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“Somewhere, something
incredible is waiting to be known.”
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RESUMO

Imagens de satélite da cor do oceano detectam intensas floracdes do fitoplancton durante
primavera e verdo ao longo da quebra de plataforma Argentina, mas sdo escassas as
medidas Opticas in situ na regido. O objetivo geral desta tese foi investigar a
variabilidade das propriedades Opticas das floragdes do fitoplancton na quebra de
plataforma Argentina e arredores. Entre 2006 e 2009, seis cruzeiros foram conduzidos
com diversas medidas biologicas e fisicas, incluindo medicdes bio-Opticas, dentre as
quais algumas inéditas na regido. As seguintes medidas foram consideradas: coeficientes
spectrais de absorcdo da luz pelo material particulado, que inclui o fitoplancton e
detritos; coeficiente de atenuacdo da luz pelo material particulado a 660nm; irradiancia
descendente e radiancia ascendente da luz com alta resolu¢do espectral, a partir das quais
se obtém os coeficientes da atenuacao difusa e a reflectancia do sensoriamento remoto in
situ; reflectdncia do sensoriamento remoto medida por satélite; concentracdo de
clorofila-a total e fracionada por classes de tamanho do fitoplancton estimada pelo
método fluorimétrico; concentracdes de clorofila-a e pigmentos acessorios do
fitoplancton, obtidas por HPLC; abundancia taxonomica relativa do fitoplancton
estimada por CHEMTAX; e fator de tamanho celular do fitoplancton estimado pelos
espectros de absorcdo da luz pelo fitoplancton. Grande variabilidade foi observada nos
coeficientes de absorcdo, atenuacdo (e espalhamento) e atenuacdo difusa da luz para
uma dada concentrag¢do de clorofila-a e vice-versa. Grande parte dessa variabilidade
pode ser explicada por variagdes no tamanho celular do fitoplancton e, portanto, ao
efeito “pacote”. A variabilidade nos espectros de reflectancia do sensoriamento
remoto (propriedade Optica aparente) medidos in situ revelou o fitoplancton como
componente dominante nas propriedades Opticas das floragdes na regido. Porém, a

variabilidade nos coeficientes especificos (i.e., normalizados por clorofila-a) de



absorcdo e espalhamento (propriedades Opticas inerentes), devido a variagdes no
tamanho celular do fitoplancton, influenciou o desempenho de modelos bio-6pticos
para estimar concentragdo de clorofila-a por satélite. As principais situagdes de
composi¢ao taxondmica do fitoplancton que ocorrem durante as floragdes na regido
(dominancia por diatoméceas, haptoficeas, e com contribui¢cdes destes grupos e de
outros, sem dominancia) foram refletidas de forma coerente nos comportamentos
espectrais de absorcao da luz pelo fitoplancton, indicando o potencial em discriminar
as assembleias das floracdes na regido através de dados Opticos. Particularmente, a
identificagdo de dominancia de diatoméceas e haptoficeas, a partir de um
comprimento de onda, e também pelo fator de tamanho celular do fitoplancton, que
pode ser estimado por satélite, indica o potencial em identificar a dominancia de tais

grupos taxondmicos por sensoriamento remoto na regiao.

Palavras-chave: quebra de plataforma Argentina; absor¢do da luz; espalhamento da

luz; reflectancia do sensoriamento remoto; pigmentos; taxonomia do fitoplancton



ABSTRACT

Satellite images usually detect intense phytoplankton blooms during spring and summer
along the Argentina shelf break. Because in sifu optical measurements are scarce in the
region, six cruises were conducted from 2006 to 2009 to measure several physical,
biological, and optical properties. Some of the bio-optical properties were gathered for
the first time in the region. The aim of this thesis was to characterize the optical
properties of phytoplankton blooms along the Argentina shelf break e adjacent areas. For
this purpose, the following measurements and data were considered: light absorption
coefficients of particulate material that includes phytoplankton and detritus; light
attenuation coefficient of particulate material at 660 nm; hyperspectral downwelling
irradiance and upwelling radiance, from which one obtains the vertical attenuation
coefficients for downwards irradiance and upwards radiance and in sifu reflectance of
remote sensing; total and size-fractionated chlorophyll-concentration, estimated by
fluorimetric method; concentrations of chlorophyll-a and accessory pigments of
phytoplankton obtained by HPLC; relative taxonomic abundance of phytoplankton
estimated by CHEMTAX; a cell size parameter for phytoplankton estimated from the
phytoplankton absorption spectra. Large variability was observed for absorption
coefficients of phytoplankton, scattering of particles and the vertical attenuation
coefficients for downwards irradiance for a given chlorophyll-a concentration. Such
variability could be largely explained by variations in cell size of phytoplankton and
therefore the "package" effect, as indicated by the cell size parameter. The
characterization of the variability in the remote sensing reflectance (apparent optical
property) measured in situ revealed phytoplankton as the dominant component on the
optical properties of algal blooms in the region. Nevertheless, the variability in

absorption and scattering coefficients (inherent optical properties) due to variations in



cell size of phytoplankton was shown to impact the performance of bio-optical models
that relies on band reflectance ratios of remote sensing to retrieve chlorophyll-a from
satellite. The main taxonomic composition of the phytoplankton blooms (dominance of
diatoms, haptophytes, and mixed contributions of these and others groups, but with no
dominance) was consistently reflected on the spectral shape of light absorption of
phytoplankton. Our results indicate a potential to discriminate phytoplankton
assemblages in the region through optical data. Particularly, the identification of diatoms
or haptophytes using one wavelength or through a phytoplankton cell size parameter,
which can be estimated from satellite, has a potential of identifying the dominance of

such taxonomic groups from remote sensing in the region.

Key words: Patagonia shelf-break; light absorption; light scattering; remote sensing

reflectance; pigments; phytoplankton taxonomy



APRESENTACAO

Essa tese segue a formatagao alternativa “Modelo com trabalhos em apéndice”,
segundo o Guia de Teses da Coordenacdo de Curso da Pos-Graduagdo em
Oceanografia Biologica, FURG. Assim, o documento ¢ composto por uma Introducao
com aspectos gerais sobre a regido de estudo, breve esplanagado e revisdo bibliografica
sobre a Bio-Optica Marinha, justificativas, hipoteses e os objetivos gerais e especificos
da tese; Material e Métodos em linhas gerais; Sintese dos Resultados, que sumariza
separadamente os resultados dos trés artigos resultantes da tese; Conclusdes e
Literatura Citada até entdo; Apéndice, que consiste nos trés manuscritos resultantes da
tese, os quais sdo referidos aqui como Artigos, para fins praticos. Especificamente, o
Artigo 1 se encontra aprovado para publicagdo, o Artigo 2 publicado e o Artigo 3 em
processo de submissdo. As figuras citadas ao longo desta tese sdo encontradas nos

Apéndices.



1. INTRODUCAO

1.1. A regido da quebra de plataforma da Argentina

Na regido proxima a quebra de plataforma Argentina (QPA), a transi¢@o entre
as aguas da Corrente das Malvinas e as dguas de plataforma forma uma frente termo-
halina que se estende entre 37 e 50° S (Guerrero et al., 1999; Acha et al., 2004).
Intensas floracdes de fitoplancton ocorrem ao longo da QPA, e imagens de satélite
(sensoriamento remoto) da cor do oceano indicam essas ocorréncias entre setembro e
marco (Garcia et al., 2004; Saraceno et al., 2005, Rivas et al., 2006, Romero et al.,
2006, Signorini et al., 2006), com forte ciclo anual (Garcia ef al., 2004). A area com
grande biomassa do fitoplancton que margeia a QPA seria sustentada pelas dguas
aguas ricas de origem subantartica em nutrientes (Romero et al., 2006; Garcia et al.,
2008). Além disso, processos de ressurgéncia na QPA foram descritos recentemente
devido a interagdo da Corrente das Malvinas com a topografia do talude (Matano e
Palma, 2008; Matano et al., 2010; Piola et al., 2010). Um estudo global estimou que
um maior aumento na concentragdo de clorofila-a durante o periodo estudado (1998—
2003) ocorreu no mar da Regido Patagonica (Gregg et al., 2005). A frente da quebra
de plataforma da regido influencia a abundancia de recursos pesqueiros e predadores
de topo (Bertolotti et al., 1996; Cousseau e Perrota, 2000; Copello et al., 2011).

Estudos com imagens de satélite sugerem que uma das mais intensas floragdes de
cocolitoforideos no oceano global ocorre na Plataforma Argentina (Brown e Yoder,
1994; Brown e Podesté, 1997). Séries temporais de imagens de satélite mais atuais de
concentragdo de clorofila-a, Chla, e de calcita evidenciaram a dominancia do grupo
sobre a assinatura espectral de reflectdncia na regido entre dezembro e fevereiro

(Signorini et al., 2006). Expedi¢des recentes constataram in sifu floracdes de
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cocolitoforideos na Plataforma Argentina Sul (Garcia et al., 2011; Souza et al., 2012)
e Regido Frontal Sub-Antartica (Balch et al., 2011). Os cocolitoforideos apresentam
um papel fundamental no ciclo do carbono, entre o oceano e a atmosfera, pois suas
células sintetizam carapacas de carbonato de calcio, a partir dos ions bicarbonato da
agua (Holligan et al., 1993). A senescéncia destas floragdes ciclicas anuais resulta em
altas taxas de sedimentacdo de carbono (aprisionado nas carapacas como CaCOj3),
cuja parte ¢ acumulada no fundo oceanico, constituindo uma forma de sequestro de
CO; atmosférico (Holligan et al., 1993) dentro do ciclo global do carbono. Por fim,
estas células promovem um alto grau de retro-espalhamento da luz, causando erros na
aplicacdo de algoritmos empiricos aplicados ao sensoriamento remoto para estimativa
de Chla a partir de dados de reflectancia (Gordon et al., 2001).

Além dos aspectos especificos referentes as floragcdes dos cocolitoforideos em
periodos determinados do ano na regido, os altos valores de biomassa associados a
diatomaceas e dinoflagelados (Carreto et al., 2008; Garcia et a/, 2008; Comin, 2009;
de Souza, 2012) durante toda a primavera e verao austral, bem como de produtividade
primaria comparaveis com maximos sazonais de produtividade em correntes de
contorno leste (Carreto et al., 2008; Garcia et al, 2008; Lutz et al., 2010), evidenciam
o papel importante da regido com respeito aos ciclos biogeoquimicos. Em estudos
anteriores, a plataforma e o talude da Patagdonia foram definidos como areas de
intensa absor¢do de CO, atmosférico pelos oceanos no hemisfério sul devido, em
parte, a alta produtividade fitoplanctonica (Takahashi e al., 2002; Bianchi et al.,
2009).

Apesar da importancia ecologica e biogeoquimica da regido, poucos estudos in
situ tém sido conduzidos com o objetivo de fornecer informacgdes sobre o fitoplancton,

especificamente na regido da QPA (e.g. Carreto et al., 2008). Recentemente, Schloss
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et al. (2007) avaliaram a influéncia da estrutura da comunidade planctonica sobre a
dindmica do carbono nas 4dguas superficiais da plataforma na regido da Patagonia, mas
poucos pontos foram amostrados na 4area ocednica ou do talude. Os autores
verificaram relagdo inversa entre biomassa do fitoplancton e a diferenga de pressdo
parcial do CO, entre a agua e a atmosfera, quando as assembleias do fitoplancton
foram dominadas por diatomaceas, ndo sendo o caso onde pequenos flagelados (< 5
pm) foram os organismos mais abundantes. Medigdes bio-Opticas t€ém sido raramente
realizadas nas aguas da Patagonia (Ferreira et al., 2009;. Lutz et al., 2010; Garcia et
al., 2011).

Em funcdo dos antecedentes cientificos apontados, e a importancia ecologica e
biogeoquimica da regido, assim como das teleconexdes entre regides subantartica e
costeira do Brasil, o Grupo de Oceanografia de Altas Latitudes (GOAL) propos o
projeto PATEX - Processos fisicos e bio-geoquimicos na quebra de plataforma da
Patagonia, no ambito do CNPq/Programa Antértico Brasileiro, e uma série de
cruzeiros, denominada PATEX (PATagonian EXperiment), foi conduzida na regido
entre 2004 e 2009 durante primavera e verdo para coleta de dados fisicos,
bioquimicos, Opticos e biologicos a fim de caracterizar tais floragdes e os fatores
ambientais atuantes. O presente trabalho teve como objetivo caracterizar a
variabilidade das propriedades bio-Opticas relacionando-as com as observadas
floragdes de fitoplancton nas dguas da quebra de plataforma da Argentina e areas

adjacentes, com base em seis cruzeiros da série PATEX (2006 a 2009).
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1.2.  Bio-dptica

1.2.1. Propriedades opticas e constituintes opticos da agua do mar

Segundo Preisendorfer (1961), as propriedades Opticas dos oceanos podem ser
divididas em i) propriedades dpticas inerentes, IOPs' (Inherent Optical Properties),
pois suas caracteristicas dependem exclusivamente da concentracdo e composi¢ao dos
componentes do meio, e ii) propriedades opticas aparentes, AOPs, que dependem
também da distribuicdo geométrica do campo da luz radiante que interage com as
IOPs. As principais IOPs sao os coeficientes de absor¢dao e espalhamento da luz,
enquanto as principais 4OPs consistem na radiancia, irradiancia, reflectancia da
superficie (ou cor do oceano) e os coeficientes de atenuacdo difusa da luz. As
magnitudes destas propriedades dependem do comprimento de onda, A, que nos
estudos bio-Opticos se restringem essencialmente a faixa espectral da luz visivel, entre
400 a 700 nm.

A teoria que quantifica os coeficientes de absor¢ao, a(A) e espalhamento, b(A), da
luz, comumente expressos em m’', assume um feixe de luz paralelo que passa por
uma camada fina de 4gua. O coeficiente de espalhamento ¢ subdividido em dois: para
frente e para tras (retro). Para aplicagdes de sensoriamento remoto, considera-se o
coeficiente de retro-espalhamento, by(A), que fornece informagdes sobre os
constituintes Opticos da d4gua do mar, pois a luz incide sobre a superficie do mar retro-

espalhando energia radiante de volta para a superficie. O coeficiente de atenuacdo da

! Grande parte das abreviagdes apresentadas no corpo da tese sdo referentes aos termos em
inglés, a fim de evitar o uso de duas diferentes abreviagdes para um mesmo termo contido no
corpo da tese em portugués e nos artigos submetidos ou aceitos em inglés (Ver Lista de
Simbolos e Abreviacdes). O termo em inglés considerado como base para tal abreviagdo ¢
devidamente informado no texto em portugués.
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luz, c(A), ¢ a soma dos coeficientes de absor¢cdo e espalhamento. Os principais
componentes que determinam as /OPs nos oceanos sdo i) a propria agua; ii) as
particulas, que incluem o fitoplancton e o material ndo-vivo (ou detritos®), podendo
ser organico e inorganico; e iii) o material organico dissolvido colorido (modc). Os
coeficientes de absor¢do da luz sdo determinados pela dgua, particulas e modc. A agua
do mar e as particulas também determinam os coeficientes de espalhamento além dos
de absor¢ao, enquanto o espalhamento pela modc ¢ considerado desprezivel (Mobley,
1994). Os coeficientes de absorcdo e espalhamento da agua sdo conhecidos e variam
pouco (Pope e Fry, 1997). O fitoplancton contribui com a variabilidade optica de um
corpo d’agua principalmente com a absor¢do da luz e, em menor grau, com seu
espalhamento. Os detritos inorganicos desempenham maior importdncia sobre o
espalhamento da luz em comparagdo com a absor¢do. No espectro do visivel, a
absor¢do da luz pela modc, detritos e organismos heterotroficos decai
exponencialmente com o comprimento de onda (Bricaud et al., 1981), enquanto o
espectro de absor¢do da luz pelo fitoplancton reflete o comportamento dos pigmentos
fotossintéticos e fotoprotetores.

Em bio-Optica, as 4guas dos oceanos sdo classificadas em termos das
contribui¢cdes dos constituintes Opticos relativas ao fitoplancton (Morel e Prieur,
1977). Aguas do Caso 1 sdo aquelas nas quais o fitoplancton é o principal e
dominante agente atenuador da luz, e os demais componentes, dissolvidos e
particulados, covariam com sua biomassa. Aguas do Caso 2 sdo significativamente
influenciadas também por constituintes nao-algais (modc e particulas), incluindo
particulas minerais, que ndo covariam com o fitoplancton. Geralmente, regides

costeiras sdo classificadas como aguas de Caso 2.

2 . . , A s . P ~
Nos estudos de bio-Optica marinha, as particulas tanto organicas quanto inorganicas sio
geralmente denominadas como detritos.
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Os coeficientes de absor¢do e espalhamento dos constituintes 6ticos (/OPs) se
relacionam com a reflectdncia do sensoriamento remoto (AOPs), Ri(A) (Remote
Sensing Reflectance), através da forma simplificada da Teoria de Transferéncia
Radiativa (Gordon ef al., 1988 e referéncias inclusas):

Ris(V) = Lw(X) | Eo(A) ~ f bo(X) / [a(h) + by(M)], (Eq. 1)

onde L(\,z) é a radidncia emergente da d4gua em W m™ nm™ s, Eq(\,z) é a
irradiancia descendente em W m™ nm™, /¢ o fator de proporcionalidade que depende
da distribuicdo geométrica do campo de luz, sem dimensdo. Assim, a reflectancia &,
de certa forma, diretamente proporcional ao coeficiente de retro-espalhamento e
inversamente correlacionada ao coeficiente de absorgao.

O coeficiente de atenuagdo difusa para a irradiancia descendente na coluna d’agua
(A0P), K4()), descreve o decaimento de E4(A,z) ao longo da coluna de agua. Ele ¢
definido como o coeficiente da regressdo linear entre In[E4(A,z)] e a profundidade, e
também pode ser descrito como fungdo das /OPs (Sathyendranath e Platt, 1988):

Ka) = [a) + by(M)] / w, (Eq. 2)
onde u ¢ o coseno médio da distribui¢do da luz perfeitamente difusa apos refratada
pela superficie do mar.

As AOPs e IOPs tém sido amplamente analisadas para aguas de Caso 1 e
geralmente parametrizadas como funcdo da Chla (indice de biomassa do fitoplancton).
Dentro de vérias ordens de magnitude, essas relagdes sdo robustas (e.g., Morel, 1988,
Morel e Maritorena, 2001; Morel et al., 2007), sendo que para uma dada Chla, a
variabilidade nas AOPs e IOPs sao decorrentes de variagdes i) nas caracteristicas
opticas do fitoplancton (detalhadas mais adiante) e ii) na propor¢do entre o material
ndo-algal (dissolvido e particulado) e a Chla. Em aguas de Caso 1 com alta biomassa

do fitoplancton, a variabilidade nas propriedades Opticas pode ser grande de acordo
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com o estagio das flora¢des e disponibilidade de nutrientes (Morel et al., 2006). As
relacdes empiricas entre Chla e AOPs e IOPs sdo geralmente mais ruidosas em aguas
de Caso 2 comparadas as relacdes de aguas de Caso I com baixa biomassa algal,
(O'Reilly et al., 1998).

A fim de investigar se a variabilidade bio-Optica em dguas de Caso 1 com alta
Chla tende a ser maior que a verificada nas dguas de Caso 1 com com menor Chla (e
melhor documentada), faz-se necessario analises com dados mais diversificados,
incluindo aqueles de zonas de ressurgéncia (Morel et al., 2006). Em contribuicdo a
esta investigacdo, este estudo analisou as relagdes entre a concentracao de clorofila-a
e os coeficientes de absor¢do da luz pelo 1) material particulado, ay(A), e ii)
fitoplancton, a,n(A), 1i1) coeficientes de atenuagdo pelo material particulado, cy(A) € 1v)
coeficientes de atenuagdo difusa, K4(A), nas floragdes do fitoplancton na quebra de
plataforma Argentina. Também investigou-se a variabilidade dos espectros de

reflectancia do sensoriamento remoto, R;s(A), durante essas floragdes.

1.2.2. Modelos bio-opticos

Estimativas de Chla através de dados de satélite da cor do oceano sdo geralmente
baseadas em algoritmos (ou modelos) bio-Opticos empiricos que consistem em
relagdes estatisticamente significantes entre a Chla e a radidncia emergente da agua
do mar normalizada, ou a reflectancia de sensoriamento remoto, R;s(A). Esses modelos
sdo construidos a partir de dados correspondentes de Chla superficial e Ris(A), ambos
medidos in situ, em diversas regides dos oceanos (Werdell e Bailey, 2005). No geral,
esses modelos consistem em polindmios que descrevem a dependéncia da Chla com

razdes de R(M) nas porgdes azul e verde espectrais (ver O'Reilly et al., 1998). Estes
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modelos assumem que i) a Chla ¢ primariamente o fator responsavel pela
variabilidade espectral de R.(A) e, portanto, que ii) o fitoplancton ¢ o componente
dominante em relagdo aos demais componentes Oticos, e iii) que, se estes existirem,
eles covariam com o fitoplancton. Obviamente, tais modelos geralmente nido sdo
adequados para aguas de Caso 2.

Como ja visto porém, a R(A) (AOP) ¢ diretamente proporcional a razdo entre os
coeficientes de retro-espalhamento e absor¢do (/OPs) de todos os componentes
opticamente ativos presentes na agua. Mesmo para adguas do Caso 1, variagcdes na
propor¢ao entre os componentes nao-algais e o fitoplancton e/ou nas propriedades
Opticas do fitoplancton, em comparac¢dao as propriedades associadas ao conjunto de
dados dos quais as relacdes estatisticas entre Chla e R.(A) foram estabelecidas,
afetardo a estimativa da Chla a partir dos modelos 6ticos empiricos (Brown et al.,
2008; Loisel et al., 2010; Szeto et al., 2011).

