte de ferro) e estratiticacdo da coluna d’agua, e camada de
mistura rasa (Chaetoceros spp. € a diatomacea epdntica Plagiotropis gaussii)
(Denis et al., 2006). A presenca consideravel da diatomacea céntrica
Odontella weissflogii € apontada como um fato comum no meio/fim do verao
antartico (Annett et al., 2010), o que é confirmado neste trabalho com periodo
de coleta em fevereiro-margo de 2008 e 2009. Da mesma maneira, é possivel
que nao apenas alguns parametros isolados (temperatura, salinidade,
nutrientes, camada de mistura/estratificacdo) expliquem o crescimento e
acumulagao daquelas diatomaceas préximo da Peninsula Antartica (Annett et
al., 2010 e referéncias inclusas), mas sim a interagdao entre eles e outros

parametros (por exemplo, radiagédo solar) ndo analisados neste trabalho.
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5.5 Conclusao

A distribuigao do fitoplancton nas regides de estudo foi influenciada
pela variabilidade sazonal (primavera e verao), incrementada por diferengas
inter-anuais e horizontais (plataforma e regido oceéanica). O fitoplancton dos
cruzeiros de primavera (Patagbnia) foi dominado pelas diatomaceas
nanoplancténicas, Thalassiosira spp., enquanto que o fitoplancton dos
cruzeiros de verao foi caracterizado pelas diatomaceas microfitoplancténicas
Rhizosolenia crassa na regido subantartica e Odontella weissflogii, Eucampia
antarctica e variadas céntricas tipo Thalassiosira em torno da Peninsula
Antartica. Dinoflagelados sempre estiveram presentes, principalmente, ao
longo da frente de quebra de plataforma. Temperatura e nutrientes
inorganicos dissolvidos, especialmente silicato, foram importantes para a
variabilidade do fitoplancton nas regides de estudo. A distribuigdo espacial do
fitoplancton foi relacionada com processos fisicos que conferem condicbes
para o crescimento e acumulo de biomassa fitoplanctébnica em camada de
mistura rasa: a frente de quebra de plataforma da Patagbnia, a frente
oceanografica de Bransfield e o degelo continental préximo a Ilha James
Ross, onde diatomaceas foram dominantes. Criptoficeas, Phaeocystis
antarctica e outros flagelados foram associados, especificamente na
Antartica, com camada de mistura profunda. Processos bioldgicos, como a
pressdo de herbivoria, foram sugeridos como outro fator ambiental
controlando o fitoplancton em ambas regides de estudo e promovendo uma
heterogeneidade espacial na composigcao fitoplanctbnica. As diatomaceas

Corethron pennatum, Eucampia antarctica e Thalassiothrix antarctica
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ocorreram em ambos os dominios estudados, sugerindo a influéncia de
aguas (sub)antarticas oriundas da Corrente Circumpolar Antartica ao longo

da quebra de plataforma da Patagdnia.
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ANEXO V

Listas de espécies/grupos taxonémicos, apenas os autotroficos, identificados
na PatagOnia e Antartica, acrénimos correspondentes utilizados nas analises
estatisticas de agrupamentos e de correspondéncia canbnica e seus