Assim, o conhecimento dos processos que causam variagdes no comportamento
espectral dos componentes Oticos e a quantificagdo da variabilidade nas /OPs
contribui para melhorar as estimativas de Chla através de imagens de satélite de R(A)
(IOCCQG, 2006; Lee et al., 2010). Diferengas regionais nas propriedades Opticas sdo
relacionadas a diferencas ecoldgicas e biogeoquimicas, o que enfatiza a importancia
de conjunto de dados regionais (Szeto et al., 2011). Também, algoritmos semi-
analiticos (IOCCG, 2006), que se baseiam na relacdo tedrica entre AOPs e IOPs, t€m
o potencial de melhorar as estimativas da Chla a partir da R.s(A). Esses algoritimos
também estimam outros produtos, como as proprias /OPs associadas a cada
componente Optico presente na agua do mar.

O presente estudo avaliou o desempenho de modelos bio-Opticos empiricos, que

sdo rotineiramente aplicados a imagens de satélite para derivar Chla, durante as
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floragdes do fitoplancton na quebra de plataforma Argentina. Dados de Rs(A) medidos
in situ e de satélite foram considerados nestas analises. Também investigou-se a
hipotese de que variagdes nos coeficientes de absorcdo da luz pelo fitoplancton e
espalhamento pelas particulas normalizados por Chla, contribuem para os erros nas
estimativas de Chla a partir desses modelos aplicados a dados in situ de Ri(A). O
desempenho de modelos bio-Opticos semi-analiticos também foram avaliados,

utilizando-se dados de Rs(A) medidas por satélite.

1.2.3. Absor¢ado da luz pelo fitoplacton

Em geral, as propriedades de absor¢do da luz pelo fitoplancton sdo bem
caracterizadas através de medi¢des laboratoriais e de campo. O coeficiente de
absorcdo do fitoplancton, apy()), tem aplicacdes oceanograficas diversas, incluindo a
propaga¢do da luz (e.g., Atlas e Bannister, 1980; Sathyendranath e Platt, 1988),
estrutura térmica (e.g., Lewis et al., 1983; Stramska e Dickey, 1993) nas primeiras
camadas dos oceanos, produg¢do primaria (Morel, 1991; Marra et al., 2007) e
fisiologia do fitoplancton (Stramski e Reynolds, 1993; Bouman ef al., 2003). Devido
a variabilidade na reflectancia dos oceanos ser determinada em grande parte pelas
variagdes em apn(A) nas aguas superficiais, particularmente nas aguas de Caso 1, este
coeficiente também ¢ essencial em aplicacdes do uso de observagdes de satélite da cor
do oceano (Morel e Bricaud, 1981; Roesler e Perry, 1995; Sathyendranath et al.,
2001).

Variagdes em apn(A) resultam de mudangas na concentracdo do fitoplancton e/ou
propriedades opticas de células individuais (e.g. Morel e Bricaud, 1981; Stramski et

al., 2001). Particularmente, a variabilidade observada em torno do comportamento
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médio das relacdes estatisticas entre Chla e apn(A) esta relacionada ao efeito ‘pacote’
(package effect) celular (Duysens, 1956; Morel e Bricaud, 1981) e a composi¢do de
pigmentos nas células do fitoplancton (Stuart et al., 1998; Ciotti et al., 1999).

Uma tendéncia comum em comunidades do fitoplancton ¢ o aumento do efeito
‘pacote’ conforme o tamanho celular aumenta. Este efeito se refere ao decréscimo na
absorcdo de luz pelos pigmentos presentes nas células, comparado com a absor¢ao
potencial para a mesma concentragdo pigmentar em solucdo, devido a um auto-
sombreamento dos mesmos (self-shading). Um aumento do efeito ‘pacote’ devido a
menor eficiéncia de absor¢do de luz por unidade de pigmento ocorre tanto com o
aumento do tamanho celular (essencialmente porque ha maior concentracdo de
pigmentos e menor relacdo superficie:volume em maiores células), quanto com o
aumento da concentracdo interna dos pigmentos causado por respostas foto-
adaptativas (e.g., Morel e Bricaud 1981; Kirk, 1994).

Outra tendéncia comum em um gradiente trofico € um decréscimo na contribuicao
relativa dos pigmentos acessorios do fitoplancton (aqueles além da Chla, que
consistem em fotossintéticos e fotoprotetores), em relagdo a contribui¢do da Chla.
Geralmente, ¢ admitido que o tamanho celular médio aumenta de areas oligotroficas
para eutroficas (e.g., Malone, 1980; Yentsch e Phinney, 1989; Chisholm, 1992),
enquanto a razdo entre concentracdo de pigmentos nao-fotossintéticos e Chla tende a
diminuir (Bricaud et al., 1995; Ciotti et al., 1999). Assim, os coeficientes especificos
de absor¢do do fitoplancton (ou seja, normalizados por Chla), a*,n(A), variam,
essencialmente, devido a mudangas na composi¢do dos pigmentos e ao efeito ‘pacote’.
Geralmente, a*ph(A) diminui com um aumento em Chla e o tamanho celular
dominante do fitoplancton, enquanto aumenta com as razdes entre as pigmentos

acessorios e Chla (Bricaud ef al., 2004 e referéncias inclusas).
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Na mesma linha do trabalho de Sathyendranath et al. (1987), diversos outros
estudos objetivaram separar o efeito da composi¢do do pigmentos e do efeito “‘pacote’
sobre os espectros de apn(A) (Lohrenz et al., 2003;. Toepel et al., 2005;. Fishwick et
al., 2006; Chazottes et al., 2007; Wang et al., 2007; Matsuoka et al., 2011). Em geral,
a importancia da composi¢do do pigmentos sobre as variagdes em a*,n(A) ¢ menor
que do efeito do tamanho celular (e.g. Ciotti et al., 2002). No entanto, a variabilidade
sazonal da importancia relativa de ambos os fatores pode ser observada em algumas
regides dos oceanos (e.g. Toepel et al., 2005). Nosso estudo investigou a influéncia
do efeito “pacote” e da composi¢do de pigmentos na variabilidade dos espectros de
absorcdo da luz pelo fitoplancton associada as floracdes ao longo da quebra de
plataforma Argentina.

Esforcos significativos tém sido dedicados ao desenvolvimento de modelos
opticos, incluindo os que envolvem o sensoriamento remoto da cor do oceano, para
derivar informagdes sobre o tamanho celular do fitoplancton a partir dos espectros de
absorcao do fitoplancton (ver revisdo de Brewin et al., 2011a). Alguns trabalhos mais
recentes propuseram a discriminagdo do grupo taxonomico do fitoplancton a partir
dos espectros de reflectdncia para aplicagdes em imagens de satélite (ver revisdo de

Rudorff et al., 2011).

1.2.4. Espalhamento da luz pelas particulas

O fitoplancton atua também no espalhamento da luz nos oceanos (Morel e Ahn,
1991; Stramski e Kiefer, 1991) e domina a concentragdo de particulas em aguas do
Caso 1. O coeficiente de atenuagdo da luz pelas particulas, cy(A), ¢ uma medida Optica

que permite a inferéncia da concentracdo das mesmas. Quando medido através de um
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transmissOmetro na por¢ao vermelha do espectro (~ 650—660 nm), onde a absor¢do da
luz pelas particulas ¢ fragdo muito pequena de cy()), esse coeficiente ¢ muito proximo
do coeficiente de espalhamento da luz pelas particulas, by(A) (Loisel e Morel, 1998)
que, por sua vez, depende da concentracdo, tamanho e composi¢do do material
(Stramski e Kiefer, 1991; Babin e Stramski, 2004).

Relagdes empiricas baseadas em medigdes in situ tém sido estabelecidas entre
Chla e cp(A) (e.g. Voss, 1992; Loisel e Morel, 1998; Behrenfeld e Boss, 2006), o
coeficiente de espalhamento pelas particulas, b,(A) (e.g. Gordon e Morel, 1983; Loisel
e Morel, 1998; Huot et al, 2008) e o coeficiente de retro-espalhamento pelas
particulas, byy(A) (e.g. Reynolds et al., 2001; Stramska et al., 2006; Huot et al., 2008).
Variagdes nos coeficientes especificos de espalhamento das particulas (ou seja,
normalizados por Chla), b*,(A), foram relacionadas ao estado fisiologico do
fitoplancton (Behrenfeld e Boss, 2003), e poucos estudos t€ém investigado o papel do
tamanho celular do fitoplancton sobre tais variacdes (e.g. Gernez et al., 2011). A forte
correlacdo entre os coeficientes de espalhamento e retroespalhamento indicam que as
variagdes em b*,(A) podem ser assumidas também para o coeficiente especifico de
retro-espalhamento da luz pelas particulas (ou seja, normalizados por Chla), b*p,(R) e,
portanto, com aplicagdes para estimativa da biomassa e fisiologia do fitoplancton
(Westberry et al., 2010), bem como a estrutura de tamanho (Loisel et al., 2006)
através de sensores a bordo de satélites.

A quantificacdo e compreensdo das causas de variabilidade em ambas as
propriedades de absor¢do e espalhamento da luz pelo fitoplancton sdo, portanto,
essenciais para melhorar a nossa capacidade de recuperar informagdes biologicamente
relevantes através de dados in situ e de sensoriamento remoto. Este estudo pretende

contribuir para essa compreensao nas aguas da quebra de plataforma da Patagonia.
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1.2.5. Discriminag¢do de grupos taxonomicos do fitoplancton através de medidas

opticas

Desde o langamento do primeiro satélite da cor do oceano (Feldman et al., 1989),
o sensoriamento remoto tem realizado o monitoramento quase permanente da
biomassa do fitoplancton nos oceanos, indexada como concentra¢do de clorofila-a.
No entanto, a Chla ndo ¢ suficiente para elucidar a contribui¢do do fitoplancton sobre
os ciclos biogeoquimicos, porque os grupos de algas diferem em suas fungdes
biogeoquimicas (ver revisdo de Le Quéré et al., 2005 e Nair et al., 2008). Neste
contexto, um tipo funcional de fitoplancton representa um grupo de espécies que,
independentemente da filogenia, tém caracteristicas biogeoquimicas similares (Nair et
al., 2008).

Por exemplo, silica, célcio e nitrogénio sdo utilizados principalmente por
diatomaceas, cocolitéforideos e algumas cianobactérias (e.g. Trichodesmium),
respectivamente. Dinoflagelados e haptdficeas sdo responsaveis por importante
producdo de dimetil sufeto (DMS) nos oceanos que contribui para a troca de enxofre
entre 0 oceano ¢ a atmosfera e para a formagdo de nuvens. O tamanho celular do
fitoplancton também tem clara importancia ecoldgica, pois pode fornecer informagdes
sobre a transferéncia de energia através da cadeia trofica. Devido a maiores razdes
superficie:volume celulares, o pico-fitoplancton absorve nutrientes com alta eficiéncia
sob condigdes troficas limitadas e, portanto, ¢ geralmente dominante em &aguas
oligotroficas. Também, esse grupo sedimenta mais lentamente do que células maiores,
e portanto seu papel no transporte de carbono de aguas superficiais para profundas ¢
limitado. Por sua vez, o micro-fitoplancton ¢ o principal agente em cadeias
alimentares eficientes, no afundamento de particulas e consequente exportacdo de

carbono pra o fundo oceanico.
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Na ultima década, os estudos de sensoriamento remoto da cor do oceano entdao
evoluiu para estudos com o objetivo de identificagdo dos grupos do fitoplancton (ver
revisdo de Rudorff et al.,, 2011), para potencialmente melhorar a nossa compreensao
dos processos biogeoquimicos no oceano global. Algoritmos foram desenvolvidos
tanto para o mapeamento da distribuicdo de grupos funcionais (Subramaniam et al.,
2002; Sathyendranath et al., 2004; Alvain et al., 2005; Raitsos et al., 2008; Bracher et
al., 2008) e classes de tamanho celular (Ciotti et al., 2002; Aiken et al., 2006; Ciotti e
Bricaud, 2006; Uitz et al., 2006; Hirata et al., 2008; Kostadinov et al., 2009; Brewin
et al., 2010; Mouw e Yoder, 2010; Devred et al., 2011) do fitoplancton.

A possibilidade de acesso a informacdes sobre a estrutura das comunidades do
fitoplancton a partir do espaco se baseia no fato de que a reflectancia nos oceanos ¢
em grande parte determinada pelas propriedades de absorc¢do da luz pelo fitoplancton
presente nas camadas superiores (e.g., Sathyendranath e Platt, 1989). Por sua vez,
esses espectros de absor¢do sdo variaveis devido ao efeito “pacote” e a composicao
celular de pigmentos, como ja mencionado anteriormente.

Alguns estudos tém tentado extrair informagdes da composicdo de pigmentos a
partir de espectros de absor¢do da luz pelo fitoplancton (Hoepffner e Sathyendranath,
1993; Stuart et al., 1998; Moisan et al., 2011). Porém, estes métodos sao ainda um
problema dificil de inversdo, pela dificuldade em isolar o efeito da concentracdo de
pigmentos daquele do efeito “pacote” sobre a variabilidade nos espectros de absor¢ao
de fitoplancton. Melhorias nas estimativas de concentracdo de pigmentos a partir
desses espectros foram alcancadas com analises estatisticas avangadas (Bricaud et al.,
2007; Chazottes et al., 2006, 2007), que ndo parecem ser vidveis rotineiramente.

A possibilidade de identificagdo do grupo dominante do fitoplancton diretamente

de espectros de absor¢do de luz ou inversdo a partir da reflectancia tem sido mais
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explorada (Subramaniam et al., 1999; Staher e Cullen, 2003; Westberry et al., 2005;
Craig et al., 2006; Lubac et al., 2008; Mao et al, 2010). Especificamente, analises
estatisticas de agrupamento aplicadas sobre espectros de absor¢do do fitoplancton
e/ou de reflectdncia em conjunto com informacdes de composi¢do taxondmica como
referéncia tém sido testados como abordagens automatizadas para a identificacdo do
grupo taxondmico dominante a partir dessas propriedades Opticas (Taylor et al., 2011;
Torrecilla et al.,, 2011). Esses estudos confirmaram a vantagem do uso de dados
hiperespectrais em compara¢cdo com multiespectrais (resolucdo atual dos sensores
satelitais) e de aplicacdo de derivadas sobre os mesmos dados, com a finalidade de
identificacdo de grupos fitoplanctonicos. No entanto, a aplicabilidade destas técnicas
para detectar diferentes comunidades de fitoplancton a partir de dados de satélite
ainda ¢ um grande desafio, principalmente por causa de caracteristicas especificas
regionais (Alvain et al., 2008) e a escassez de dados in situ que sdo necessarias para
validar essas técnicas (Platt et al., 2006).

Nesta tese foi investigado se diferengas no comportamento espectral de absor¢ao
da luz pelo fitoplancton podem ser utilizadas para discriminar dominancia taxondmica

nas aguas da quebra de plataforma da Argentina.

1.3.  Hipdtese e Objetivos da Tese

Neste trabalho, partiu-se da seguinte hipdtese: as variagdes na comunidade do
fitoplancton sdo refletidas nas propriedades e caracteristicas Opticas das aguas da
quebra de plataforma Argentina. Para testa-la, uma série de cruzeiros foi realizado em

diferentes épocas do ano, com aquisicdo de dados sobre i) propriedades Opticas
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aparentes e inerentes da d4gua do mar e ii) estrutura das comunidades do fitoplancton
durante as floragdes.

O objetivo geral desta tese foi, portanto, estudar as propriedades opticas
durante as floragoes do fitoplincton de primavera e verao ao longo da quebra de
plataforma Argentina, de forma a contribuir para a aplicacio do sensoriamento
remoto da cor do oceano para a regido.

Os seguintes objetivos especificos foram definidos:

1) Investigar as relagdes entre a concentracdo de clorofila-a e as propriedades
Opticas inerentes (coeficientes de absorcao de luz e de atenuacgdo de luz pelo material
particulado, que inclui o fitoplancton e detritos) e aparentes (coeficientes de
atenuacdo difusa da luz), contribuindo para a documentacdo de propriedades Opticas
em aguas de alta biomassa fitoplanctonica, como recomendado por Morel et al
(2006);

2) Descrever a variabilidade hiperespectral da reflectancia do sensoriamento
remoto e avaliar as estimativas de concentragdo de clorofila-a e coeficientes de
absorcdo do fitoplancton através de modelos bio-Opticos empiricos e semi-analiticos
utilizando-se dados de reflectancia in situ e de satélite;

3) Investigar a relagdo entre os erros de estimativas da concentracdo de clorofila-a
através de modelos bio-Opticos empiricos e os coeficientes especificos de absor¢do da
luz pelo fitoplancton e espalhamento pelas particulas (ambos normalizados por
clorofila-a);

4) Caracterizar a variabilidade dos coeficientes de absor¢do da luz pelo
fitoplancton e espalhamento pelas particulas. Particularmente, investigar o efeito do
tamanho dominante e composi¢do de pigmentos do fitoplancton sobre a variabilidade

desses coeficientes como fun¢ao da clorofila-a;
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5) Investigar a possibilidade de classificar os espectros de absor¢do da luz pelo
fitoplancton de acordo com sua composi¢ao pigmentar e taxondmica;

6) Investigar assinaturas espectrais dos coeficientes absor¢do da luz pelo
fitoplancton e seu potencial como meio para identificar o grupo de fitoplancton
dominante.

Para fins praticos, os manuscritos cientificos serdo referidos aqui como Artigos.
Os objetivos especificos 1, 2 e 3 foram desenvolvidos no Artigo 1 (aceito para
publicacdo), o objetivo 4 foi desenvolvido no Artigo 2 (publicado) e os objetivos 5 € 6

no Artigo 3 (em preparagao).

Vale ressaltar a co-autoria do artigo publicado: Garcia, C. A. E., V. M. T. Garcia,
A. L. Dogliotti, A. Ferreira, S. I. Romero, A. Mannino, M. S. de Souza, e M. M. Mata
(2011), Environmental conditions and bio-optical signature of a coccolithophorid
bloom in the Patagonian shelf, J.  Geophys. Res., 116, (03025,
doi:10.1029/2010JC006595. Este trabalho consiste em um estudo das propriedades
Opticas relacionadas a floragdo de cocolitoforideos amostrada durante o cruzeiro

PATEX 5, que se encontra citado ao longo da tese.
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2. MATERIAL E METODOS

2.1.  Cruzeiros oceanogrdficos e coleta de dados

Os dados analisados neste estudo foram coletados durante seis cruzeiros ao longo
da quebra de plataforma Argentina, QPA, e arredores. Trés cruzeiros nomeados como
PATEX 2, PATEX 4 e PATEX 6 foram realizados durante a primavera,
especificamente nos periodos de 28 a 31 outubro de 2006, 16 a 21 outubro de 2007 e
14 a 18 Outubro 2008, respectivamente. Dois cruzeiros, PATEX 5 e PATEX 7, foram
realizados durante o verdo nos periodos de 4 a 07 de janeiro de 2008 ¢ 5 a 8 de janeiro
de 2009. O cruzeiro PATEX 3 ocorreu durante o inicio do outono, de 25 a 29 margo
de 2007. As localizacdes das estacdes (Figura 1 — Apéndice 1) estenderam-se desde a
porc¢do norte da QPA (PATEX 6) através das aguas altamente produtivas ao longo do
talude (PATEX 2, 3 e 4) e da plataforma sul (PATEX 5) e ao sul da Ilha das Malvinas
(PATEX 7). Ao todo, 176 estagdes foram realizadas através de transectos meridionais
e zonais ao longo da QPA e entorno durante os seis cruzeiros.

Em todas as estacdes, perfis verticais de fluorescéncia da clorofila-a e coeficiente
de atenua¢do em 660 nm foram realizados através de sistema CTD / Rosette (SeaBird
® 911 +), com garrafas Niskin de 5 L acopladas para coleta de 4gua. As amostras
analisadas no presente estudo sdo provenientes de coletas em superficie, profundidade
onde foi observado o pico de fluorescéncia de clorofila-a (depth of maximum
chlorophyll fluorescence, MCF) e profundidade da base deste pico (bottom of the
maximum chlorophyll fluorescence, BMCF). As seguintes medi¢des sdo consideradas
e discutidas: 1) concentragdo total de clorofila-a, Chla, ii) concentracdo fracionada de
Chla em classes de tamanho do fitoplancton, iii) concentracdo de pigmentos do

fitoplancton, iv) coeficientes de absor¢do de luz espectral do material particulado, que
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inclui o fitoplancton e particulas nao-algais, v) coeficiente de atenuacdo de particulas
em 660 nm; vi) radiancia de luz emergente da dgua e irradidncia solar incidente sobre
a agua, a partir das quais se computam o coeficiente de atenuagdo difusa de luz e a
reflectdncia da 4gua do mar (ou do sensoriamento remoto). Destaca-se que a Chla
total foi determinada pelos métodos fluorométrico (F) e Cromatografia Liquida de

Alta Resolugdo (HPLC), como descrito a seguir.