respectivos biovolume (um®) e biomassa em carbono (pg C) (Anexo V).
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Espécie ou grupo taxonémico Acrénimos Ocorréncia Biovolume (um®) Biomassa em carbono (pg C)
Cryptophyta*
Criptoficeas Crypt PeA 137 22
Euglenophyta*
Eutreptiella sp. Eug P-IvV 1767 242
Chlorophyta*
Prasinophyceae Flag P-Vile A 231 36
Pyramimonas sp. Flag A 49 8
Haptophyta*
Cocolitoforideos | Coccol PeA 372 56
Cocolitoforideos I Coccol P-Vile A 1596 220
Cocolitoforideos Il Coccol A 4189 544
Phaeocystis antarctica Phaeo PeA 60 10
Prymnesiophyceae (Chrysochromulina) Flag A(SOS II) 48 8
Syracosphaeraceae Coccol P-Vile A 393 59
Dictyochophyta*
Dictyocha speculum Dicspe PeA 2120 287
Dictyocha speculum Dicspe A 9163 1135
Flagelados >2-10 um* Flag PeA 7 12
Dinophyta*
Alexandrium sp. Dinof PeA 31416 3120
Amphidinium aff. carterae | Amph A 623 64
Amphidinium aff. carterae || Amph A 4614 466
Ceratium lineatum Cerlin P 15933 1692
Ceratium pentagonum Cerlin P 30053 2985
Ceratium lineatum + C. pentagonum Cerlin P 26389 2625
Ceratium fusus Dinof P 21531 2145
Cochlodinium sp1. Coch PeA(SOS 1) 8545 859
Corythodinium tesselatum Dinof P-IvV 2291 233
Dinophysis cf. okamurai Dinph PeA 14622 1462
Dinophysis sp2. Dinph P 5301 535
Dinophysis sp3. Dinph P 12252 1227
Dinophysis sp4. Dinph PeA 23639 2353
Gonyaulax scrippsae Gony P 8181 822
Gymnodinium sp1. Gymnl PeA 98 10
Gymnodinium sp2a. Gymnll PeA 1145 117
Gymnodinium sp2b. Gymnll PeA 1420 145
Gymnodinium sp3. Gymnll A 4273 432
Gymnodinium/Gyrodinium Gymnll A 4189 424
Gyrodinium sp. Gyrol PeA 116 12
Gymnodiniales Gymnll A 445 46
Gymnodiniales Gymnll A 2492 253
Heterocapsa triquetra Het PeA 6676 672
Oxytoxum spp. (O. gracile, O. scolopax, O. variabile) Oxyt P 1247 127
Oxytoxum criophilum Oxyt A 8378 842
Peridiniales la Perl PeA 796 82
Peridiniales Ib Perl PeA 1049 107
Peridiniales |1 Perll PeA 2806 285
Phalacroma sp1. Dinof PeA 53407 5278
Phalacroma sp2. Dinof P-IvV 53407 5278
Prorocentrum antarcticum Pspp PeA 4545 459
Prorocentrum minimum Pmin PeA 1395 142
Prorocentrum cf. minimum Pminll PeA 6909 696
Prorocentrum cf. compressum Pspp P 3272 332
Scrippsiella cf. trochoidea Dinof P-IvV 8096 814
Torodinium robustum Torod PeA 7154 720
Torodinium robustum Torod A 9425 946
Atecado ndo identificado Dinof PeA 19685 1963
Tipo Peridiniella catenata Dinof PeA 5563 561
Tecado n&o identificado Dinof A 32445 3221
Ciliophora***
Myrionecta rubra (<20 pm) Mrub AeP 1767 336
Myrionecta rubra (20-30 um X 10-20 um) Mrub P 3665 696
Myrionecta rubra ~30 pm diametro Mrub P 4608 875
Myrionecta rubra 20-30 diametro Mrub A 6231 1184

Fatores de conversdo de biovolume para biomassa em carbono, de acordo

*k%x

com * = Menden-Deuer e Lessard (2000), ** = Montagnes et al. (1994) e
Putt e Stoecker (1989). Ocorréncia: P = Patagbnia (primavera e verao), A =
Antartica (verbes de 2008 e 2009), P-I = outubro de 2004, P-IV = novembro de
2007, P-VII = janeiro de 2009, SOS-I = fevereiro-margo de 2008 e SOS Il =