2.2.  Determinacgdo da concentragdo de clorofila-a por fluorimetria

Em cada estacdo, amostras discretas de agua (0,5-1L) foram coletadas em
superficie, MCF e BMCF. Os volumes foram filtrados em filtros de fibra de vidro
(Whatman GF/F) com 25 mm de didmetro para determinacdo da Chla pelo método
fluorimétrico, designada por [Chla]z. Em superficie e MCF, amostras foram também
préfiltradas através de filtros de membrana de policarbonato (20 um de poro) e o
material que passou pelos mesmos foi entdo filtrado em filtros GF/F para a
determinagdo da fracdo de clorofila-a associada as células do fitoplancton menores
que 20 um. Esta fracdo da Chla representa a contribui¢do combinada de pico-
fitoplancton e nano-fitoplancton, denominada por [pico + nano Chla]r. A diferenga
entre a [Chla]r e [pico + nano Chla]r fornece a contribuicdo do micro-fitoplancton (>
20 um de tamanho), que ¢ designada por [micro Chla]r. As razdes [pico + nano
Chla]g/Chla e [micro Chla]g/Chla indicam a contribui¢do relativa das respectivas
fracdes de tamanho para a biomassa algal total, em termos de Chla.

Imediatamente apos a filtracdo, os filtros GF/F foram embrulhados em papel

aluminio e mantidos em nitrogénio liquido. Em laboratério, os pigmentos do
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fitoplancton foram extraidos em acetona 90% e a determinacdo de Chla (mg m™) foi
feita em fluorimetro Turner Designs TD-700 (Welschemeyer, 1994).

No primeiro artigo, foram consideradas os valores de Chla (i) de superficie,
profundidade do pico de fluorescéncia (MCF), e base deste pico (BMCF) para andlise
em correspondéncia com os coeficientes de absor¢ao da luz pelo material particulado
(N=356) (ii) de todas as profundidades amostradas em correspondéncia ao coeficiente
de atenuacdo em 660 nm medido ao longo da coluna d’agua (N=790) e (iii) de
superficie para correspondéncia com os coeficientes de atenuagdo difusa e a
reflectancia do sensoriamento remoto (N=176). Para (iii), o nimero de dados de Chla
de superficie foi reduzido para 116, em correspondéncia com o numero de estagdes
realizadas durante o dia. No segundo e terceiro artigos, foram considerados os valores
de Chla (i) de superficie e (ii)) de MCF para correspondéncia com os dados de

HPLC/CHEMTAX (ver adiante).

2.3.  Determinagdo da concentragdo de pigmentos por HPLC

As concentracdes dos pigmentos fitoplanctonicos além da Chla foram obtidas pela
técnica de Cromatografia Liquida de Alta Resolucdo, HPLC, para amostras coletadas
em superficie e MCF durante os cruzeiros, PATEX 4, 5, 6, ¢ 7. O procedimento para a
coleta e armazenamento de amostras foi 0 mesmo que o descrito para determinacao de
Chla por fluorimetria. de Souza (2012) descreveu em detalhes o procedimento de
HPLC utilizado neste trabalho para determinacdo da concentracdo dos pigmentos
fitoplanctonicos para nossas amostras, que também se encontram em Mendes et al.
(2007) e de Souza et al. (2012). As andlises dos pigmentos por HPLC e

processamento dos dados foram realizadas na FCUL (Portugal), em cooperagao entre

29



as professoras Dra. Vanda Brotas e Dra. Virginia M. Tavano, do Laboratorio de

Ecologia do Fitoplancton e Microrganismos Marinho (FURG).

2.3.1. Pigmentos considerados na investigacdo da variabilidade dos coeficientes

especificos de absor¢do do fitoplancton

Um conjunto de concentragdes de pigmentos detectados por HPLC foi
considerado para andlises apresentadas na Se¢do 3.2 e no Artigo 2, que inclui: (1)
clorofila-a total, [Chla]upLc, que consiste na soma da monovinil clorofila-a,
clorofilideo-a, e epimeros e alomeros da clorofila-a (a divinil clorofila-a ndo foi
detectada em nossas amostras); (2) clorofila-b, [Chlb]; and (3) 19°-
hexanoiloxifucoxantina, [Hexa]; (4) carotendides fotossintéticos, [PSC], que inclui
[Hexa], fucoxantina, 19’- butanoiloxifucoxantina, e peridinina, e (5) carotenoides
fotoprotetores, [PPC], que inclui diadinoxantina, alloxantina, e zeaxantina. As
concentragdes de outros pigmentos, que sdo geralmente muito baixas, ndo foram
incluidas nessas analises.

Um carotendide desconhecido que deslocou o pico principal de absor¢do do
fitoplancton na faixa espectral azul ao redor de 440 para 460 nm foi detectado em 37
amostras coletadas nos cruzeiros PATEX 2, 3, 4, e 6. Este pigmento foi nomeado aqui
como P460 e a investigagdo do seu efeito sobre os espectros de absor¢cdo do

fitoplancton est4 apresentada na Se¢ao 3.2. e no Artigo 2.

2.3.2. Determinagdo de razoes de pigmentos diagnosticos do fitopldancton

Embora 13 pigmentos além da clorofila-a tenham sido detectados em nossas
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amostras através da técnica de HPLC, varios ocorrem geralmente em concentragdes
muito baixas e/ou que ndo sdo diagnodsticos (ou biomarcadores) de grupos
taxondmicos, enquanto outros co-variam com outros pigmentos, sendo redundantes
(Vidussi et al., 2001). Na Se¢do 3.3 e no Artigo 3, considerou-se conveniente utilizar
as razOes entre pigmentos diagnosticos e a concentracdo somada desses pigmentos
como conjunto de dados que caracterizem a composi¢ao de pigmentos do fitoplancton
em nossas amostras (Torrecilla et al., 2011). Oito pigmentos diagnoésticos (Gieskes et
al., 1988; Prézelin et al., 2000; Vidussi et al., 2001), foram detectados e alguns ja
citados na Sec¢do 2.3.1, cujas abreviagdes aqui apresentadas se referem ao nome do
pigmento (ndo a sua concentracdo): 1) clorofila-b (Chld); 2) 19’-
hexanoiloxifucoxantina (Hex); 3)  prasinoxantina (Pras); 4) 19°-
butanoiloxifucoxantina (Buta); 5) fucoxantina (Fuco); 6) peridinina (Peri); 7)
aloxantina (Allo); e 8) zeaxantina (Zea). Embora nio sejam geralmente considerados
como pigmentos diagnoésticos, as 9) clorofila-c¢; (Chle/) e 10) clorofila-c; (Chle3),
também foram inclusas, resultando em um conjunto de dados com 10 pigmentos
diagnosticos. Chlc/ e Chle3 foram consideradas porque podem, em certos casos,
distinguir dois tipos de diatoméceas (Stauber e Jeffrey, 1988).

Stauber e Jeffrey (1988) verificaram que, enquanto a clorofila-c, estava presente
em todas as diatomaceas testadas em seu estudo, 12% das mesmas continham Chlc3
no lugar de Chlc/. Andlises de microscopia revelaram a ocorréncia de diatomaceas
que contém clorofila-c; em vérias amostras exclusivamente dos cruzeiros PATEX 4 e
PATEX 7 (de Souza, 2012). Especificamente, as espécies Thalassiothrix antarctica e
Rhizosolenia crassa estiveram presentes nos cruzeiros PATEX 4 e PATEX 7,
respectivamente. As duas categorias de diatoméceas que diferem no tipo de clorofila-

¢ presente, serdo referidas aqui como diatomaceas-Chlc; e diatomaceas-Chlc;.
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Para cada amostra, as 10 razdes de pigmentos diagndsticos foram computadas
através da normalizagdo da concentragcdo de cada pigmento diagnostico pela soma das
concentragdes dos 10 pigmentos diagndsticos (Uitz et al., 2006). Esse conjunto de

dados foi considerado nas anélises apresentadas na Secdo 3.3 e Artigo 3.

2.3.3. Determina¢cdo das abunddncias relativas dos grupos taxonomicos do

fitopldncton

As abundancias relativas dos grupos fitoplanctonicos que contribuiram para a
biomassa fitoplanctonica total, em termos de Chla, foram obtidas através do programa
de anélise quimio-taxonomica CHEMTAX 1.95 (Mackey et al., 1996; Writght et al.,
1996). Este programa utiliza um processo interativo de factorizacdo matricial para
otimizar a associacdo entre os diferentes pigmentos fitoplanctdnicos presentes e
determinar a mais adequada composi¢do de grupos taxonomicos. Para tanto, utiliza-se
uma matriz de entrada com razdes entre cada pigmento e a concentragdo total da
clorofila-a representativas da regido de interesse (Mackey et al., 1996). Considerou-se
como razdes iniciais de pigmentos para as principais classes taxonOomicas do
fitoplancton as apresentadas em estudos nas aguas da plataforma da Patagonia
(Carreto et al., 2003; Zapata et al, 2004; Souza et al., 2011). A matriz de saida
contém as fragdes de concentragdo de clorofila-a atribuida a cada grupo taxondmico,
obtidas apds o melhor ajuste aos dados com base na matriz de entrada (Mackey et al.,
1996).

Os calculos incorporados no programa CHEMTAX estdo detalhadamente
descritos em Mackey et al. (1996) e os procedimentos especificamente adotados no

presente trabalho estdo descritos em Mendes ef al. (2007), de Souza et al. (2012), e de
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Souza (2012). Com base nos pigmentos detectados nas amostras e andlise de
microscopia, 6 grupos do fitoplancton foram incluidos no software CHEMTAX para
nossas amostras: (1) diatomdceas, (2) grupo-quimiotaxondmico, (3) dinoflagelados,
(4) criptoficeas, (5) prasinoficeas, e (6) cianobactérias. O grupo-quimiotaxondomico
inclui haptoficeas, dinoflagelados sem peridinina e outros organismos cuja
composi¢do pigmentar ainda ndo foi analisada completamente (de Souza, 2012).
Andlises de microscopia revelaram a dominancia de haptoficeas sobre esse o grupo-
quimiotaxondmico (Souza M. S. e Mendes, C. R. M., comunicacdo pessoal). Neste
estudo, denominou-se esse grupo entdo como haptoficeas.

Diatoméaceas-Chlc; e diatomaceas-Chlc; foram incluidas separadamente na matriz
de entrada para os cruzeiros PATEX 4 ¢ PATEX 7, nos quais as diatomaceas-Chlc;
foram identificadas por microscopia, totalizando entdo 7 grupos. Os resultados da
metodologia CHEMTAX serdo mostrados de acordo com a presenca de 7 grupos, ou
seja, com discrimina¢do entre diatomaceas-Chlc/ e diatomaceas-Chlc3. Assim,
somente as amostras dos cruzeiros PATEX 4 e PATEX 7 apresentardo diatomaceas-
Chlc3 além das diatomaceas-Chlc/. Para cada amostra, as contribui¢des relativas das
6 (ou 7) classes taxondmicas para a biomassa fitoplanctonica total foram entdo
calculadas dividindo-se a fracdo da concentracdo de clorofila-a atribuida a cada classe
pela concentracdo de clorofila-a total. Esse conjunto de dados foi considerado nas

andlises apresentadas na Se¢do 3.3 e Artigo 3.

2.4.  Estimativa das fragoes de tamanho do fitoplincton

A determinacdo da Chla para a fragdo do fitoplancton > 20 um e a Chla total por

fluorimetria permitiu a estimativa da Chla para as duas fragdes pico-fitoplancton +
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nano-fitoplancton [pico + nano Chla]r e [micro Chla]r e, entdo, suas respectivas
contribui¢des relativas para a biomassa total, em termos da Chla total. Através da
concentragdo de pigmentos fitoplanctonicos acessorios, ¢ possivel a estimativa da
contribui¢do relativa de 3 classes de tamanho (pico-, nano- e micro-fitoplancton) para
a Chla total.

Esta informacgao pode ser obtida a partir da concentragdo de pigmentos obtida por
HPLC através do método proposto por Vidussi et al. (2001), com refinamentos
apresentados por Uitz et al. (2006). Esse método se baseia no fato de que certos
pigmentos acessorios servem como diagndsticos (ou biomarcadores) de grupos
taxondmicos especificos do fitoplancton, sendo que a estes taxa sdo atribuidas uma
das trés classes de tamanho: pico-, nano, ou micro-fitoplancton. Esta atribuicdo ¢
baseada em observagdes de campo que i) o micro-fitoplancton inclui principalmente
diatomadceas, ii) o nano-fitoplancton inclui principalmente haptoficeas e iii) o pico-
fitoplancton inclui principalmente espécies procariopticas. Esta abordagem apresenta
limitagdes porque varios grupos podem compartilhar certos pigmentos diagndsticos e
alguns taxons incluem células que cobrem uma grande variedade de tamanho. Apesar
destas limitagdes, este método tem fornecido informacdes uteis sobre composicao
baseada em pigmentos e estrutura de tamanho das comunidades do fitoplancton
(Bricaud et al., 2004;. Uitz et al., 2006, 2008; Ras et al., 2008).

As concentragdes de pigmentos diagndsticos determinadas para os cruzeiros
PATEX 4 a 7 foram consideradas para estimar a Chla associada as 3 classes de
tamanho [pico Chla]upLc, [nano Chla]gprc € [micro Chla]uprc € entdo, a contribuicao
relativa de cada classe a biomassa total do fitoplancton, em termos de Chla.
Encontrou-se fraca concordancia entre as contribui¢des relativas de cada fragdo sobre

a Chla total obtidas a partir dos pigmentos diagnosticos e aquelas obtidas a partir da
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separagdo fisica das fragdes maior e menor que 20 um e subsequente medidas da Chla
de cada fracdo por fluorimetria (fracionamento/fluorimetria). Estas diferencas foram
quantificadas através da inclinagdo da reta das seguintes relacdes lineares: (i) [pico +
nano Chla]r vs. [Chla] vs, (i1) [micro Chla]r vs. [Chla]g, (iii) [pico + nano Chla]uprc
(ou seja, a soma de [pico Chla]gprc € [nano Chla]uprc, j& que ambas as fragdes nao
foram fisicamente separadas por fracionamento/fluorimetria) vs. [Chla]g, e (iv) [micro
Chla]gpLc vs. [Chla]r (Tabela 1; Artigo 2).

A contribui¢do de [micro Chla]uprc estimada a partir de pigmentos diagnosticos
foi significativamente maior do que a contribui¢do de [micro Chla]g obtida pelo
fracionamento/fluorimetria. O oposto foi observado para a soma das contribui¢des
pico-fitoplancton e nano-fitoplancton, para as quais o método dos pigmentos
diagnosticos  forneceu  valores mais baixos em comparagdo com O
fracionamento/fluorimetria (Tabela 1 — Apéndice 2).

Existem vdrias razdes possiveis para as discrepancias observadas, e algumas delas
estdo certamente relacionadas com as limitacdes do método baseado em pigmentos
diagnosticos. Por exemplo, as estimativas relativamente elevadas de [micro Chla]pprc
podem ser explicadas pela fucoxantina ser assumida como pigmento diagnostico de
diatomdceas, que sdo geralmente maiores e pertencentes ao micro-fitoplancton,
enquanto diatoméceas também fazem parte do nano-fitoplancton. O grupo das
haptoficeas, pertencentes ao nano-fitoplancton, também apresenta fucoxantina como
pigmento acessorio.

Assim, decidiu-se considerar as contribuic¢des relativas das fragdes de tamanho do
fitoplancton obtidas através do fracionamento/fluorimetria, i.e., os dados de [pico +
nano Chla]g e [micro Chla]r, que foram obtidos em todos os seis cruzeiros PATEX.

Ainda, para os quatro cruzeiros dos quais temos disponiveis os dados de HPLC,
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dividimos a fragdo [pico + nano Chla]r em dois componentes: [pico Chla]gprc € [nano
Chla]pmpLc, 0 primeiro estimado a partir do método que se baseia em pigmentos
diagndsticos, e o segundo através da diferenca entre [Chla]g e [micro Chla]r somada a
[pico Chla]gprc. Note que assumir as estimativas de [pico Chla]gprc por pigmentos
acessorios ¢ coerente porque os pigmentos diagndsticos do pico-fitoplancton estdo
presentes exclusivamente nesta faixa de tamanho da célula.

As contribui¢des relativas das fracdes de tamanho do fitoplancton foram

consideradas nas analises apresentadas na Secdo 3.2 e Artigo 2.

2.5.  Classificacdo da fracio dominante de tamanho do fitoplincton

A fragdo dominante de tamanho do fitoplancton em uma amostra (de superficie e
profundidade do pico de fluorescéncia da Chla) foi definida como aquela com
contribui¢do acima de 50% da biomassa algal total. Para tanto, foi considerada a
contribuicdo relativa da Chla de cada fragdo sobre a [Chla]r, em percentagem. As
fracdes pico-fitoplancton e nano-fitoplancton combinadas e micro-fitoplancton
estiveram disponiveis para os cruzeiros PATEX 2 e 3 através de fracionamento fisico
das amostras, enquanto essas trés fragdes estiveram disponiveis separadamente para
os cruzeiros PATEX 4, 5, 6, and 7, que incluiu a estimativa da fragdo pico-
fitoplancton através de pigmentos (Secdo 2.4). Assumiu-se que o pico-fitoplancton
nunca foi dominante durante os cruzeiros PATEX 2 e 3 e, portanto, [pico+tnano
Chla]r foi considerado como [nano Chla]r para estes dois cruzeiros. Durante os
demais, apenas 2 amostras foram dominadas pelo pico-fitoplancton, enquanto 8
amostras ndo contiveram alguma fragdo de tamanho com contribui¢do maior que 50%.

Assim, essas 10 amostras foram descartadas para nossas andlises. A maioria das
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amostras (189 amostras de 226) foram dominadas pelo nano-fitoplancton, enquanto
45 foram dominadas pelo micro-fitoplancton. A variabilidade dos coeficientes de
absorcdo da luz pelo fitoplancton, apn(A), € de espalhamento pelas particulas, b,(660),
foram analisadas e discutidas na Secdo 3.2 e no Artigo 2, comparando-se os dois
grupos de dominancia de tamanho do fitoplancton, referidos como Grupo-N (N-

group) e Grupo-M (M-group).

2.6.  Determinagdo dos coeficientes de absor¢do do material particulado e

fitopldncton

Os espectros dos coeficientes de absor¢do da luz pelo material particulado, a,(A)
em m’', foram medidos através da técnica Quantitative Filter Technique (Mitchell et
al., 2000). Amostras de agua (0,5 - 2 L) das mesmas profundidades de coleta para
determinagdo da Chla total (superficie, profundidade do pico de fluorescéncia da
clorofila-a e base deste pico) foram filtradas através de filtros de vibra de vidro
Whatman GF/F, de 25 mm de didmetro. As medidas de absorbancia foram realizadas
entre 300-750 nm com resolu¢do de 1 nm em um espectrofotometro de feixe duplo
(Cary Modelo 1E). Imediatamente apds essas medidasos filtros foram imersos em
metanol para extragdo dos pigmentos do fitoplancton (Kishino et al., 1985) para
amostras dos cruzeiros PATEX 2 e 3 e descoloridos com solucdao de hipoclorito de
sodio, NaClO, a 15% (Tassan e Ferrari, 1995) para os cruzeiros PATEX 4,5,6¢e 7. A
absorbancia dos filtros extraidos ou descoloridos foi entdo medida, e corresponde ao
material particulado ndo-algal (ou detritos), que inclui particulas organicas e
inorganicas, (Kishino et al., 1985; Tassan e Ferrari, 1995; Mitchell et al., 2000). Para

os célculos de ay() € aqe(L) (absorcdo da luz pelos detritos, em m™), foi utilizado o
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fator § determinado por Ferreira et al. (2009), que corrige o efeito de amplificacdo de
absorbancia pelo material contido no filtro em comparagdo ao mesmo material em
suspensdo, ¢ a normalizag¢do pela area e volume filtrados. O espectro dos coeficientes
de absorcdo do fitoplancton, a,n(A), foi obtido pela diferenca entre ay(X) € ade(A). A
fim de enfatizar as diferencas nos comportamentos (ou formas) espectrais, cada
espectro de apn(A) foi normalizado pela soma dos valores espectrais de apn(A) entre
400 e 700 nm do proprio espectro. Os valores desse espectro normalizado serdo
indicados como faph(k), e as analises dos espectros de absor¢do da luz do fitoplancton

da Sec¢do 3.3 e do Artigo 3 serdo baseadas nesses valores normalizados.

2.7.  Estimativa de um indice de tamanho celular do fitoplancton

A fim de estimar um indice de tamanho celular, cada espectro de apn(L) foi
normalizado pelo seu respectivo valor médio entre 400 e 700 nm (Ciotti et al., 2002),
sendo esse espectro normalizado referido como a<ph-(A). Assumindo-se que a forma
do espectro de absor¢do do fitoplancton ¢ principalmente definida pelo tamanho
celular dominante, Ciotti et al. (2002) desenvolveram um modelo que reconstitui a
forma de a<p-(A) através de uma combinacdo linear de dois espectros que
representam espectros de absor¢do totalmente dominados i) pelas menores (pico-
fitoplancton) e ii) maiores células (micro-fitoplancton). O algoritmo de Levenberg-
Marquardt foi utilizado para ajustar o espectro de a<yn-(A) a um modelo linear (ver
Equacdo 3 em Ciotti et al. 2002), que estima um indice de tamanho celular, S¢, para
um dado espectro de a<yn-(A). Esse espectro pode entdo ser reconstruido a partir de Sr.
Esse indice de tamanho celular indica o quanto cada espectro de a<yn-(A) se aproxima

dos espectros com total dominancia pelos dois extremos de tamanho (pico- € micro-
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fitoplancton). Os valores de Sr sdo continuos e variam entre 0 e 1, onde Sr tende a 0
quando as células grandes de fitoplancton (> 20 um) s3o dominantes, ¢ tende a 1
quando células pequenas (< 2 um) dominam uma amostra. Os valores intermediarios
representam todas as situacdes possiveis entre esses dois extremos. A qualidade do
ajuste do modelo foi avaliada para cada espectro normalizado através do céalculo do
coeficiente de determinagdo, R”, entre todos os valores espectrais de cada espectro de

a<ph-(A) medido e todos os valores espectrais do espectro reconstruido pelo modelo.

2.8.  Analise Hierdrquica de Cluster apresentada no Artigo 3

Uma Anédlise Hierdrquica de Cluster (HCA, Hierarchical Cluster Analysis), foi
utilizada para classificar nossas amostras com base em trés conjuntos de dados: 1) as
razdes de pigmentos diagnodsticos, DPR (diagnostic pigment ratios) ii) a contribuicao
relativa dos grupos taxondmicos do fitoplancton derivados por CHEMTAX, e iii) os
espectros de absor¢do da luz pelo fitoplancton. A HCA tem sido aplicada em outros
estudos com propdsitos semelhantes a nossa andlise, com conjuntos de dados
selecionados com composi¢do de pigmentos contrastantes (Torrecilla et al.,, 2011) ou
com grandes conjuntos de dados de pigmentos (Taylor et al., 2011). A HCA é um
método de agrupamento que constréi uma hierarquia de clusters (ou um dendrograma),
onde os clusters em um nivel estdo unidos aos clusters do nivel imediatamente
superior, portanto, uma pré-definicdo de numero de classes ndo ¢ necessaria. O
numero de clusters mais adequado ¢ entdo definido por inspec¢do visual deste
dendrograma.

A construcio de um dendrograma envolve a medida de proximidade (ou distancia)

entre o par de observagdes e um critério de unido (ou linkage) que especifica a
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dissimilaridade dos grupos em fung¢do das distancias entre os pares (Hair et al., 2009).
Neste estudo, a distancia euclidiana e um algoritmo de /inkage “objeto mais distante”,
que utiliza a maior distdncia entre os objetos em dois grupos, foram aplicados aos
conjuntos de dados de DPR e de contribuicdo relativa dos grupos taxonomicos do
fitoplancton. A distancia cosseno foi escolhida como mais adequada para aplicacao
sobre os espectros de apn(A), pois reflecte principalmente as diferencas nas formas
espectrais (Torrecila ef al., 2011). Uma normalizagdo anterior dos dados ¢ necessaria
antes da aplicacdo da HCA. Para o nosso estudo, a HCA é adequada porque dois
dendrogramas podem ser gerados a partir de dados independentes (i.e., DPR,
contribuicdo relativa dos grupos taxondmicos do fitoplancton e os espectros de
absorcao da luz pelo fitoplancton) e serem posteriormente comparados (Torrecilla et
al., 2011). Isto ¢ feito através do calculo do indice cofenético (CI, Cophenetic Index),
que representa a correlacdo entre duas matrizes cofenéticas (ou matrizes de

similaridade) associadas a cada dendrograma gerado (Sokal e Rohlf, 1962).

2.9.  Determinacdo do coeficiente de espalhamento do material particulado

O coeficiente de atenuacio total, ¢(A) em m™, foi medido a 660 nm, ¢(660), ao
longo da coluna de agua através do transmissometro C-star (WETLabs, Inc.) com
caminho otico de 25 cm. O protocolo do calculo de ¢(660) ¢ fornecido pelo fabricante
(http://www.wetlabs.com/products/). As medidas tomadas em aguas profundas (~
1.000 m), porém distante do fundo do mar e, portanto, distante da regido de
ressuspensao de particulas, foram consideradas como estimativa da atenuacao da dgua
do mar livre de particulas (Loisel e Morel, 1998). O valor médio de todas as medigdes

do coeficiente de atenuacdo total em grandes profundidades para cada cruzeiro foi
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subtraido de todas as medic¢des ao longo da coluna de 4gua para remover os valores de
atenuagdo da dgua do mar pura. Os valores resultantes representam o coeficiente de
atenuacdo das particulas em 660 nm, c,(660), sob a suposi¢do de que a contribui¢do
do material dissolvido para a atenuagcdo da luz neste comprimento de onda ¢
desprezivel. As medidas obtidas a 5 m de profundidade foram assumidas como o
coeficiente de atenuacdo na superficie, o que ¢ justificavel para evitar ou minimizar a
potencial contribuicao intermitente de bolhas de ar injetadas na superficie pelo vento.
Devido ao coeficiente de atenuagdo de particulas ser a soma do coeficiente de
espalhamento e absorcdo da luz pelas particulas, o coeficiente de absorcdo de
particulas a,(660) foi subtraido de c,(660), obtendo-se assim o coeficiente de
espalhamento das particulas em 660, b,(660). O calculo b,(660) = c,(660) - a,(660)
foi efetuado para superficie (considerando medidas de c,(660) ao redor de 5 m),
profundidade de pico de fluorescéncia de clorofila-a e base deste pico, profundidades

nas quais ap()) foi medido.

2.10. Coeficiente de atenuacdo difusa e reflectincia de sensoriamento remoto

Medi¢des radiométricas hiperespectrais (alta resolucao espectral) foram obtidas ao
longo da coluna d’agua nas estagdes realizadas durante o dia (Figura 1.1) com um
Radidmetro Perfilador Hiperespectral (HyperOCR, Satlantic, Inc.), que mede a
radiancia emergente da dgua (em dire¢do a superficie do mar), Ly(A,z), € a irradiancia
solar descendente, E4(A,z), entre 350-800 nm e com resolucdo espectral de 3,3 nm
(137 bandas). A reflectancia do sensoriamento remoto, Ri(A) em sr™', é definida como
a razdo entre a radidncia emergente da agua logo acima da superficie (07), Lw(}), €
E4(A,0"). Os valores de Lu(A,z) e E4(\,z) medidos nos primeiros metros da coluna

d’4gua sdo usados para estimar Ly(A) e E4(L) logo abaixo da superficie (07) e entdo
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propagar L,(A,0) e E4(A,0) através da interface agua-ar para se obter o Ly(A) e
E4(\,01).

Os dados de Ly(Az) e E4(A,z) medidos ao longo da coluna d’4dgua foram
inicialmente processados com o software ProSoft 7.7.11, fornecido pelo fabricante
Satlantic Inc. Os valores medidos no “escuro” e de calibragdo foram aplicados e os
dados médios a cada 0,1 m foram obtidos ao longo da coluna d’4dgua. A
confiabilidade das medidas de E4(A,z) e Ly(A,z) proximas a superficie ¢ limitada
devido as ondas, entdo dados cujas profundidades eram inferiores a 2 m foram
descartados. A visualizagdo dos perfis de FEg4(Az), Luy(\z), Radiacao
Fotossinteticamente Ativa, PAR (E4(A,z) integrada entre 400 a 700 nm) e o angulo de
inclinagdo de descida dos sensores foi importante para avaliar a qualidade dos dados e
o intervalo de profundidade a ser considerado para extrapolar os valores de uma
determinada profundidade até a superficie do mar. Os coeficientes de atenuacdo
difusa de E4(A,z), Ki(A,z), e de Ly(A,z), Ku(A,z), foram computados como a inclinagao
da reta obtida por regressdo linear ajustada aos valores de FE4(A,z) e Lu(A,z)
logtransformados, dentro do intervalo de profundidade selecionado, que geralmente
variou entre 4 ¢ 9 m., Os valores de E4(A,0) e Ly(A,07), logo abaixo da superficie do
mar, foram calculados utilizando-se K4(A,z) ¢ Ku(A,z), E4(A,z) ¢ Ly(A,z) medidos no
intervalo de profundidade selecionado em cada perfil. A reflectdncia do
sensoriamento remoto, R.(A), foi entdo calculada através da equacao
R:s(M)=0,54L,(1,07)/1,04E4(1,07), onde 0,54 ¢ 1,04 sdao os coeficientes de transferéncia
para a interface do mar-ar para L,(A) e E4(L), respectivamente (Austin, 1974). A
variabilidade de K4(A) e Ri(A) serd descrita na Secdo 3.1. e no Artigo 1. Note que o

simbolo ‘z’ ¢ omitido de K4(A,z) para fins praticos.
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2.11.  Avaliagdo do desempenho de modelos bio-dticos empiricos

Investigou-se o desempenho de algoritmos (ou modelos) bio-6ticos empiricos, que
se baseiam na relag@o entre razdes de Rys(A) nas faixas azul e verde espectrais, e que
sdo aplicados rotineiramente sobre imagens de satélite de reflectancia pelas agéncias
espaciais (e.g., NASA) para estimar a Chla do espago. Os modelos empiricos
utilizados foram os OC2v6, OC4v6 e OC3v6 (as versdes #6 sdo atualmente utilizadas
(http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/0cv6), sendo que os dois
primeiros foram desenvolvidos para o sensor SeaWiFS e o ultimo para o sensor
MODIS. Os niimeros 2, 3 e 4 indicam o numero de bandas de Rs(A) consideradas por
cada modelo (indicadas posteriormente na Figura 1.7). A Chla estimada foi obtida a
partir de nossas medi¢des de R.s(A) in situ durante todos os cruzeiros através dos trés
modelos, e entdo comparada com a Chla medida in situ. Comparagdes foram
realizadas entre a Chla medida in situ e a estimada a partir de medi¢des de R(A) por
satélite através dos trés modelos empiricos e do modelo semi-analitico Garver-Siegel-
Maritorena, GSM, Maritorena et al., 2002). Adicionalmente, comparou-se o0s
coeficientes de absor¢do do fitoplancton medidos in situ com os valores estimados
pelos algoritmos semi-analiticos QAA (Lee ef al., 2002) e GSM (Maritorena ef al.,
2002) através de dados satelitais. Os parametros estatisticos diferenca percentual
relativa média, RPD (Relative Percentage Difference), e a diferenca percentual
absoluta média, APD (Absolute Percentage Difference), foram utilizados para avaliar
o desempenho dos algoritimos. As definicdes de RPD e APD estdo apresentadas na
Tabela 1.3. O coeficiente de determinagdo, R”, inclinagio e intercepto da reta obtidos
a partir da andlise de regressdo linear sobre os valores logtransformados medidos in
situ e estimados pelos diferentes algoritmos também foram considerados para avaliar

seus desempenhos.
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2.12. Comparacdo entre dados medidos in situ e estimados por satélite

Dados em nivel (Level) 1A, L1A, que consistem em medidas radométricas ndo
calibradas e processadas, gerados pelo sensor satelital MODIS/Aqua, e dados
auxiliares de concentragdo de ozdnio e condi¢des meteoroldgicas (velocidade do
vento, concentracao de oxigénio, vapor de dgua e pressdo atmosférica), foram obtidos
a partir do Centro de Distribuicdo de Dados da NASA (Distributed NASA Active
Archive Center, DAAC). Imagens diarias, com cobertura de area local (Local Area
Coverage, LAC), i.e., com resolu¢cdo maxima (ou pixel) de 1,1 km e dos dias em que
os cruzeiros PATEX 2 a PATEX 7 foram realizados, foram selecionadas para a
avaliagdo de produtos derivados através de modelos bio-6ticos empiricos e semi-
analiticos. As imagens L1A foram transformadas em nivel 2, L2, que consistem nos
produtos da “cor do oceano” gerados pelos modelos. Para este estudo, foram
considerados os seguintes produtos: 1) Chla estimada pelos modelos empiricos OC2v6,
OC3v6, OC4v6 e semi-analitico GSM, ii) coeficientes de absor¢do da luz pelo
fitoplancton estimados pelos modelos semi-analiticos GSM e QAA. O processamento
das imagens satelitais L1A para L2 foi realizado através do software SeaDAS
(SeaWiFS Data Analysis System, http:// http://seadas.gsfc.nasa.gov/), versao 6.2.

Para a comparagdo entre os dados in situ e os produtos derivados por satélite,
calculou-se a média do valor do produto para uma conjunto de 3 por 3 pixels, com a
estacdo oceanografica ocupando o centro do bloco de 3x3 pixels. Esse procedimento
objetiva minimizar os erros no georeferenciamento das imagens de satélite. Além
disso, calculou-se o coeficiente de variagdo (CV) dentro de cada conjunto de 9 pixels,
excluindo-se das andlises os grupos com CV maior que 0,2, evitando assim grupo de
pixels ndo homogéneos espacialmente e, portanto, ndo representativos da estacdo

correspondente. A diferenca méaxima de 3 horas entre a medida realizada pelo satélite
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e a mesma realizada a bordo do navio foi considerada, seguindo o critério da NASA

(Bailey et al., 2000).

3. SINTESE DOS RESULTADOS

Os resultados gerados nesta tese estdo detalhadamente descritos nos artigos que se

encontram no Anexo, € aqui serdo apresentados de forma sucinta.

3.1.  Resultados referentes aos Objetivos Especificos 1, 2 e 3

Artigo 1: “Bio-optical characteristics of the Patagonian Shelf-break waters:
Implications for ocean color algorithms”, aceito para publicacao.

Os valores de concentracdo de clorofila-a apresentados nessa se¢do correspondem
a [Chla]r (concentragdo de clorofila-a determinada pelo método de fluorimetria), e
nesta se¢do serd indicada como Chla. Os valores de Chla em superficie variaram entre
0,10 e 18,87 mg m™ durante os cruzeiros PATEX 2 a PATEX 7, com um valor médio
de 2,85 mg de m™. Nas profundidades do pico de fluorescéncia da clorofila-a (MCF,
maximum chlorophyll fluorescence) e profundidade da base deste pico (bottom of the
maximum chlorophyll fluorescence, BUCF), a Chla variou entre 0,08 ¢ 24,05 mg m™
e 0,08 e 12,03 mg m'3, respectivamente. A grande variabilidade na Chla refletiu
diferengas nas areas e periodos das floragcdes do fitoplancton amostrados em cada
cruzeiro (de Souza, 2012). Essa variabilidade foi discutida no Artigo 2 em associacao
com a estrutura de tamanho do fitoplancton em termos de Chla fracionada para

classes de tamanho do fitoplancton.
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3.1.1. Coeficientes de absor¢do e atenuagdo difusa da luz pelo material particulado

O coeficientes de absor¢ao das particulas ndo-algais, a,(440) menos apn(440), ndo
covariou com a Chla em nenhuma das profundidades amostradas e sua contribui¢ao
para a,(440) foi relativamente baixa durante todos cruzeiros (média de 13%), mesmo
com a grande variabilidade em Chla (Tabela 1 - Apéndice 1). Estes resultados
sugerem que, ao menos na QPA e regides adjacentes e durante as floracdes de
primavera e verdo, a absor¢do de luz pelas particulas ¢ dominada por células vivas do
fitoplancton e a contribuicdo do material ndo-algal ¢ baixa e pouco variavel com o
tempo. Os resultados de contribuicdo percentual do fitoplancton para a absor¢do de
luz do material particulado estdo de acordo com o intervalo de 85 a 94% encontrado
por Morel ef al. (2006) para aguas de Caso 1 com altas concentragdes de clorofila-a.

Os valores de a,(440) variaram entre 0,026 e 0,492 m' e aumentaram
regularmente (em escala log) com o aumento de Chla (0,08 a 24,02 mg m™) (Figura
3a - Apéndice 1), e a regressao linear entre os dados logtransformados resultou em um
R* de 0,77 (N=356). A equagio de poténcia na forma de ap(440) = A x Chla B ajustada
ao nossos dados, em que os pardmetros 4 € B sdo obtidos do ajuste, descreveu bem
nossos dados, e foi comparada com as relagcdes derivadas por outros autores para
grandes bases de dados (e.g., Bricaud et al., 1998; Morel et al., 2006). Nossos valores
de a,(440) sdo em média 75% acima do valores fornecidos pala equagdo de Bricaud et
al. (1998), B98, a partir de Chla, enquanto que 19% comparando-se com Morel et al.
(2006), M06, que derivou sua equagdo especificamente para dguas de Caso 1 com alta
Chla.

A tendéncia de nossos dados serem sistematicamente maiores que as tendéncias
gerais para uma dada Chla como observado para a,(440) também foi verificada para

Kio(440) (Kpio(440) = K4(440) - K(440); Morel e Maritorena, 2001). Em média,
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nossos valores de Kyio(440) foram 26% maiores que o esperado pela equacao de M07.
Isto esta de acordo com o fato de K4(A) (atenuagdo difusa da luz ao longo da coluna
d’agua) ser essencialmente devido a absor¢cdo da luz pelo material presente
(particulado e dissolvido) e, em muito menor grau, devido ao retro-espalhamento
(Gordon, 1989), pelo menos quando o fitoplancton é o componente dominante sobre o
material particulado. Isso ¢ o reflexo de que o coeficiente de retro-espalhamento de
particulas organicas ¢ muito menor em magnitude que o coeficientes de absor¢ao.

Como mostrado na Sec¢do 3.2. e Artigo 2, os coeficientes de absor¢ao da luz pelo
fitoplancton, apn(A), também estiveram acima de tendéncias gerais para uma dada
Chla (Bricaud et al., 1995, Bricaud et al., 2004). Estudos anteriores atribuiram
desvios sistematicos com respeito as tendéncias gerais de apn(A) vs. Chla
principalmente como resultado de diferentes proporgdes entre particulas nao-algais e
o fitoplancton (e.g., Morel et al., 2007 e referéncias inclusas). Nossos resultados, no
entanto, indicam que as particulas ndo-algais ndo sdo importantes em modificar as
relacdes entre as propriedades Opticas inerentes e a Chla, na qual geralmente as
parametrizacdes incorporadas por tradicionais modelos bio-Oticos se baseiam, nas
aguas da QPA. Na Secdo 3.2, ¢ demostrado que a maior parte da variagdo de apn(A)
como funcdo de Chla ¢ devido a variagdes no tamanho celular dominante do
fitoplancton.

Os resultados aqui apresentados contribuiram para a caracterizacdo da
variabilidade de propriedades opticas para aguas de Caso 1 com alta Chla, como
recomendado por Morel et al. (2006), através de dados das floragdes ao longo da
quebra de plataforma Argentina. Os desvios sistematicos em ambos a,(A) e K4(A) para
uma dada Chla em comparagdo com as tendéncias gerais observados aqui puderam

ser atribuidos a variagdes no tamanho dominante do fitoplancton. Isso foi melhor
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discutido no Artigo 2.

3.1.2. Relagdo entre a concentragdo de clorofila-a e os coeficiente de atenuacdo da

luz pelas particulas

Nesta sec¢do investigou-se o potencial em parametrizar o coeficiente de atenuagao
da luz pelas particulas (soma do coeficiente de absor¢do e espalhamento), c,(660),
como func¢do da Chla. A dependéncia encontrada nos nossos dados foi comparada
com a relacdo derivada por Loisel e Morel (1998), LM9S, para aguas superficiais.
Nossos menores valores de cp,(660) para menores Chla (PATEX 3, 6 ¢ 7) estdo de
acordo geral com LM98 (Figura 4 - Apéndice 1), porém para maiores Chla (PATEX 2
e 4), nossos valores de c,(660) sdo notadamente inferiores em relagdo a equacdo de
LM98 para uma dada Chla.

Similarmente para os coeficientes de absor¢do, um modelo nio-linear geralmente
descreve adequadamente a relagdo entre c,(660) e Chla e uma funcdo de poténcia,
¢p(660)=4 x Chla B ajustada aos nosso dados proveu um coeficiente 4 e um expoente
B de 0,343 e 0,37 respectivamente, ou seja c,(660) = 0,343 x Chla 037 considerando-
se todo o conjunto de dados. Devido a grande dispersdo dos dados, o coeficiente de
determina¢do computado entre os dados logtransformados foi comparativamente
baixo (R*=0,60, p<0,0001 N=790). Note que parte da dispersio (expoente de 0,37) é
devido as diferencas sistemadticas entre os cruzeiros (Figura 4 — Apéndice 1), que
também foram notadas para a,(440), embora em menor grau (Figura 3a — Apéndice 1).
De um modo geral, os coeficientes especificos de atenuacdo (ou espalhamento) em
660 nm (i.e., normalizados por Chla), c*,(660), foram relativamente maiores e

menores para um dada Chla para os cruzeiros PATEX 3, 6 e 7, e para o cruzeiros
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PATEX 2 e 4, respectivamente. Altos valores de c*,(660) que se distanciam da
maioria dos dados e com maior dispersdo foram verificados durante o cruzeiro
PATEX 5, associados a uma florag¢ao de cocolitoforideos (Garcia et al., 2011).

Diferencas entre os cruzeiros para os coeficientes de espalhamento, c,(660), €
absorcdo, a,(440), sdo semelhantes (Figura 3a e Figura 4 - Apéndice 1). Na verdade,
como apresentado na Segdo 3.2 e no Artigo 2, uma forte relagdo entre b*,(660), € o
coeficiente especifico de absor¢do do fitoplancton, a,,*(440), foi verificada. De fato,
os resultados da Secdo 3.2 e Artigo 2 mostram relagdes estatisticas diferentes entre
para apn(440) e Chla, de acordo com amostras dominadas por nano-fitoplancton ou
micro-fitoplancton. Tais diferengas refletiram similarmente as diferencas aqui
verificadas entre os cruzeiros para cp(660) e Chla.