fevereiro-margo de 2009.
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Espécie ou grupo t omi Acrénimos Ocorréncia  Biovolume (um®) Biomassa em carbono (pg C)
Bacillariophyta**
Asteromphalus hyalinus Centr A 35805 3551
Actinocyclus spp. (A. [= Charcotia] actinochilus, A. octonarius) Centr A 6872 692
Bacteriastrum hyalinum Centr P-VII 785 81
Céntricas (5 pm diametro X 2,5 ym) Cent5 P-Vile A 49 5
Céntricas (5 X 5 um) Cent5 P 98 10
Céntricas (10 X 10 pm) Cent10 P-Vile A 1963 200
Céntricas (4 pm diametro X 24-33 ym) Centr P 342 35
Chaetoceros affinis Chaetl P-VII 825 85
Chaetoceros cf. atlanticus Chaetll P-Vile A 11310 1133
Chaetoceros bulbosus Cbulb A 3115 316
Chaetoceros convolutus Chaetll PeA 785 81
Chaetoceros convolutus Chaetll P-Vile A 1649 168
Chaetoceros cf. criophilus Crio P-Vile A 550 57
Chaetoceros criophilus Crio A 267 28
Chaetoceros decipiens Chaetll P-Vlile A 8044 809
Chaetoceros dichaeta Cdic PeA 104 1
Chaetoceros spp. (C.atlanticus, C. dichaeta, C. densus) Cdic A 534 55
Chaetoceros aff. filiformis Chaetl A 43 5
Chaetoceros flexuosus Chaetl A 107 1
Chaetoceros laciniosus Chaetl P 707 73
Chaetoceros lorenzianus Chaetll P 589 61
Chaetoceros neglectus Chaetl A 100 10
Chaetoceros neglectus Chaetl A 300 31
Chaetoceros peruvianus Chaetll P 1217 124
Chaetoceros cf. simplex Chaetl P-Vlile A 550 57
Chaetoceros wighamii Chaetl P 80 8
Chaetoceros sp1. Chaetl A 67 7
Chaetoceros sp2. Chaetl PeA 61 6
Chaetoceros sp3. Chaetl P-Vile A 1551 158
Chaetoceros sp4. Chaetl P 29 3
Chaetoceros sp5. Chaetll P 589 61
Corethon inerme Centr A 38170 3784
Corethron pennatum Cpenn P-VII 982 101
Corethron pennatum Cpenn P-ViI 3142 318
Corethron pennatum Cpenn PeA 7605 765
Corethron pennatum Cpenn A 15610 1560
Corethron pennatum Cpenn A 199786 19511
Cylindrotheca closterium Cylclo PeA 234 24
Cylindrotheca cf. closterium Cylclo P-ViI 159 17
Dactyliosolen cf. phuketensis Centr P-VII 6680 673
Dactyliosolen fragilissimus Centr A 4712 476
Diploneis sp. Penn P-lelV 1508 154
Ditylum brightwellii Centr P-IvV 14520 1452
Eucampia antarctica Eantar P 8836 887
Eucampia antarctica antarctica Eantar A 10838 1087
Eucampia antarctica reta Eantar A 15551 1554
Fragilariopsis sp1a. Frag A 450 46
Fragilariopsis sp1b. Frag P-Vil 707 73
Fragilariopsis sp2a. Frag P-Vile A 1926 196
Fragilariopsis sp2b. Frag A 2387 243
Fragilariopsis spp. Frag A 851 87
Guinardia cylindrus Gspp P 2513 255
Guinardia tubiformis Gtub PeA 344 36
Guinardia sp. Gspp P 5498 555
Hemiaulus spp. (H. hauckii, H. sinensis) Hemi P 923 95
Leptocylindrus mediterraneus Centr PeA 3436 348
Leptocylindrus minimus Centr A 295 31
Licmophora sp. Penn A 4500 455
Melosira sp. Centr P-Vil 392699 38119
Membraneis challengeri Penn A 29920 2972
Membraneis challengeri Penn P 40618 4024
Meuniera membranacea Penn P-VII 17671 1764
Minidiscus cf. chilensis Cent5 P-Vil 29 3
Navicula directa Ndir P 375
Navicula sp2a. P20 A 127 13
Navicula sp2b. P20 A 113 12
Navicula sp3. P20 A 162 17
Navicula sp4. P50 A 1237 126
Navicula sp5. P50 A 1325 135
Naviculaceae P20 A 478 49
Naviculaceae P100 A 2101 214
Fator de conversao de biovolume para biomassa em carbono, de acordo com

** = Montagnes et al. (1994). Ocorréncia: P = Patagbnia (primavera e verao), A
= Antartica (verdes de 2008 e 2009), P-l = outubro de 2004, P-IV = novembro
de 2007, P-VII = janeiro de 2009, SOS-| = fevereiro-marco de 2008 e SOS Il =

fevereiro-margo de 2009.
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Continuacao das espécies/grupos de diatomaceas