Assim, variagdes em c,(660) vs. Chla para as dguas da QPA ndo parecem refletir
ajustamentos fisioldgicos como proposto por Beherenfeld e Boss (2003), mas sim
diferengas no tamanho dominante celular do fitoplancton (ver Secdo 3.2. e Artigo 2).
Considerando que as relagdes existentes entre ¢,(660) e a biomassa de fitoplancton
podem ser conceitualmente estendida para os coeficientes de retroespalhamento das
particulas, byp(A) (Westberry et al., 2010), a tendéncia de ¢p(660) vs. Chla, a principio,
poderia estender-se a aplicagdes para os modelos semi-analiticos aplicados aos dados
de reflectancia, que depende de bn(A)/a()). No entanto, a grande variabilidade na
estrutura do tamanho das células, que depende do estagio da comunidade
fitoplanctonica durante as floragdes, torna dificil estabelecer uma relacdo tnica de
dependéncia entre Chla e o coeficiente de espalhamento (ou retro-espalhamento)

nessas aguas.
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3.1.3. Variabilidade nos espectros de reflectancia do sensoriamento remoto

Os espectros da reflectancia do sensoriamento remoto, Rys(A), coletados durante os
seis cruzeiros PATEX apresentaram grande variabilidade, tanto em magnitude quanto
em comportamento (ou formato) espectral (Figura 5- Apéndice 1). Para classificar
estes espectros, uma Analise Hierarquica de Cluster (HCA) foi aplicada sobre todos
os espectros de Ri(A). A aplicabilidade deste método em classificar espectros de
Rs(A) foi demonstrada por Lubac e Loisel (2007) para as aguas costeiras da Europa.
Por causa do ruido encontrado nas medidas na porcdo espectral do vermelho em
varios espectros, apenas o intervalo entre 400 a 600 nm foi considerado neste trabalho.
Antes da aplicacdo da HCA, cada espectro de R.s(A) foi normalizado pelo seu proprio
valor médio entre 400 e 600 nm, nR(A), para minimizar o efeito da magnitude e
realcar a variabilidade devido ao comportamento espectral.

O numero de trés classes foi pré-definido por meio de visualizagdo de um
dendrograma (ndo mostrado). As trés classes de nR.(A) construidas pelo método de
HCA estao ilustrados na Figura 6 - Apéndice 1. Os espectros absolutos de Ri(A), i.e.,
sem normalizagdo, referentes a cada classe também estdo mostrados.

O agrupamento obtido pela HCA foi explicado principalmente pelos intervalos de
variagdo de Chla, com as menores concentracdes correspondentes a Classe 1 (média
de 0,86 + 0,51 mg m™), seguido pela Classe 2 com concentragdes intermediarias
(média de 2,42 + 1,62 mg m™) e a Classe 3 com as maiores Chla (média de 8,40 +
3,96 mg de m™). Quanto aos periodos de amostragem, a Classe 1 agrupou a maioria
dos espectros de Rs(A) medidos durante o PATEX 3, alguns durante os PATEX 2,4 ¢
6 e todos os espectros medidos nos PATEX 5 e 7. A Classe 2 contém espectros de
Ris(A) associados as poucas estagdes com moderada Chla durante o PATEX 2, e

aquelas com mais altas concentracdes medidas no PATEX 3, concentragdes
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intermediarias ocorridas durante o PATEX 4, ¢ as concentragdes elevadas durante o
PATEX 6 e uma estacdo unica do PATEX 5, que diferiu na comunidade
fitoplanctonica das demais do mesmo cruzeiro por ndo ter o cocolitoforideo como
grupo dominante, mas diatomdceas (Garcia et al., 2011). A Classe 3 agrupou apenas
espectros medidos durante as massivas floragdes de primavera (PATEX 2 e 4).
Apesar de nao termos dados de absor¢do de luz pela modc, sua contribui¢do sobre
a variabilidade de R.(A) ndo parece consideravel, j& que ndo vemos diminui¢ao
notavel em R, (A) nos menores comprimentos de onda incluindo a faixa UV (ndo
mostrado), pois a absor¢do pela modc ¢ importante ao redor de 440 nm e aumenta

exponencialmente em dire¢do ao UV espectral.

3.1.4. Avaliagdo do desempenho de algoritmos empiricos para estimar a

concentragdo de clorofila-a

A andlise anterior mostrou que os espectros de R.(A) medidos na QPA podem ser
classificados de acordo com as caracteristicas espectrais que resultam essencialmente
devido a variabilidade em Chla. Nesta secdo, investigamos o desempenho de
algoritmos (ou modelos) bio-Opticos empiricos, que se baseiam na relacdo entre
razdes de R.s(A) nas faixas azul e verde espectrais, e que sdo aplicados rotineiramente
sobre reflectancia de imagens de satélites obtidas pelas agéncias espaciais (ex.
NASA) para estimar Chla nos oceanos do espago. Os modelos empiricos utilizados
neste trabalho foram os OC2v6, OC4v6 ¢ OC3v6, onde ‘v6’ indica a versdo mais
atual. Os dois primeiros algoritmos foram desenvolvidos para os sensor SeaWiFS e o
ultimo para o sensor MODIS, onde os niimero 2, 3 e 4 indicam o numero de bandas

de R:s(M) consideradas por cada modelo, como indicadas na Figura 7 - Apéndice 1. A
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Chla foi estimada a partir de nossas medi¢des de R.(A) in situ durante todos os
cruzeiros através dos trés modelos, e entdo comparada com a Chla superficial medida
in situ. A Figura 7 - Apéndice 1, representa nossos valores de Chla medidos como
uma funcdo das razdes de R.(A) correspondentes a cada um dos trés algoritmos
empiricos, onde as curvas representam cada algoritmo. A Tabela 3 — Apéndice 1
apresenta os resultados estatisticos (ver descrigdo da Tabela 3 para defini¢des) da
comparacdo entre a Chla medida e a estimada pelos modelos.

A fim de investigar se o desempenho dos modelos empiricos para estimar Chla
partir de razdes de reflectdncia pode estar associado a variagdes no formato espectral
de Ri(M) e, consequentemente, aos intervalos de variagdo em Chla (secdo anterior), os
mesmos modelos empiricos usados para estimar Chla foram aplicados separadamente
a cada classe previamente determinado pelo HCA (Figura 7 e Tabela 3 — Apéndice 1).

Em relacdo ao algoritmo OC4v6 (o mais amplamente utilizado devido aos
melhores resultados por utilizar maior nimero de bandas de R.(A)), erros maiores
(RPD=31,80%; APD=51,57%) foram computados para a classe com moderada Chla
(Classe 2), mas os resultados para as classes com menor (Classe 1) e maior Chla
(Classe 3) revelam relativamente bom acordo entre os valores de Chla medidos e
estimados (RPD=-2,63%,  APD=30,82%; RPD=6,30%,  APD=50,21%,
respectivamente, Tabela 3 — Apéndice 1). Note que o desempenho menos satisfatdrio
do OC4v6 para a Classe 2 ¢ parcialmente explicado pela faixa mais estreita de Chla
estimada (0,97 a 4,69 mg de m™), em comparagdo a uma grande variagdo na Chla
medida para esta classe (0,74-7,96 mg m™). Os desempenhos de ambos OC2v6 ¢
OC3v6 foram sempre menos satisfatorios quando comparado com OC4v6 (Tabela 3 e

Figura 7 — Apéndice 1).
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3.1.5. Relagdo entre os erros dos algoritmos empiricos e as propriedades oOpticas

inerentes

Os algoritmos bio-Opticos empiricos utilizados para estimar Chla se baseiam em
relagdes estatisticas entre a Chla ¢ razdes de bandas azuis e verdes de R.(A). Na
verdade porém, as magnitudes e formas dos espectros de R.(A) dependem diretamente
dos coeficientes de retro-espalhamento (de particulas) e inversamente dos coeficientes
de absor¢ao (de particulas e que, por sua vez, refletem as variagdes na concentracao e
composi¢ao dos componentes Opticos. Esta se¢do tem como objetivo investigar como
variagdes nos coeficientes de absor¢do e espalhamento, em termos de normalizagao
com Chla (coeficientes especificos), podem influenciar o desempenho dos modelos
empiricos para estimar Chla nas 4guas da Patagonia. Para tanto, foram considerados
os dados de R.(A) medidos in situ. Assim, esta analise ndo inclui qualquer incerteza
atribuida a corre¢cdo atmosférica ou acuracia na medida de Rs(A) pelo satélite. Apenas
o modelo OC4v6 foi considerado aqui, devido ao seu melhor desempenho quando
aplicado ao nosso conjunto de dados (Se¢do 3.1.4).

A Figura 8 — Apéndice 1 mostra a dependéncia dos erros relativos nas estimativas
de Chla a partir do modelo OC4v6 como fungdo da Chla medida, de a*;,(440), e de
b*p(660) (sendo os ultimos a,n(440) e by(660) normalizados por Chla, em m” (mg
chla)"). Observa-se os valores de RE, onde RE=100*(Chla estimada—Chla
medida)/Chla medida, apresentam grande dispersdo ao longo do intervalo de Chla
(Figura 8a), mas relacdes significativas (a=95%) foram observadas quando
consideramos cada classe de R(A) separadamente (p<0,001 para Classe 1, Classe 2 e
Classe 3), com um tendéncia geral de subestimativa de Chla a medida que a Chla
aumenta. Da mesma forma para Chla, foram encontradas correlagdes significativas

entre RE e a*,,(440) (p<0,001 para Classe 1, Classe 2 e Classe 3) e b*,(660) (p=0,02
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para a Classe 1 e p<0,0001 para Classe 2 e Classe 3) para as trés classes de Rys()),
com uma clara tendéncia de sobre-estimativa da Chla estimada conforme o aumento

de ambos a*;4(440) e b*,(660) (Figuras 8b e 8c — Apéndice 1).

3.1.6. Comparagdao com produtos estimados por satélite

Os modelos bio-Opticos semi-analiticos tém o potencial de melhorar a estimativa
da Chla e dos coeficientes absolutos de absor¢do e retroespalhamento para cada
componente Optico, pois se baseiam na relacdo teodrica entre esses coeficientes e a
reflectancia (Gordon et al., 1988). Mesmo nesses casos porém, algumas aproximacgdes
devem ser assumidas. A parte empirica do modelo QAA extrapola o comportamento
espectral de by(A) e assume razdes entre bandas para a(A) (Lee et al., 2002), enquanto
o modelo GSM assume valores médios dos coeficientes especificos de absor¢do e de
retroespalhamento do fitoplancton, ou seja, coeficientes normalizados por Chla e
comportamentos espectrais exponenciais para os componentes nao-algais (Maritorena
et al., 2002). Por exemplo, o valor médio do coeficiente especifico de absor¢do do
fitoplancton, a*;n(A), incorporado atualmente pelo software SeaDAS (NASA) e
considerado para nossas estimativas por satélite ¢ 0,0558 m” (mg chla)”' em 443 nm
(Maritorena et al., 2002). Este coeficiente, no entanto, pode ser altamente variavel
devido a variagdes no tamanho de células do fitoplancton e da composi¢do dos
pigmentos. Como mostrado neste estudo, o intervalo de variacdo de a*,,(443) foi de
0,0180 a 0,2478, média de 0,0721 m? (mg chla)'l, para o nosso conjunto de dados.

Nesta se¢do, avaliou-se o desempenho de modelos semi-analiticos em estimar os
coeficientes de absor¢do da luz pelo fitoplancton nas dguas da QPA através de

imagens de satélite, usando modelos embutidos no software SeaDAS e, portanto, com
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comportamentos espectrais e razdes entre bandas de entrada fixos.

Aqui sdo mostrados os resultados de comparagado entre os coeficientes de absor¢ao
do fitoplancton medidos in situ com os estimados pelos modelos semi-analiticos GSM
e QAA através de satélite. Também sdo comparados os valores de Chla medidos in
situ com os estimados por satélite pelos trés algoritmos empiricos (OC2v6, OC4v6, e
OC3v6) e 0o modelo semi-analitico GSM. O niimero total de dados de Chla e de apn(R)
superficiais durante os seis cruzeiros foi de 176. Devido a cobertura de nuvens e apos
a aplicacdo dos critérios de selecdo da NASA para diferenca temporal (+ 3 h) entre a
medida in situ e a passagem do satélite, os pontos de comparagdo foram reduzidos a +
30, dependendo da disponibilidade do dado satelital, do algoritmo aplicado e do
comprimento de onda considerado no caso de apn(A). A avaliagdo do desempenho dos
modelos aplicados aos dados de satélite considerou as mesmas estatisticas como na
se¢do 3.1.4: R?, inclinagdo da reta e intercepto computados entre os valores medidos e
estimados logtransformados, RPD e APD. Os resultados estatisticos estdo
apresentados nas respectivas figuras (Figuras 9 a 11 — Apéndice 1).

A dispersao entre a Chla medida e estimada pelos algoritmos empiricos (Figura 9a
a 9¢ — Apéndice 1) ¢ da mesma ordem daquela encontrada quando da aplicagdo dos
modelos aos dados de R;(A) medidos in situ (R2=O,66, 0,75 e 0,77 para OC2v6,
OC3v6 e OC4vo, respectivamente). A tendéncia de sobre-estimativa da Chla ao
considerar ambos os conjuntos de dados, com RPD sempre positivo (Tabela 3 e
Figura 9 — Apéndice 1 para dados de R.(A) in situ e de satélite, respectivamente) ¢
verificada. Diferencas entre a Chla medida e estimada foram semelhantes através do
uso do modelo semi-analitico GSM (Figura 9d) e dos modelos empiricos OC4v6 e
OC3vo6, e a tendéncia de sobre-estimativa se verificou também para o modelo GSM .

As comparagdes entre os coeficientes apn(A) medidos in sifu sdo mostrados nas
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Figuras 10 e 11 para certos comprimentos de onda nas faixas espectrais azul e verde,
para os modelos GSM e QAA, respectivamente.

Em geral, o algoritmo QAA mostrou melhor desempenho para estimar apy(A) a
partir de dados de satélite, com os pontos mais proximos a linha 1:1 (ou inclinagdes
proximas a 1), quando comparados com os dados derivados pelo GSM. O maior
coeficiente de determinagido (R=0,65) foi observado a 469 nm (Figura 1.11c). Os
erros foram consideravelmente elevados em 555 nm (RPD=268% ¢ APD=279%) ¢
méxima divergéncia entre os dados in situ e de satélite foi observada a 645 nm (R de

0,045), com uma grande sobre-estimativa (RPD e APD = 509%, nao mostrado).

3.2.  Resultados referentes ao Objetivo Especifico 4

Artigo 2: Variability in light absorption and scattering of phytoplankton in
Patagonian waters: Role of community size structure and pigment composition,

publicado.

3.2.1. Concentragdo de clorofila-a e classes de tamanho do fitoplancton

Os intervalos de variacdo da [Chla]r em superficie durante cada cruzeiro PATEX
estdo apresentados na Tabela 2 — Apéndice 2. Nas profundidades do pico de
fluorescéncia da clorofila-a, a [Chla]r variou de 0.3 a 24 mg m™ (ndo mostrado) e
foram ligeiramente maiores que em superficie. A variabilidade em [Chla]r refletiu as
diferengas no periodo e na localizagdo das amostragens entre os cruzeiros.

Os resultados a seguir descritos podem ser visualizados na Figura 2 — Apéndice 2,

que mostra a contribui¢do percentual das trés classes de tamanho (pico-, nano- e
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micro-fitoplancton) para a [Chla]g total como fun¢do da [Chla]r total, para cada
cruzeiro. A [micro Chla]r foi a fragdo dominante sobre a [Chla]r total apenas durante
o PATEX 2 (Figura 2a — Apéndice 2). Entre a primavera de 2006 (PATEX 2) e inicio
do outono 2007 (PATEX 3) uma mudanca na dominancia de tamanho algal foi
observada, ja que a [pico + nano Chla]r contribuiu, em média, com 90% sobre a
[Chla]r total durante o PATEX 3.

Durante o cruzeiro seguinte de primavera em 2007 (PATEX 4), a fracdo [nano
Chla]pmpLc dominou a [Chla]r total (Figura 2¢ — Apéndice 2). A fragdo [micro Chla]g
também contribuiu de forma importante, embora raramente dominante sobre a [Chla]g
total (contribuicdo média de 26 + 14%; Figura 2c — Apéndice 2). Durante a floracao
de cocolitoforideos amostrada no PATEX 5 (janeiro de 2008), [nano Chla]g/mpLc foi a
principal fracdo que controlou a [Chla]r total, com uma contribuicdo média de 72%,
embora [micro Chla]r tenha contribuido substancialmente para a [Chla]r total em
algumas amostras (Figura 2d — Apéndice 2). Situacdo similar ocorreu durante o
PATEX 6, quando o [nano Chla]gmprc também foi a fracdo principal (contribuicao
média de 75%) ainda que com contribuicdo significativa de [micro Chla]r em vérias
amostras (Figura 2e). Para a maioria das amostras do PATEX 7, variagdes tanto em
[nano Chla]gmpLc € [micro Chla]r foram responsaveis pelas variagdes em [Chla] total
(Figura 2.2f). Embora [pico Chla]gprc tenha sido geralmente pouco varidvel e com
contribuicdo pequena sobre a [Chla]r total (Figura 2.2), a contribuicdo média de [pico
Chla]gpLc para [Chla]r total foi de 28% em PATEX 7 (Tabela 2 — Apéndice 2). A
contribui¢do de [pico Chla]uprc sobre [Chla]r foi de cerca de 90% quando a [Chla]g

total foi relativamente baixa (~ 1 mg m™; Figura 2f — Apéndice 2).
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3.2.2. Coeficientes de absor¢do da luz pelo fitoplancton

Para a andlise apresentada nesta secdo e na proxima, foram excluidos 37 espectros
de absorg¢ao do fitoplancton, ayn(A), do total de 226 espectros. Os espectros excluidos
apresentaram um pico de absor¢do atipico, em torno de 460 nm, e sdo discutidos
separadamente na Secdo 3.2.5. Estes espectros foram divididos em dois grupos de
acordo com a dominancia de tamanho algal: o grupo dominado pelo nano-fitoplancton
(N-grupo) com 151 amostras e pelo micro-fitoplancton (M-grupo) com 38 amostras.

A maxima absor¢do de luz pelo fitoplancton se da por volta de 440 nm, e um
segundo pico de menor magnitude ocorre ao redor de 676 nm, o que corresponde ao
espectro de absor¢do do principal pigmento fitoplanctonico, a clorofila-a. A Figura 3
— Apéndice 2 revela ampla variagdo de a,n(440) e a,n(676), de 0,013 a 0,66 e de 0,008
a 0,42 m’, respectivamente, consequéncia da grande variabilidade observada em
[Chla]r (Figura 3 — Apéndice 2). Os coeficientes especificos de absor¢cdo do
fitoplancton nesses comprimentos de onda (i.e., apn(440) e a,n(676) normalizados por
[Chla]r e indicados como a*;n(440) e a*;n(676) ) variaram entre 0,018 € 0,173 e entre
0,009 e 0,046 m* mg chla™, respectivamente (onde chla é a abreviagio da palavra
clorofila-a). Esses coeficientes normalizados indicam a eficiéncia da absor¢ao de luz
pelo fitoplancton por unidade de clorofila-a. Um teste-t (0=99%) indicou que os
coeficientes especificos foram significativamente maiores para o Grupo-N do que
para o Grupo-M, em concordincia que células menores apresentam uma maior
eficiéncia de absorcdo de luz por unidade de clorofila-a, devido a um menor efeito
“pacote”. Assim, relacdes empiricas entre apn(A) e [Chla]r foram obtidas
separadamente para cada grupo. A funcdo de poténcia na forma apn(L)=4 [Chla]s®, em
que os parametros 4 e B representam o melhor ajuste pela regressdo de minimos

quadrados, descreveu bem a dependéncia de apn(L) pela [Chla]r nos nossos dados. Os
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resultados desta andlise de regressao sdo apresentados para 440 e 676 nm, na Tabela 3
e na Figura 3 Apéndice 2.

Para compara¢do com tendéncias ja observadas, a Figura 3 — Apéndice 2 mostra
também as relagdes entre a,n(A) € Chla obtidas por Bricaud et al. (1995), Bricaud e al.
(2004), Devred et al. (2006), e Brewin et al. (2011b), com base em grandes conjuntos
de dados coletados em diferentes regides do oceano global. Estas relagdes sao
referidas como B95, B04, D06 e BIl1, respectivamente. Como exemplo, nossas
tendéncias foram comparadas quantitativamente com os resultados dos dois estudos
de Bricaud ef al. As linhas que representam o melhor ajuste entre o apn(A) € [Chla]r
tanto do N-grupo quanto do M-grupo apresentam valores consideravelmente mais
elevados de apn(440), para uma dada Chla (em média, por um factor de 2), em
comparagdo com a relacdo de B95 (Figura 3a — Apéndice 2). A relagdo de B04, que se
baseia em um conjunto de dados diferente do que de B95, estd mais proximo de
nossos dados apesar das inclinagdes das retas serem consideravelmente diferentes. As
curvas de D06 e B11 se encontram entre as B04 and B95. As diferengas entre as
nossas relagdes e B95 sdo menores na faixa espectral vermelha, em 676 nm (Figura
2.3b). No entanto, a relagdo B95 ainda prové valores sistematicamente mais baixos de
apn(676) para uma dada Chla do que nossos dados. A absor¢do de luz por outros
pigmentos ¢ muito baixa nesse comprimento de onda e portanto dominada pela Chla
(ver Figura 1 em Bricaud et al., 2004).

As comparagdes acima sugerem que a magnitude de apn(A) a uma dada
concentragdo de clorofila-a e, consequentemente, os valores de a*p(A), sdo
consideravelmente mais elevados para as dguas da Patagonia em relacdo aos dados de
obtidos em distintas regides oceanicas do planeta. Este resultado sugere que o

tamanho das células do fitoplancton na regido estudada ¢ geralmente menor do que
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em outras regides oceanicas para uma mesma concentragdo de clorofila-a. A principal
evidéncia para esta conclusdo baseia-se nas nossas observacdes na faixa vermelha do
espectro, em que as variagdes em um a*p,(676) podem ser atribuidas principalmente a
alteracdes no efeito do pacote e, portanto, no tamanho celular do fitoplancton.

Esta suposi¢do ¢ reforcada pelas contribui¢des do micro-fitoplancton (em termos
de [micro Chla]gprc) terem sido superestimadas através da abordagem por pigmentos
diagnodsticos (Se¢ao 2.4) quando comparadas as contribui¢des de [micro Chla]g
obtidas pelo fracionamento fisico da [Chla]r. Isso é provavelmente explicado pelo
fato de que a abordagem para estimar a composi¢ao taxondmica através de pigmentos
diagnosticos estimados por HPLC baseia-se na premissa de que as diatomdaceas
pertencem a classe de tamanho do microplancton e diatomaceas menores nao
pertencentes a esta classe de tamanho, e se presentes, serdo incorretamente
classificadas como micro-fitoplancton. De fato, a analise por microscopia de amostras
dos cruzeiros PATEX (de Souza, 2012) indicou que as floracdes do fitoplancton nas
aguas da QPA sdo tipicamente dominadas por diatomaceas inclusas na classe de
tamanho do nanoplancton, embora ocasionalmente diatomdceas pertencentes ao

microplancton possam dominar em alguns casos (e.g., PATEX 2).

3.2.3. Absor¢do de luz pelo fitopldncton e o indice de tamanho celular

Os espectros de absor¢do de luz fitoplancton normalizados pelo valor médio de
cada espectro, indicado como a<pr-(A), sdo mostrados na Figura 2.4 — Apéndice 2
separadamente para os Grupo-N (dominado pelo nano-fitoplancton) e Grupo-M
(dominado pelo micro-fitoplancton). Estes espectros médios foram calculados a partir

dos valores compreendidos entre 400 e 700 nm. O efeito pacote ¢ mais evidente para
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os espectros do Grupo-M, que apresentam valores mais baixos da razdo entre os picos
de absor¢do azul (~ 440 nm) e vermelho (~ 676 nm) do que os espectros de Grupo-N
(i.e., espectros mais achatados). Este resultado ¢ consistente com observagoes
anteriores da litaratura e especificamente com o estudo de Ciotti et al. (2002), no qual
a variabilidade no formato (ou comportamento) espectral do coeficiente de absorc¢ao
pelo fitoplancton entre 400 e 700 nm pode ser quantificada e explicada em grande
parte pelo tamanho celular do grupo fitoplanctdonico dominante.

No presente estudo, foi estimado o indice de tamanho celular do fitoplancton, St, a
partir de cada espectro de a<pn-(A) (Ciotti et al., 2002). Menores valores de St refletem
menores razdes entre os picos de absor¢do no azul (~440 nm) e no vermelho (~676
nm) e, portanto, espectros sdo mais achatados, ao passo que maiores valores de St
indicam maiores razdes entre esses picos. Os valores de S¢ variaram entre 0,04 ¢ 0,81
e os espectros de a<n-(A) foram geralmente bem reconstruidos quando comparado
com os espectros de a<pn-(A) originais, com R*>0,92 para a maioria dos casos. A
média (+ desvio padrdo) dos valores de S¢ foram 0,52 (+ 0,21) e 0,33 (+ 0,14) para o
N-Grupo e M-grupo, respectivamente. A maior variabilidade observada para o Grupo-
N reflete a grande variacdo no tamanho das células que compreendem essa fragao de
tamanho do nanoplancton (2-20 um).

Uma tendéncia clara de diminui¢do nos coeficientes especificos de absor¢do do
fitoplancton, i.e., normalizado pela Chla, a*,n(A), com o aumento da [Chla]r ¢
observada na Figura 5 — Apéndice 2, o que ¢ consistente com a literatura (e.g.,
Dmitriev et al., 2009 e referéncias inclusas). Esse padrao reflete a grande variagcdo na
biomassa do fitoplancton, o efeito do pacote, e a composi¢ao de distintas espécies em
nossas amostras. Como o indice de tamanho celular do fitoplancton, S¢, varia dentro

de um continuum de tamanho, i.e., de 0 (efeito pacote mais forte) a 1 (efeito pacote
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mais fraco), na mesma figura estdo mostrados também os valores de Sf a fim de
investigar se houve variagdes em a*,n(A) ao longo do aumento em [Chla]r e para uma
dada [Chla].

Nossos resultados indicam a concordancia entre os valores de St e a variabilidade
em a*pn(440) e a*,n(676), como funcdo da [Chla]r. Em geral, valores baixos de
[Chla]r e altos de a*;n(440) e a*,w(676), correspondem a altos valores de S (i.e.,
menor tamanho celular do fitoplancton). Por outro lado, quanto maior a [Chla]g,
menores sdo os valores de a*;n(440) e a*,n(676) e de St (i.e., células maiores). Em
particular, os valores mais baixos de St (< 0,2) correspondem a [Chla]r maior que 10
mg de m™. Apesar dessa tendéncia geral, uma grande variagdo em a*,,(A) é observada
para uma dada [Chla], ¢ um dado valor de um a* (L) pode estar associado a uma
grande variagdo em [Chla]g.

Estes resultados indicam que variagdes em St ao longo do comportamento geral de
decréscimo de a*;n(A) com o aumento em [Chla]r refletem variagdes no efeito pacote
associados com variagdes no tamanho dominante do fitoplancton, assim como
também variacdes na concentragdo e composicdo de pigmentos acessorios. N0ssos
resultados apontam para a dificuldade em classificar as comunidades do fitoplancton
em intervalos discretos de tamanho (ex., pico-, nano-, € micro-fitoplancton) para fins
de modelagem bio-6ptica. Tais dificuldades resultam do fato de que as comunidades
fitoplanctonicas consistem de muitas espécies e de diferentes tamanhos, e que dentro
dos intervalos discretos de tamanho, existe ainda a variabilidade de tamanho celular e

composi¢ao de pigmentos.
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3.2.4. Relagdo entre o coeficiente especifico de absor¢do do fitoplincton e a

composi¢do de pigmentos

Nesta se¢do, iremos considerar [Chla]gpLc € ndo [Chla]r ¢ assim, o nimero de
dados de Chla foi reduzido de 236 para 132.

Nessa se¢do foram investigadas relacdes entre a variabilidade nos coeficientes
especificos de absor¢do do fitoplancton, a*,n(A), € razdes de pigmentos. Aqui, a*pn(A)
consiste nos coeficientes de absorcdo do fitoplancton, apn(A), normalizados por
[Chla]gpLc, € ndo por [Chla]g como anteriormente. Apenas 12 amostras do M-grupo
sdo incluidas nesta andlise, porque os dados de HPLC se limitam aos cruzeiros
PATEX 4 a 7, portanto indisponiveis para o PATEX 2, quando ocorreu a mais
importante dominancia do micro-fitoplancton.

A Figura 2.6 — Apéndice 2 mostra que aumentos nas razoes [PSC]:[Chla]uprc,
[PPC]:[Chla]gprc, [Hexa]:[Chla]gprc e [Chlb]:[Chla]gpc foram acompanhados por
aumentos em a*,,(440), sendo isso bem pronunciado para [Hexa]:[Chla]uprc (Figura
6¢) e [Chlb]:[Chla]yprc (Figura 6d). Padrdes muito semelhantes foram observadas
para a*;,(676) (ndo mostrado), ainda que o efeito de pigmentos acessorios sobre a
variabilidade em a*,n(A) seja muito pequena ou deprezivel na faixa espectral do
vermelho. Com efeito, uma relagdo robusta e direta foi encontrada entre os valores
transformados em logaritmo de a*;n(440) e a*,n(676) (R*=0,82, N=223, p<0,0001),
embora a dispersdo entre esses dados tenha aumentado com o aumento em a*pu(A)
(ndo mostrado). Este resultado esta de acordo com a expectativa de uma maior
importancia relativa dos pigmentos acessOrios para menores concentracdes de
clorofila-a (e, portanto, maior a*;,(A)) e/ou quando células menores sdo relativamente

mais importantes do que maiores (ver revisdo Bricaud et al., 1995).
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Os comportamentos semelhantes para ambos a*;n(440) € a*pn(676) como fungdo
das razdes de pigmentos indica que a contribuicdo relativa dos carotendides ¢
inversamente correlacionada com o tamanho da célula e efeito pacote.
Adicionalmente, os baixos valores de S; (células maiores) foram relacionados com
valores baixos de a*,n(440) para as quatro razdes de pigmentos (Figura 2.6). Estes
resultados sdo consistentes com aqueles observados em analise anterior (Se¢do 3.2.3).
Uma grande variacdo em a*;,(440) esteve associada com uma estreita variacdo em
[PSC]:[Chla]gpLc.

Para a*;,(440) vs. [Hexa]:[Chla]upLc, nota-se tanto uma menor variabilidade em
torno da tendéncia central quanto menor sobreposi¢do de pontos entre os intervalos de
St (Figura 6¢ - Apéndice 2), em comparagdo com o observado para as demais razdes
de pigmentos apresentadas na Figura 6. O pigmento 19’-hexanoiloxifucoxantina ¢
conhecido por ser tipico do grupo fitoplanctonico Phaeocystis sp, € a concentracao
deste pigmento, [Hexa], em relacio a Chla foi sugerida como indicador da
abundancia deste grupo (Jeffrey e Wright, 1994). De fato, andlises de microscopia e
CHEMTAX (Mackey et al., 1996) indicaram Phaeocystis sp como importante
contribuinte para a biomassa total em todas as amostras dos cruzeiros PATEX (M.S.
Souza e C.R. Mendes, comunicacdo pessoal, 2011). O tamanho destas células de
fitoplancton (2-6 um) se encontra no limite inicial de tamanho do nanoplancton (2-20
um), sendo coerente que maiores valores de [Hexa] estejam tipicamente associados
com maiores valores de S¢ (Figura 6¢c — Apéndice 2). A relagdo positiva entre
a*pn(440) e a razao [Chlb]:[Chla]gpLc concorda com uma importancia substancial de
prasinoficeas encontrada durante todos os cruzeiros PATEX (de Souza, 2012),

enquanto que a maior contribuig¢do deste grupo fitoplanctonico foi encontrada durante
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o PATEX 7. Neste, as amostras foram caracterizadas por maiores a*pn(440), St
(0,4<5¢<0,6) e razdes [Chlb]:[Chla]upLc (Figura 6d).

Os nossos resultados mostraram as co-variagdes entre o tamanho celular do
fitoplancton, a composi¢do de pigmentos e os coeficientes especificos de absor¢ao do
fitoplancton, a*pn(A), para as comunidades fitoplanctonicas da regido Patagoénica
devido: 1) ao aumento de a*,n(A) com as razdes entre pigmentos acessorios € Chla; e
2) diminui¢do do tamanho celular do fitoplancton com o aumento tanto de a*,n(A)

quanto nas razdes entre pigmentos acessorios e Chla.

3.2.5. Relagdo entre o coeficiente de espalhamento da luz pelas particulas e

tamanho celular do fitoplancton

A dependéncia do coeficiente especifico de espalhamento das particulas em 660
nm, b*,(660) (i.e., by(660) normalizado por [Chla]r) da [Chla]r e sua relagdo com o
tamanho celular do fitoplancton foi investigada discriminando-se os intervalos do
indice de tamanho celular, St, como o foi para os coeficientes especificos de absor¢ao
do fitoplancton, a*pn(A). b*,(660) variou amplamente entre 0,031-2,37 m” (mg chla)’
e mostrou uma clara dependéncia inversa com a [Chla]g, qualitativamente muito
semelhante ao que foi observado para a*pn(A) (Figura 5 — Apéndice 2).

A dispersao de b*,(660) vs. [Chla]r e sua correspondéncia com a variabilidade em
St (Figura 9 — Apéndice 2) ¢ semelhante ao observado para a*;n(A). De fato, uma forte
correlagdo positiva (R*= 0,74, N=223, p<0,0001) entre apn*(A) e b*,(660) foi
observada. Tanto ap,*(A) quanto b*,(660) se mostraram inversamente proporcionais
ao tamanho celular do fitoplancton nas comunidades na QPA, de modo que um

aumento do tamanho celular resulta em um decréscimo na eficiéncia tanto de
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absor¢do quando de espalhamento de luz por unidade de pigmento, especificamente

de Chla, devido ao efeito pacote.

3.3.  Resultados referentes aos objetivos especificos 5 e 6

Artigo 3: “Discrimination of phytoplankton assemblages in Patagonian waters
from their absorption spectra”, em preparagao.

A combinacdo de dados de concentracdo de pigmentos diagnosticos obtidas por
HPLC (Secdo 2.3.2), composi¢ao taxondmica por CHEMTAX (Secao 2.3.3) e
espectros de absor¢do da luz pelo fitoplancton, apn(A), resultou em 136 amostras
disponiveis para discriminar o grupo taxondmico dominante do fitoplancton a partir
dos espectros de apn(A). Estas amostras correspondem aos cruzeiros de PATEX 4 a7 e
correspondem a superficie e MCF. A concentracdo de clorofila-a total (ver Secao

2.3.1), aqui indicada como TChla, variou de 0,13 a 22,15 mg m>.

3.3.1. Andalise de agrupamento das razées de pigmentos diagndsticos do fitopldncton

A variabilidade nas razdes de pigmentos diagndsticos (DPR, diagnostic pigment
ratios), como organizada pela HCA, estd ilustrada na Figura 2 — Apéndice 3. Através
da visualizacdo do dendograma criado a partir desses dados (ndo mostrado), 4 clusters
foram assumidos, denominados a seguir como Clgiag @ C4iag.

O cluster Clgis, agrupou 38 amostras, onde 28 e 10 correspondem aos cruzeiros
PATEX 4 e PATEX 6, respectivamente. As amostras deste cluster apresentaram a

predominancia de Fuco (Figura 2a — Apéndice 3), o que indica a dominancia de
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diatomdceas, confirmada por analise por microscopia (M. Souza, comunica¢io
pessoal, 2011).

O cluster C24ag (Figura 2b — Apéndice 3) abrangeu 29 amostras (15 e 14 dos
cruzeiros PATEX 5 e PATEX 6, respectivamente), sendo Hex o pigmento dominante
(DPR média de 0,45), em associagdo com relativamente alta abundancia de Chlc3
(DPR média de 0,18) e Fuco (DPR média de 0,14). Neste cluster foram verificadas as
maiores contribuigdes do pigmento Buta (DPR média de 0,08), um marcador
inequivoco de haptoficeas. O pigmento Peri esteve presente em varias amostras, nas
quais Hex ainda foi dominante (Figura 2b — Apéndice 3). Dados de DPR foram
coerentes com os de microscopia, confirmando a domindncia das haptoficeas,
particularmente o cocolitoforideo Emiliania huxleyi, presente em muitas amostras do
PATEX 5 (Souza et al., 2012), enquanto a haptoficea Phaeocystis antarctica foi
abundante em véarias amostras do PATEX 7 (M. Souza, comunicagdo pessoal, 2011).

A maioria das amostras (N=63) foram incluidas no C3iag, com Fuco (DPR média
de 0,31) e Hex (0,21) como os primeiro e segundo pigmentos diagnosticos mais
importantes, respectivamente (Figura 2c — Apéndice 3). A contribui¢do acentuada de
Chlb e Pras em todas as amostras do C3 i, indica a presenca das prasinoficeas. Assim,
este cluster incluiu amostras com consideravel abundancia de diatomaceas,
haptoficeas e prasinoficeas, mas sem grupo dominante (Figura 2c — Apéndice 3). Seis
amostras tendo Peri como pigmento diagnostico dominante (DPR média de 0,38)
foram incluidas no cluster C4gi,e, indicando inequivocamente a abundancia de

dinoflagelados com peridinina (Figura 2d — Apéndice 3).
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3.3.2. Analise de agrupamento sobre as contribui¢oes dos grupos taxonomicos do

fitopldncton

A técnica CHEMTAX aprimora a informacdo proveniente das razdes de
pigmentos diagndsticos, pois fornece a contribui¢do relativa dos grupos taxonémicos
do fitoplancton para a biomassa total em termos da concentragdo da clorofila-a total.
Da mesma forma, 4 (quatro) clusters foram formados ao aplicar a analise HCA sobre
os dados de contribuicdo relativa das classes taxonomicas fornecida pelo CHEMTAX
(Clcuem a C4cpem). Como esperado, os resultados da andlise de cluster foram
coerentes com a classificacdo anterior obtida com os dados de DPR (Figura 3 —
Apéndice 3), com um indice cofenético computado de 0,69 entre os dendogramas de
ambos os conjuntos de dados. Os dois primeiros clusters baseados nos dados do
CHEMTAX agruparam 35 amostras dominadas por diatoméceas (Clcuem) € 39 por
haptoficeas (C2cupm). O cluster C3cpem separou amostras com contribuicdes
importantes de diatomaceas, haptoficeas e prasinoficeas, sem dominancia de algum

grupo taxonomico (C3cupm, N=49).

3.3.3. Classificagdo das amostras com base no grupo taxonomico dominante

Nas se¢des anteriores, dados de pigmentos do fitoplancton foram classificados
através de andlises de agrupamento utilizando pressupostos de similaridade em um
conjunto de dados. Nesta se¢do, uma abordagem independente foi utilizada para
classificar as amostras de acordo com o critério objetivo de dominancia. O grupo
taxonomico dominante do fitoplancton foi definido com base na contribuigdo relativa

de cada um dos grupos a biomassa total fornecida pela abordagem CHEMTAX. O
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grupo foi considerado dominante quando sua contribuicdo a biomassa total foi maior
que 50%.

Do total de 136 amostras, 38 amostras foram dominadas por diatomdceas, as quais
34 foram dominadas por diatomdceas-Chlc/ e 3 por diatomaceas-Chlec3 (ver Figura
3d — Apéndice 3). Uma tUnica amostra foi classificada como dominada por
diatomaceas através da soma das contribuigdes de diatomaceas-Chlc/ (49,2%) e
diatomaceas-Chlc3 (33,3%). Haptoficeas foram predominantes em 40 amostras,
incluindo todas as amostras agrupadas por C2cupm € uma amostra por C4cppm (Figura
3 — Apéndice 3). Trés amostras indicaram a dominancia de criptoficeas (1 amostra),
dinoflagelados (1) e prasinoficeas (1) e todas as trés incluiram C3cppm (Figura 3c —
Apéndice 3). Cincoenta e cinco (55) amostras ndo apresentaram dominancia de algum
grupo taxondmico. Assim, 58 amostras ndo foram dominadas por diatomaceas nem
haptoficeas.

Esses resultados mostram que, apesar de sete grupos taxondmicos estarem
presentes em nossas amostras (Figuras 2 e 3 — Apéndice 3), as floragdes do
fitoplancton na quebra de plataforma Argentina durante primavera e verdo foram
tipicamente dominadas por diatomaceas e haptoficeas. Phaeocystis antarctica ¢ a
espécie de haptoficeas dominante nessas aguas, salvo quando condi¢cdes ambientais
especificas permitam a ocorréncia de floragdes de cocolitoforideos em dezembro
(Balch et al., 2011) e janeiro (e.g., PATEX 5) (Garcia et al., 2011; Souza et al., 2012).

Como o segundo item dessa secdo e do Artigo 3 consiste na investigacdo do
potencial em discriminar a domindncia taxondémica do fitopldncton com base nas
caracteristicas espectrais de aph(A), ou seja em termos de faph(k), cada amostra foi
classificada como (1) dominada por diatoméceas, Dia-D (N=38) (2) dominada por

haptoficea, Hap-D (N=40), ou (3) nao dominada por qualquer um dos dois grupos
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(N=58), Not-D. Not-D representa o grupo das poucas amostras ndo dominadas por
diatomdceas nem haptoficeas, mas dominada por outro grupo taxondmico (ver Figura
3 — Apéndice 3). A inspec¢do visual dos espectros de Iaph(k) revelaram
comportamentos espectrais muito semelhantes aos daqueles sem dominancia de
qualquer grupo. Este resulta mostra o potencial de discriminar amostras dominadas
por diatomdceas e haptoficeas, porém ndo de outro grupo, através da metodologia que

sera proposta aqui.

3.3.4. Andlise de agrupamento sobre os espectros de absor¢do da luz pelo

fitopldncton

A Figura 4a — Apéndice 3 ilustra os resultados do método de HCA aplicado sobre
os coeficientes espectrais de absorcdo do fitoplancton, ayn(A), € que aqui estdo
mostrados na forma nomalizada faph(k). Diferentemente das analises de cluster
anteriores aplicadas aos conjuntos de dados de razdes de pigmentos diagndsticos e de
contribui¢cdes dos grupos taxondmicos do fitoplancton (Figuras 2 e 3 — Apéndice 3),
um dendrograma (ndo mostrado) indicou a classificacdo dos espectros em 3 clusters,
referidos como de Clapn @ C3aph.

O cluster Clapn agrupou os espectros com menores razdes entre os picos de
absorcdo nas faixas espectrais do azul e vermelho, i.e., mais ‘achatados’ (N=38). O
cluster C2,p, incluiu a maior parte dos espectros (N=71) que foram caracterizados por
um ‘ombro’ entre 450-470 nm, com o principal pico de absorc¢do ao redor de 440 nm,
e menores razdes entre os picos de absor¢do nas faixas espectrais do azul e vermelho
(Figura 4a — Apéndice 3). Os espectros semelhantes aos do cluster C2,,, na regido

espectral do azul, mas sem nenhum ‘ombro’ ao redor de 460 nm e valores
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intermediarios dos demais clusters nas regides espectrais verde e vermelho foram
agrupados em C3,p, (Figura 4a — Apéndice 3).