Espécie ou grupo taxonémico Acrénimos Ocorréncia Biovolume (um®) Biomassa em carbono (pg C)
Odontella litigiosa Centr A 38453 3811
Odontella rhombus Centr P-Vil 4477 452
Odontella weissflogii Owe A 133518 13087
Paralia sulcata Centr P-Vil 3142 318
Penadas P20 P-VII 156 16
Penadas P50 P-ViII 781 80
Penadas P50 P-ViII 677 70
Penadas Penn A 4123 417
Plagiotropis gaussii Pgau P-Vile A 371 376
Plagiotropis gaussii Pgau A 8412 845
Pleurosigma/Gyrosigma Penn P 28350 2818
Proboscia alata Prob P-Vil 22619 2253
Proboscia alata Prob A 20106 2005
Proboscia cf. inermis Prob A 17593 1756
Pseudogomphonema sp. Penn A 4219 427
Pseudonitzschia spp. Pseudo PeA 140 15
Pseudonitzschia spp. Pseudo P-le IV 76 8
Pseudonitzschia spp. Pseudo A 432 45
Rhizosolenia crassa Rcra P-Vil 8051391 760579
Rhizosolenia imbricata Rhizo P-VII 39584 3923
Rhizosolenia simplex Rhizo P-Vil 21206 2113
Rhizosolenia sp1. Rhizo A 982 101
Rhizosolenia sp2a. Rhizo A 27489 2733
Rhizosolenia sp2b. Rhizo A 89339 8788
Rhizosolenia sp2c. Rhizo A 106029 10414
Rhizosolenia sp3. Rhizo P-Vil 2265874 216504
Synedra sp. Penn A 6300 635
Thalassionema nitzschioides Tnitz P-Vil 270 28
Thalassionema nitzschioides Tnitz P-Vil 301 31
Thalassionema nitzschioides Thitz P-VII 488 50
Thalassionema sp2a. Penn A 1350 138
Thalassionema sp2b. Penn AeP 2475 251
Thalassionemataceae P50 P-Vil 844 87
Thalassionemataceae P100 P-VII 3563 361
Thalassionemataceae P100 A 2554 259
Thalassiosira spp. | (T. oceanica, T. perpusilla) Thal P 659 68
Thalassiosira spp. (T. gracilis, T. perpusilla) Thal A 1802 184
Thalassiosira sp. Thal P 3634 368
Thalassiosira spp. (T. dichotomica, T. eccentrica) Thall P 6498 654
Thalassiosira spp. Thall P 15708 1570
Thalassiosira sp1. Thall P 29452 2926
Thalassiosira sp2. Thalll P 81430 8017
Thalassiosira sp3. Thalll P 125664 12324
Thalassiosira sp4. Thall A 2227 226
Thalassiosira cf. australis Thall A 2982 302
Thalassiosira gracilis gracilis Thall A 4637 468
Thalassiosira spp. ( Thalassiosira dichotomica, Azpeitia tabularis, Stellarima microtrias) Thall A 10730 1076
Thalassiosira spp. (T. antarctica, Porosira pseudodenticulata) Thalll A 59456 5870
Thalassiosira spp. ThalV A 438456 42518
Thalassiosira/Coscinodiscus ThalVv A 313609 30503
Thalassiosira/Coscinodiscus ThalV A 407150 39509
Thalassiosira/Coscinodiscus ThalV A 795216 76702
Thalassiosira/Coscinodiscus ThalV A 965097 92926
Thalassiosira/Coscinodiscus ThalV A 1221451 117360
Thalassiosira/Coscinodiscus ThalV A 4946029 469283
Thalassiosira/Coscinodiscus ThalV A 4712389 447310
Thalassiothrix antarctica Thant P 6563 661
Thalassiothrix antarctica Thant P 11875 1190
Thalassiothrix antarctica Thant PeA 59350 5860
Trichotoxon reinboldii Penn A 25758 2562

Fator de conversao de biovolume para biomassa em carbono, de acordo com
Montagnes et al. (1994). Ocorréncia: P = Patag6nia (primavera e verao), A =
Antartica (verdes de 2008 e 2009), P-I = outubro de 2004, P-IV = novembro de
2007, P-VII = janeiro de 2009, SOS-I = fevereiro-margo de 2008 e SOS Il =

fevereiro-margo de 2009.



275

ANEXO VI

Prancha com fotografias de microscopia eletronica de varredura de algumas

espécies ou grupos taxonémicos da Patagbnia e Antartica.
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Diatomaceas em torno na Peninsula Antartica
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Fitoplancton na Patagénia (Mar Argentino) — Diatomdceas
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Dinoflagelados

Ceratium pentagonum
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Outros Microorganismos
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