As figuras 4b a 4d — Apéndice 3 mostram os espectros de Japh(k) de acordo com as
classificagdes resultantes do método de HCA aplicado as razdes de pigmentos
diagnosticos (Figura 4b — Apéndice 3), aos conjuntos de dados CHEMTAX (Figura
4c — Apéndice 3), e resultantes do critério de dominancia taxonomica de 50% (Figura
4d — Apéndice 3). A semelhanca entre as classificagdes baseadas nos espectros de
apn(A) e as obtidas usando as razdes de pigmentos diagndsticos e os dados de
CHEMTAX ¢ quantificada pelos indices cofenéticos de 0,67 e 0,66, respectivamente.

Resumidamente, o método de HCA aplicado aos dados de pigmento, que incluem
as razdes de pigmentos diagnésticos e a estrutura taxondmica formecida pelo
CHEMTAX, e aos espectros de apn(A) essencialmente classificaram nossas amostras
como dominadas por i) diatomaceas-Chlc/ (Clgiag, Clcuem, Clapn), 11) haptoficeas
(C24iag, C2cuem, C2qpn) € 1il) sem dominancia por qualquer um destes dois grupos
(C3diag, CAdiag, C3cuem, C4cnem, C3apn).

Correspondéncia razoavel entre os dados de pigmento e os espectros de absor¢ao
da luz pelo fitoplancton ainda foi observada quando se aplicou a HCA sobre os dados
multi-espectrais de absorcdo que correspondem as bandas de satélites da cor do
oceano, 412, 443, 490, 510, 555 ¢ 670 nm. Indices cofenéticos de 0,57 e 0,52 foram
calculados ao comparar os dendrogramas gerados para os dados multi-espectrais e
para DPR e dados do CHEMTAX, respectivamente. Isso indica um potencial para
discriminar a comunidade fitoplanctonica dominante das floragdes da regido da QPA
através de coeficientes de absor¢do do fitoplancton multi-espectrais estimados por
satélite através de modelos semi-analiticos. Também, a discriminagdo do grupo

dominante do fitoplancton por sensoriamento remoto pode testada através da
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investigacdo de coeréncia no agrupamento de espectros de reflectancia e dados de

pigmento medidos in situ (e.g., Alvain et al, 2004; Alvain et al., 2008).

3.3.5. Caracteristicas do espectro de absor¢do do fitoplancton de acordo com a

domindncia taxonomica

Nesta seccdo, as caracteristicas espectrais dos coeficientes de absor¢dao do
fitoplancton foram investigadas para detectar a dominancia taxonomica do
fitoplancton. Considerou-se como referéncia a classificacdo das amostras de acordo
com o critério de dominancia de 50%, ou seja, de acordo com os casos Dia-D, Hap-D
e Not-D. Assim, procurou-se feicdes exclusivas nos espectros de faph(K) e o potencial
para considera-las para a discriminag@o entre aqueles trés principais casos de estrutura
taxonomica algal encontrados em nossas amostras.

A partir da inspecdo visual dos espectros de faph(k), verifica-se que a grande
maioria dos espectros Dia-D, que sdo comparativamente achatados, podem ser
discriminados dos demais na faixa azul espectral pelo comprimento de onda de 443
nm (Figura 4d — Apéndice 3). A Figura 5 — Apéndice 3 ilustra bem essa constatagao,
pois revela uma dependéncia inversa de faph(443) sobre a contribui¢do relativa de para
a biomassa algal total, considerando-se todas as amostras. As amostras Dia-D, Hap-D,
e Not-D sdo representadas como asteriscos, quadrados e as estrelas, respectivamente,
na Figura 5 — Apéndice 3. Observa-se que 31 dos 38 (81,6%) espectros Dia-D
mostraram faph(443) inferiores a 0,0075 (Figura 5).

A Figura 5 — ¢ dividida em quatro painéis (I, II, III, e IV) delimitados pelos
valores de 0,0075 no eixo de faph(443) e de 50% no eixo da contribuigdo relativa de

diatomaceas. As amostras Dia-D com valores de faph(443) menores que 0,0075 estdo
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representadas no painel de IV (31 de 38 amostras). Sete amostras Dia-D que
apresentaram faph(443) maior que 0,0075 e, portanto, que possuem espectros
semehantes aos das amostras Not-D (rever Figura 4d — Apéndice 3) sdo indicados no
painel I. A maior parte das amostras, que inclui os casos Hap-D e Not-D com
faph(443) maior que 0,0075, aparecem no Painel II. Uma tnica amostra Not-D, com
contribuicao das diatomaceas de 38%, ¢ visualizada no Painel III.

A Figura 5 — Apéndice 3 também evidencia a concordancia entre os valores de
faph(443) e o parametro do tamanho celular do fitoplancton, S;. Esse parametro varia
de 0 a 1, como indicativo do efeito pacote que impacta o comportamento espectral da
absor¢do da luz pelo fitoplancton. Quanto menor o St maior o efeito pacote (i.e.,
espectros mais achatados) (Ciotti et al, 2002). Assim, Sy também apresenta o
potencial de discriminar os espectros Dia-D. As amostras do painel IV possuem
valores mais baixos de S¢ (0,05 a 0,37, média de 0,18). Os casos Dia-D contidos pelo
painel I foram associados aos valores de S¢ entre 0,42 e 0,54 (média de 0,47). O
parametro Sr variou entre 0,37 e 0,72 (média de 0,56) para os espectros de amostras
Not-D e entre 0,42 e 0,82 (média de 0,68) em associagdo aos casos Hap-D, ou seja,
com estreita faixa de sobreposicdo de valores para as amostras Dia-D (0,05 a 0,54).
Este resultado é consistente com o maior efeito pacote para as maiores células das
diatomaceas.

A Figura 5 evidencia que 31 de 32 espectros de absor¢do de fitoplancton (ou seja,
97% destes espectros) com Iaph(443) inferior a 0,0075 (ou seja, representados nos
Painéis III e IV) estiveram associados a dominancia de diatomdaceas. Assumindo-se
que nosso conjunto de dados ¢ representativo da situagcdo amostrada pelo nosso estudo,
a probabilidade de que uma amostra com valor de Ja,n(443) menor que 0,0075 é

dominada por diatomdceas ¢ da ordem de 97%.

73



A disting@o entre os espectros para as amostras classificadas como Hap-D ou Not-
D ndo ¢ tdo evidente como o € para distinguir casos Dia-D dos demais, por causa da
semelhanca no comportamento espectral para Hap-D e Not-D praticamente em todo o
espectro (rever Figura 4d — Apéndice 3). Um segundo pico de absor¢ao na faixa azul
do espectro (centrado em 463 nm) e que ¢ atribuido a Hex, estd presente na maior
parte dos espectros de amostras Hap-D. No entanto, os espectros Not-D se mostraram
muitos semelhantes em valores de faph(k) aos dos espectros Hap-D nesta regido
espectral (rever Figura 4d — Apéndice 3). A Figura 6 — Apéndice 3 estd dividida em
quatro painéis (I, II, III, e IV), assimo como a Figura 5), sendo delimitados agora
através do valor de 0,0079 no eixo de faph(463) e de 50% no eixo da contribuig¢ao
relativa das haptoficeas. O valor de faph(463) de 0,0082 esta também indicado na
figura.

Uma clara tendéncia de aumento em faph(463) com o aumento da contribuig¢ao
relativa de haptoficeas ¢ observada na Figura 6 — Apéndice 3. A maioria dos espectros
de Hap-D (30 a 40) mostraram faph(463) maior que 0,0079 (Painel I). Quatro dos
espectros de Hap-D divergem consideravelmente, mostrando valores de faph(463)
inferiores a 0,0079 (Painel IV). Espectros Not-D com valores de Iaph(463) maiores
que 0,0079 estdo contidos no Painel II. O Panel III contém os casos restantes, que
incluem todos as amostras Dia-D e a maioria Not-D. Inversamente ao que foi descrito
para a contribuicdo relativa das diatoméceas, o aumento na contribuicao relativa das
haptoficeas ¢ claramente acompanhado por aumento em Sr. Como j& visto, este
parametro variou entre 0,42 a 0,82 (média de 0,68) para amostras Hap-D e de 0,37 e
0,72 (média de 0,56) para as amostras Not-D. Valores mais elevados de S¢ para os
espectros associados com a dominancia de haptoficeas sdo consistentes com o menor

tamanho celular para este grupo. Apesar de alguma sobreposicao de valores de S para
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espectros Hap-D e Nao-D existir, todos os valores de S¢ maiores que 0,72 foram
associados com dominancia das haptoficeas.

A Figura 6 — Apéndice 3 mostra que 30 de 37 espectros (ou 81%) com
Iaph(463) maior que 0,0079 (i.e., contidos nos Painéis I e II) estiveram em associa¢ao
a dominancia de haptoficeas. Quando esse valor foi maior que 0,0082, todas as
amostras estiveram associadas a tal dominancia. Portanto, pode-se assumir que a
probabilidade de que a comunidade do fitoplancton de uma amostra com valor de
Iaph(463) maior que 0,0079 ¢ dominada por haptoficeas ¢ de cerca de 81%. Esta
probabilidade atinge 100% no caso de faph(463), para nossas amostras, ¢ maior do que
0,0082.

A aplicacdo da nossa abordagem de detec¢do e domindncia taxondmica do
fitoplancton através de técnicas de clusters ou a baseada em um comprimento de onda
para espectros de absor¢do pelo fitoplancton, como mostrada aqui, estaria sujeita a
interferéncias através de dados de satélite. Erros na correcdo atmosférica
(International Ocean Colour Coordinating Group, 2010) e os pressupostos dos
modelos bio-6ticos semi-analiticos (International Ocean Colour Coordinating Group,
2006) ainda tem sido fontes de incertezas nas estimativas dos coeficientes de absor¢ao
da luz pelo fitoplancton através de satélite. Uma vez que as diferengas que foram
observadas nas fei¢cdes dos espectros em coeréncia com a dominancia taxondmica sao
espectralmente dependentes (os espectros de absor¢do foram normalizados pela soma
de todos os valores de cada espectro), ¢ indicada a utilizacdo de um modelo semi-
analitico que ndo assuma a forma espectral de apn(A) para estimar esses coeficientes
por satélite (e.g., Lee et al., 2002) e entdo testar a coeréncia dos dados satelitais com

dados de pigmentos e composicdo taxondmica in situ.
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No que diz respeito as técnicas operacionais atuais para sensoriamento remoto
e 0s nossos resultados, um aspecto positivo € o potencial de discriminar a dominancia
de diatomaceas e/ou haptoficeas nas dguas da QPA a partir da estimativa do indice de
tamanho celular S; através de satélite (Ciotti e Bricaud, 2006). As maiores
contribuigdes a biomassa do fitoplancton de diatoméceas e haptoficeas estiveram
associadas com os extremos desse indice (0,05 a 0,35 para diatoméceas e valores
maior que 0,72 para haptoficeas). Isto ¢ devido a um efeito muito maior de efeito
pacote (baixo Sf) para as diatomaceas do que para as células menores de haptoficeas
(maior Sf). Ao menos os valores extremos do intervalo de variagdo de S podem entao
ser adequadamente atribuidos a dominancia taxonomica de diatomaceas e haptoficeas

durantes as floragdes da regido da quebra de plataforma Argentina.
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4. CONCLUSOES

1) Os coeficientes de absorcdo, espalhamento e atenuacdo difusa da luz obtidos para
uma dada concentragdo de clorofila-a durante as floragdes do fitoplancton na quebra
de plataforma Argentina variaram devido ao tamanho celular do fitoplancton e,
portanto, ao efeito “pacote”. Este resultado indica a limitacdo de modelos tradicionais
bio-Oticos nos quais o fitoplancton ¢ parametrizado somente em termos de

concentragdo da clorofila-a.

2) A caracterizacdao da variabilidade nos espectros de reflectancia do sensoriamento
remoto (propriedade Optica aparente) medidos in situ revelou o fitoplancton como
componente dominante das propriedades Opticas durante as floragdes na regido da
quebra de plataforma Argentina. Ainda assim, a variabilidade nos coeficientes de
absorcdo e espalhamento (propriedades Opticas inerentes), devido a variagdes no
tamanho celular do fitoplancton, influencia o desempenho de modelos bio-6ticos que
se baseiam em razdes de banda de reflectancia do sensoriamento remoto para estimar
concentragdo de clorofila-a por satélite. Erros nessas estimativas mostraram relagdes
significativas com a propria concentragdo de clorofila-a e com os coeficientes de
absorcdo do fitoplancton e de espalhamento pelas particulas, ambos normalizados
pela concentragdo de clorofila-a. Embora tenha sido encontrada boa concordancia
entre a concentracdo de clorofila-a e coeficientes de absorc¢ao do fitoplancton medidos
in situ e os estimados por satélite a partir de algoritmos aplicados globalmente, ajustes
regionais destes modelos que levem em conta as variagdes nesses coeficientes para
dada concentracdo de clorofila-a devem ser adotados para melhorar tais estimativas

por satélite;
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3) Trés principais situagdes de composi¢do taxondmica do fitoplancton ocorrem
durantes as floragdes na quebra de plataforma Argentina: (1) 4guas dominadas por
diatomaceas, (2) haptoficeas, e (3) com contribui¢cdes destes e de outros grupos, sem
dominancia de algum. Essas trés situacdes foram refletidas de forma coerente nos
comportamentos espectrais de absor¢do da luz pelo fitoplancton, indicando o
potencial em discriminar as assembleias das floracdes na regido através de dados
opticos. Especificamente, analises de cluster podem ser utilizadas para esta finalidade.
A dominancia de diatomdceas, haptoficeas ou assembleias ndo dominadas por algum
grupo taxondmico também podem ser identificadas através dos espectros de absor¢ao
do fitoplancton a partir de um comprimento de onda. Quanto maior a dominancia de
diatomdceas ou haptoficeas, maior a certeza dessa identificagcdo. Esses resultados
sugerem a aplicacdo dessa abordagem por sensoriamento remoto para a regido. A
dominancia de diatomdceas e haptoficeas pode ser também identificada através de um

fator de tamanho celular do fitoplancton, atualmente estimado por satélite.
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Apéndice 1
November 27, 2012

Dr. M. Bauer
Editor in Chief
Remote Sensing of Environment

Dear Dr. Bauer,

We are pleased to submit our manuscript entitled “Bio-optical characteristics of the
Patagonian shelf break waters: Implications for ocean color algorithms” for
consideration for publication in Remote Sensing of Environment.

This work is part of the PATEX project (PATagonia EXperiment) conducted in
the Brazilian Antarctic Program. The PATEX project aims to study bio-optical
properties and biogeochemical processes at the Patagonia shelf break and vicinities
(Southwestern Atlantic), where conspicuous phytoplankton blooms are consistently
observed with satellite ocean color data during austral spring and summer.

Four papers on the PATEX project outcomes have been recently published: 1)
Environmental factors controlling the phytoplankton blooms at the Patagonia shelf-
break in spring [Garcia et al., 2008, Deep Sea Res. Part I, 55(9), 1150-1166]; ii)
Light absorption by phytoplankton, non-algal particles, and dissolved organic matter
at the Patagonia shelf-break in spring and summer [Ferreira et al., 2009, Deep Sea
Res. Part I, 56(12), 2162-2174]; iii) Environmental conditions and bio-optical
signature of a coccolithophorid bloom in the Patagonian Shelf [Garcia et al., 2011, J.
Geophys. Res., 116, (C03025]; iv) Phytoplankton community during a
coccolithophorid bloom in the Patagonian Shelf: microscopic and HPLC pigment
analyzes [Souza et al., 2012, J. Mar. Biol. Assoc. UK, 92(1), 13-27].

A paper entitled “Variability in light absorption and scattering of phytoplankton in
Patagonian waters: Role of community size structure and pigment composition” is
currently under second review for publication in Journal of Geophysical Research-
Oceans. This work investigated the variability of the absorption coefficients of
phytoplankton and scattering coefficients of particles as a function of chlorophyll-a in
terms of the phytoplankton cell size and pigment composition for part of the data
presented in our submitted manuscript. We believe that we have made appropriate
revisions in the above paper following the reviewers’ comments and the consequent
changes will lead to publication soon. At present this work is cited in our manuscript
as Ferreira et al. (under review).

We expect that our work will be an important contribution for application of
remote sensing of ocean color in the Patagonia shelf break waters.

Sincerely,

Amabile Ferreira, MSc.
Institute of Oceanography
Federal University of Rio Grande, Brazil
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Abstract

Bio-optical data for spring and summer phytoplankton blooms at 176 stations along
the Patagonia shelf break and adjacent areas were collected from October 2006 to
January 2009 during six cruises. Data included chlorophyll-a concentration (Chla),
coefficients of particulate absorption, a,(1), phytoplankton absorption, a,n(A), beam
attenuation, c,(660), diffuse attenuation, Kq(A), and hyperspectral remote sensing
reflectance, Rys(A). Surface Chla varied within a wide range from 0.10 to 18.87 mg m’
? (mean of 2.82 = 3.35), reflecting differences in both the timing of the blooms and
the geographical sampling area. Considerable dispersion was verified for ap(1),
¢p(660), and Kyio(440) (K4¢(440) minus diffuse attenuation for pure water) as a
function of Chla, which was attributed to variations in phytoplankton cell size within
the study area. A hierarchical cluster analysis (HCA) applied to the R(A) spectra
(N=116) resulted in three classes ordered by spectral features that varied according to
Chla. Class 1 (N=22), Class 2 (N=52), and Class 3 (N=42) were grouped according to
the Rs(A) associated with Chla average of 0.86 (+ 0.51), 2.42 (= 1.62), and 8.40 mg
m™ (= 3.96), respectively. The estimation of Chla and a,(A) by empirical and semi-
analytical algorithms was evaluated using satellite data. Errors in the Chla estimates
from the empirical algorithm OC4v6 using in situ R.(A) showed significant statistical
relationships with Chla, apn(440)/Chla, and b,(660)/Chla (where b,(660) = c,(660) -
ap(660)). Although reasonable agreements were found between the measured and
satellite-estimated values, the dependence of the OC4v6 errors on the Chla-specific
phytoplankton absorption and particulate scattering coefficients reinforces the need to
regionally refine both empirical and semi-analytical algorithms to improve satellite
estimates of the bio-optical variables for the Patagonia region.
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1. Introduction

At present, several bio-optical studies seek to reduce the oversimplification
associated with models of optical properties that use chlorophyll-a concentration as a
proxy for phytoplankton and related water constituents (Arnone et al., 2004; Mobley
et al., 2004); however, the classical bio-optical classification of waters as Case 1 or 2
is still useful for modeling purposes. In Case 1 waters, phytoplankton and their
accompanying retinue of dissolved and particulate biological material govern the
water’s bio-optical properties. The opposite is true of Case 2 waters, which are
significantly influenced by non-algal constituents, including mineral particles,
Colored Dissolved Organic Matter (CDOM), microbubbles, the concentrations of
which do not vary with the phytoplankton concentration (Morel & Prieur, 1977).

Apparent and inherent optical properties, AOP and IOP, respectively (sensu
Preisendorfer, 1961), have been widely analyzed for Case 1 waters and are
empirically correlated with chlorophyll-a concentration (Chla). Indeed, the
relationship between IOP and Chla shows robust general trends over orders of
magnitudes (e.g., Morel, 1988, Morel & Maritorena, 2001; Morel et al., 2007). For a
given Chla, variations in the AOP and IOP is expected because of possible
fluctuations in (1) the pigment composition and packaging effects within the
phytoplankton assemblages, (2) the proportion of algal and non-algal particles, and
(3) the proportion of particulate matter (algal plus non-algal) and CDOM. In high-
Chla Case 1 waters, bio-optical properties could be even influenced by the age and
nutrient status of the algal population (Morel et al., 2006). Furthermore, due to lack of
data for eutrophic waters, the empirical relationships between Chla and AOP or IOP
seem to be less robust and noisier then in oligotrophic regions (O’Reilly et al., 1998).
In order to address the question of whether there is a greater bio-optical variability in
high-Chla (Case 1) waters, the analysis of a more diversified dataset is required
including data from upwelling zones (Morel et al., 2006).

In general, phytoplankton absorption properties have been well characterized
through laboratory and field measurements. The relationship between the
phytoplankton absorption and Chla has shown high variability (e.g., Bricaud et al.,
1995; Dmitriev et al., 2009). Based on a large dataset, Bricaud et al. (2004) examined
the causes of phytoplankton absorption variability by explicitly separating the impact
of changes in  pigment composition from changes in pigment packaging, which are
due to intracellular pigment concentrations and variations in cell size (Kirk, 1975).
The variation around the mean was systematic rather than random and primarily
resulted from variability in the packaging effect associated with variations in the size
structure of the algal community, even within a given geographical area. This could
be attributed to both regional and seasonal changes in the phytoplankton
communities. Several approaches involving both in situ and satellite remote sensing
of phytoplankton absorption coefficients have been used to derive size structure of
algal communities (e.g., Ciotti et al., 2002; Aiken et al., 2006; Ciotti & Bricaud, 2006;
Hirata et al., 2008; Brewin et al., 2010).

Empirical relationships using field data have related Chla to the beam
attenuation coefficient (e.g., Voss, 1992; Loisel & Morel, 1998), the scattering
coefficient (Loisel & Morel, 1998), and the backscattering coefficient (Stramska et
al., 2006; Huot et al., 2008; Martinez-Vicente et al., 2010). Irrespective of the
variability found in those relationships among different studies, Behrenfeld & Boss
(2006) noted that the beam attenuation at 660 nm, c,(660), may be used as a viable
index of phytoplankton carbon biomass in ecosystems where phytoplankton biomass
and ¢,(660) are temporally stable and also as a phytoplankton physiological index in
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changing growth conditions (Behrenfeld & Boss, 2003). Recently, Westberry et al.
(2010) argued that both phytoplankton biomass and physiological indices can be
conceptually assessed by analyzing the relationships between either c,(A) or
Chla:cy(M) and the particulate backscattering coefficient, byp(A).

Satellite estimates of Chla have been extensively based on empirical
algorithms derived from statistical relationships between Chla and the normalized
water leaving radiance, Lyy(A), or remote sensing reflectance, Rys(A) (the ratio of water
leaving radiance to downwelled irradiance), such as the OC4v6 model currently used
to estimate Chla from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) data
(O’Reilly et al., 1998, updated in
http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/ocv6/). However, a new
empirical approach that reduces the bias of ocean chlorophyll estimates has been
recently developed (Gregg et al., 2009).

R:s()) is not solely dependent on phytoplankton biomass (indexed as Chla) but
is directly proportional to the ratio of backscattering and absorption coefficients for
all components in the water, by(A)/a(A), including the scattering and absorption of the
water itself. Understanding the processes that cause changes in the spectral behavior
of the optical components and quantifying the variability of their IOP should improve
the retrieval accuracy of individual parameters using remote-sensing techniques
(IOCCG, 2006; Lee et al., 2010). For instance, although IOP-based algorithms are
comparable in performance to the standard empirical chlorophyll algorithms, the
semi-analytical models also allow studies of chlorophyll biomass variability as a
function of phytoplankton and CDOM absorption (Szeto et al., 2011 and references
therein). Brown et al. (2008) have quantified the impact of optical anomalies on the
ocean color signal based on their optical sources (absorption and backscattering
coefficients). The authors have identified two sources of secondary variability: 1) the
amount of non-algal absorption, especially due to CDOM and 2) the amplitude of the
particle backscattering coefficient.

During the austral spring and summer, satellite ocean color images have
revealed that high levels of phytoplankton biomass persistently occur in the Patagonia
inner shelf and shelf break region, which is considered one of the most globally
productive ocean zones. The seasonal cycle of phytoplankton biomass in the vicinity
of the Patagonia shelf break front has been well described by remote sensing in recent
years (Garcia et al., 2004; Rivas et al., 2006; Romero et al., 2006; Signorini et al.,
2006).

The development and maintenance of these phytoplankton blooms are
associated with nutrient supply from Malvinas Current and the water column stability
along the shelf-break front (Garcia et al., 2008). In fact, upwelling process at that
front (Matano & Palma, 2008) also contributes with deep nutrient supply for
phytoplankton growth. The Argentinean continental shelf has been recognized as a
relevant region in terms of standing stocks of primary producers and contribution to
the global primary production (e.g., Gregg et al., 2005). High primary productivity
rates (1.9 to 7.8 mg C m™ d') were measured in the area during spring (Garcia et al.,
2008) and the variability in photosynthetic parameters was shown to be associated
with the light absorption properties of the phytoplankton composition (Lutz et al.,
2010). Specifically, Ferreira et al. (2009) described an important difference in
phytoplankton absorption coefficients between spring and late summer periods that
was attributed to differences in the phytoplankton size structure.

The observed seasonality of phytoplankton properties (composition, light
absorption, and photosynthetic parameters) has an important implication for the
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regional ecology and carbon cycle, because the efficiency of energy transfer
throughout the trophic levels is related to the phytoplankton cell size (Kierboe, 1993;
Guidi et al., 2010), and the CO; uptake by seawater is influenced by the
phytoplankton composition (Bopp et al., 2005; see revision by Le Quéré et al., 2005).
For instance, studies in the Argentinean continental shelf have shown that when
phytoplankton assemblages were dominated by large diatoms, both phytoplankton
biomass (Chla) and net community production were inversely proportional to ApCO,
and directly related to % O, saturation (Schloss et al., 2007). This was not the case
when small (<5 um) flagellates dominated. The region makes an important
contribution to the global oceanic CO; uptake from the atmosphere (Bianchi et al.,
2009).

Despite the ecological and biogeochemical relevance of the Patagonia shelf, in
situ bio-optical measurements (IOP and AOP properties) are scarce in the region and
the lack of a comprehensive bio-optical study is a major obstacle for better estimates
of ocean color products such as Chla. Regional particularities in the optical properties
of the Patagonia waters might impact the performance of bio-optical algorithms.
Moreover, there is a lack of specific analyses of the performance of existing
algorithms for the region’s satellite data. Dogliotti et al. (2009) reported that NASA’s
operational algorithms generally overestimates at low Chla (<1 mg m”) and
underestimates at high Chla (>1 mg m™). This was attributed to the lack of bio-optical
measurements at high pigment concentrations when the algorithm was generated in
the late 1990s (O’Reilly et al., 1998, 2000).

The Patagonia experiment (PATEX) is a research project conducted under the
Brazilian Antarctic Program umbrella. Within the project objectives are the
characterization of the phytoplankton assemblages, bio-optical properties, and
primary production rates of the waters along the Argentinean shelf break and the
environmental constraints associated with the blooms during spring and summer.
Seven cruises were conducted between 2004 and 2009 in the Argentinean Patagonia
shelf break and adjacent areas. In this study, we present results of the bio-optical data
from six cruises carried out in the region during spring and summer phytoplankton
blooms.

The present work aims to investigate the relationships between Chla and IOP
(particulate absorption and attenuation coefficients) and AOP (diffuse attenuation
coefficient) within the phytoplankton blooms in the Patagonia waters, contributing
with data on bio-optical properties of high-Chla waters (Morel et al., 2006). We also
describe the variability in the spectra of hyperspectral remote sensing reflectance and
evaluate the retrieval of Chla and phytoplankton absorption coefficients through
current empirical and semi-analytical algorithms using both in situ and satellite
reflectance data. In addition, we investigate the relationship between the variations in
absorption and scattering coefficients normalized by Chla and the errors associated
with Chla estimates from empirical algorithms.

2. Material and Methods
2.1. Oceanographic cruises and sections

The Patagonia shelf break and a portion of the inner shelf were extensively
sampled (176 stations) by performing cross- and along-shelf transects during the
PATEX cruises in the austral spring (October 2006, 2007, and 2008 and PATEX 2, 4
and 6, respectively) and summer (March 2007, January 2008 and 2009 and PATEX 3,
5 and 7, respectively). The geographical positions of the sampling stations (Figure 1)
spanned from the northern portion of the Argentinean Shelf (PATEX 6) through the
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highly productive waters along both the Patagonia shelf break (PATEX 2 to 4) and
the southern inner shelf (PATEX 5) to the southern end of the Malvinas Islands
(PATEX 7).

The following measurements used in this study were performed at all stations
(N=176): (i) total Chla, (ii) particulate (phytoplankton and detritus) absorption, and
(ii1) beam attenuation coefficient at 660 nm. The (iv) diffuse attenuation coefficient
and (v) hyperspectral remote sensing reflectance were measured at stations during
daylight hours (N=116) and are indicated in Figure 1 as filled markers.

2.2. Chlorophyll-a concentration

Discrete samples for Chla were collected at the surface and selected depths
based on the chlorophyll fluorescence profile and filtered onto 25-mm glass fiber
filters (Whatman® GF/F). After filtration, the filters were wrapped in aluminum foil
and transferred to liquid nitrogen for later analysis. At the laboratory, the pigment was
extracted in 90% acetone and the fluorescence was determined with a Turner Designs
TD-700 fluorometer (previously calibrated with Sigma® chlorophyll-a standard)
following the non-acidification method from Welschemeyer (1994). In the present
study, we considered Chla (i) from the surface, the depths of maximum chlorophyll
fluorescence (MCF), and bottom of the peak of chlorophyll fluorescence (BMCF) for
analysis of particulate absorption (N=356) (ii) from along the water column to relate
to the beam attenuation coefficient at 660 nm (N=790) (iii) and from the surface for
analysis of the diffuse attenuation coefficient and (iv) hyperspectral remote sensing
reflectance (N=176). For the last two cases, the number of surface Chla
measurements was reduced to 116, matching the availability of both in sifu diffuse
attenuation and remote sensing reflectance.

2.3. Particulate absorption coefficient

The spectra of the particulate absorption coefficient, ap(A) in m’', were obtained
with the quantitative filter pad technique (Kishino et al., 1985) using water samples
(0.5-2 L) collected at the surface, MCF, and BMCEF that were filtered onto 25-mm
Whatman GF/F filters. Immediately after filtration, the GF/F filters were wrapped in
aluminum foil and placed in liquid nitrogen for storage. The a,(\) measurements were
made in the 300-750 nm spectral range at 1-nm intervals with a dual beam
spectrophotometer (Cary Model 1E). Immediately after the a,(A) measurements, the
sample filters were subjected to methanol extraction (for the PATEX 2 and 3 cruises)
and bleaching with sodium hypochlorite (PATEX 4, 5, 6 and 7 cruises) and then re-
scanned to obtain estimates of the non-algal particle (detritus) absorption coefficient,
aq(A) (Kishino et al., 1985; Tassan & Ferrari, 1995; Mitchell et al., 2000). For the
calculations of the a,(\) and aq(A) coefficients, the amplification factor § given by
Ferreira et al. (2009) was used. The spectral absorption coefficient of phytoplankton,
apn(M), was calculated as the difference between ap(A) and aq(A).

2.4. Particulate attenuation coefficient

The beam attenuation coefficient of suspended particles at 660 nm, c,(660) in
m’', was measured with a C-star beam transmissometer (WETLabs, Inc.) along a 25-
cm pathlength through the water column. Details of the protocol for determining
¢p(660) are provided by the manufacturer of the C-star beam transmissometer
(http://www.wetlabs.com/cstar). We assumed that measurements taken in deep waters
(~1,000 m) but still far away from the sea bottom provided the best estimate of
particle-free attenuation of the seawater (Loisel & Morel, 1998). These deep-water
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measurements were subtracted from all beam attenuation measurements taken at the
surface ocean layer on a cruise-by-cruise basis to remove the contribution of pure
seawater. The resulting values represent the beam attenuation by particles, assuming
that the contribution of dissolved matter to the attenuation of light at 660 nm is
negligible. We also note that the measurements taken at 5 m depth were assumed to
represent the near-surface beam attenuation, which is reasonable given that it avoids
or minimizes the potential intermittent contributions of air bubbles injected by
breaking waves.

2.5. Hyperspectral Diffuse Attenuation Coefficient and Remote Sensing Reflectance

Underwater radiometric measurements were obtained with a hyperspectral
profiling radiometer (HyperOCR, Satlantic, Inc.), which measures the upwelling
radiance, L,(A,z), and the downward irradiance, E4(A,z), over the 350—800 nm spectral
range with a resolution of 3.3 nm (137 spectral bands). The spectral remote sensing
reflectance, Ri()) in sr™', is defined as the ratio of nadir water-leaving radiance, Ly (),
to the downwelling plane irradiance, E4(}), just above the sea surface (07). The
measured L,(A,z) and E4(A,z) in the water column are used to estimate their values just
beneath the surface, Ly(A, 0°) and E4(A, 0), and then are propagated through to the sea-
air interface to obtain L.(A) and E4(1,0").

The initial data processing was performed using ProSoft ver. 7.7.11 processing
software, developed and distributed by Satlantic Inc. Dark offsets and the
manufacturer’s radiometric calibrations were applied to the raw data, and the spectral
radiometric data were binned every 0.1 m. Because of surface waves, it was rarely
possible to measure E4(A,z) and L,(A,z) closer to the sea surface. The shallowest
reliable readings typically occurred at depths ranging from 0.5-2 m. The data from
this zone usually exhibited strong fluctuations associated with surface waves, and thus
it was necessary to extrapolate the data upward to the sea surface. Matlab® routines
were developed to analyze each radiometric profile and process the radiometric data.
Visualization of E4 (A,z), L, (\,z), PAR (Photosynthetic Available Radiance)
percentage, and tilt angle were used to analyze the quality of each profile and the
depth interval to be used to extrapolate the values to just below the water surface.

The diffuse attenuation coefficients of downwelling irradiance, K4(A), and
upwelling radiance, K,(A), were calculated as the slope of a least-squares linear
regression of the log-transformed E4(A,z) and Ly(A,z), respectively, within the selected
depth interval, which generally ranged between 2 to 7 m. Using these coefficients,
Ly(M,z) and E4(A,z) were propagated to just below the water surface by fitting an
exponential function to the profile data. The remote sensing reflectance was then
calculated using the following equation: R(A) = 0.54 L,(1,07) / (1.04 E4(A,07)), where
0.54 and 1.04 are the transfer coefficients of the air-sea interface for L,(A) and E4(A),
respectively (Austin, 1974). The fraction of K4(A) associated with the presence of
particulate and dissolved materials was computed as Ky, = Kg — Ky for 440 nm, where
K, is the coefficient for pure water equal to 0.00885 m™ at 440 nm (Morel &
Maritorena, 2001).

A hierarchical cluster analysis (HCA) was applied in order to classify the
R:s(M) spectra into coherent groups. The applicability of this method in the
classification of hyperspectral Rs(A) dataset for coastal waters was demonstrated by
Lubac & Loisel (2007). Because the preliminary classification from HCA was greatly
degraded by noise in the red range of several Rs(A) spectra, only the range between
400 to 600 nm was considered. Prior to running the HCA, each R,s(A) spectrum was
normalized to its mean value computed on the basis of all spectral values between 400
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and 600 nm. The normalized spectrum is denoted nRs(A).

2.6. Bio-optical Algorithms Evaluation

A comparison was carried out between the measured Chla with values
retrieved from three bio-optical empirical algorithms, OC2v6 and OC4v6 derived for
SeaWiFS data and OC3v6 for MODIS/Aqua
(http.//oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/0ocv6), using in situ
measurements of Ris(A). Furthermore, a matchup analysis was performed comparing
in situ and remote-sensed Chla retrieved from the Garver-Siegel-Maritorena semi-
analytical algorithm (GSM) and in sifu and remote-sensed phytoplankton absorption
coefficients estimated from the GSM (Maritorena et al., 2002) and QAA (Lee et al.,
2002) semi-analytical algorithms. The statistical parameters used for these evaluations
were the mean relative percentage difference, RPD, and the mean absolute percentage
difference, APD. The definitions of RPD and APD are presented in Table 3. The
coefficient of determination, R, slope, and intercept obtained from the regression
analysis of the log-transformed in sifu measured data and algorithm-derived were also
considered for evaluation of the performance of the empirical and semi-analytical
algorithms.

2.7. Matchup analysis

MODIS satellite/Aqua level 1A and ancillary data of ozone concentration and
meteorological conditions (wind speed, oxygen concentration, water vapor and
atmospheric pressure) were obtained from NASA’s Distributed Active Archive
Center (DAAC). Full resolution imagery of the local area coverage (LAC) for the
PATEX 2 to PATEX 7 cruises was used to evaluate products derived from empirical
and semi-analytical algorithms. The selected images were processed to level 2 (L2),
and the following data products were obtained: the Chla retrieved from empirical
(OC2v6, OC3v6, OC4v6) and semi-analytical (GSM) algorithms, the phytoplankton
absorption coefficient retrieved from GSM and QAA algorithms, and the ancillary
information, such as the solar and sensor zenith angles and the L2 processing flags.
The SeaWiFS Data Analysis System (SeaDAS) software version 6.4 was used to
process data from level 1 and the product retrievals.

For comparison between the in situ data and satellite products and to minimize
georeference errors, median values were computed for all products in a 3-by-3 pixel
window centered on the locations of the oceanographic stations. Furthermore, the
coefficient of variation (CV) was computed for the Chla within each 3 by 3 window,
and the retrieved value was excluded if CV>0.2. This process was carried out to avoid
strong variation from non-homogeneous regions within each window. For the
temporal threshold coincidence between the satellite and in situ measurements, we
considered a + 3 hours window around the satellite overpass, which follows the
NASA’s criterion (Bailey et al. 2000).

3. Results and Discussion

The surface Chla for all six PATEX cruises varied in a wide range from 0.10
to 18.87 mg m™ with a mean value of 2.85 mg m™. The Chla for MCF and BMCF
varied from 0.08 to 24.05 mg m™ and 0.08 to 12.03 mg m™, respectively. The
frequency distribution of Chla at the surface, MCF, and BMCF are shown in Figure 2
(N=176, 159 and 85, respectively). The variability in Chla reflected differences in
both the timing of the blooms and the geographical distribution of the sampling sites
(discussed by Ferreira et al., under review) and the phytoplankton size structure based
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on fractionated Chla for size classes.

3.1. Phytoplankton and Particulate Absorption and Diffuse Attenuation Coefficients

Table 1 shows the absorption coefficients at 440 nm of particulate material,
ap(440), and phytoplankton, a,n(440), and the percent contribution of phytoplankton
to the particulate absorption, a,n(440)/a,(440), for each cruise. The data include
surface, MCF, and BMCF measurements. Non-algal absorption, a,(440) - a,x(440),
did not co-vary with Chla, regardless of the sampled depth (not shown), and its
contribution was relatively low during all cruises (average of 13%), even with the
high variability in Chla.

Phytoplankton was the dominant component of the particulate absorption
(Table 1), with the lowest and highest average contributions during PATEX 3 (81%)
and PATEX 4 (96%). These results suggest that for the shelf break and adjacent areas
during the blooms in spring and summer, the particulate absorption is largely
dominated by living cells and the relative proportions of detrital particulates shows
little seasonal and interannual change. Our results on the percent contribution by
phytoplankton are in agreement with the range of 85 to 94% found by Morel et al.
(2006) for Case 1 waters with high chlorophyll concentrations.

ap(440) ranged from 0.026 to 0.492 m™ and increased (on a log scale) with
increasing Chla (0.08 to 24.02 mg m™) (Figure 3a). Linear fitting between log-
transformed data provided a R* of 0.77 (N=356). Inferred from the general nonlinear
character of this dependence (Bricaud et al., 1998) and the broad range of Chla
covered by our dataset, the chlorophyll-specific particle absorption, a,*(440)
(ag(440):Chla) decreased with increasing Chla and ranged widely from 0.023 to 0.237
m” mg'. The power function ap(440) = 4 Chla B where the 4 and B parameters are
derived from regression analysis, provided a reasonably good fit to our data and was
comparable to previously derived average relationships (Bricaud et al., 1998; Morel et
al., 2006). Our a,(440) values average 75% above the mean relationship of Bricaud et
al. (1998), B98, whereas the positive departure from Morel et al. (2006) equation,
MO6, derived for Case 1 waters with high chlorophyll content averages only 19%.

The dependence of Kyix(440) on Chla is displayed in Figure 3b, and a power
law described this dependence in the same way as for a,(440). The lower R* (0.65)
computed between Chla and log-transformed Ky,;,(440) was comparable to that for
ap(440) and may be partially attributed to the lower number of Ky,io(A) data, which
comprises only surface samples (N=116). We also compared our fitting relationship
for Chla and Ky;io(440) to the general prediction model recently re-analyzed by Morel
et al. (2007), MO7. The same systematically higher trend of our a,(440) compared to
the general fittings (B98 and M06) was also verified for Kp;io(440) (Figure 3b). On
average, our Kyio(440) was higher by approximately 26% to what was expected from
MO7. This finding is in agreement with K4(A) being a rough proxy of the absorption
coefficient, merging the dominant effect of absorption and to a lesser extent
backscattering (Gordon, 1989), mainly when the phytoplankton is the dominant
particulate component. Indeed, Kyi,(440) and a,(440) were linearly correlated (Figure
3¢) with a R? of 0.67. As expected, Kyio(440) was higher than ap(440), as seen by the
points above the 1:1 line, on average by 1.67-fold. It is important to note that the
CDOM absorption increases exponentially towards blue and UV wavelengths, so its
absorption contributes with an important amount to the diffuse attenuation at 440 nm.
Although we could not quantify the effect of CDOM absorption on Ky;o(440), part of
the variability in Kyi0(440) not explained by a,(440) may be attributed to CDOM
absorption. The importance of CDOM in explaining part of the Kpio(A) variability
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towards lower wavelengths is emphasized by the lower R* (0.42) obtained between
Kiio(360) (Kw(360) equal to 0.0216 m™, as provided by Morel & Maritorena, 2001)
and a,(360). However, part of the dispersion for this dependence may be attributed to
the correction procedure adopted for the f amplification factor, which is not
optimized for computation of a,(A) in the UV range.

Our previous work characterized the variability in the coefficients of
phytoplankton absorption, apn(A), instead of ay()), as a function of Chla for part of the
data shown here (Ferreira et al., under review). As inferred from the dominance of
phytoplankton on particulate absorption showed in the present work, our a,n(A) values
were generally above the general relationships (Bricaud et al., 1995; Bricaud et al.,
2004) for a given Chla. Previous studies concluded that differing non-algal detrital
material content for a given Chla caused the systematic deviations from the average
of particulate absorption vs. Chla (e.g., Morel et al., 2007 and references therein). Our
results for a,(A) however, suggest that non-algal particles may not modify the
relationship between the bulk optical properties and Chla, which is generally used as
a single index by traditional bio-optical models, but actually show that the dispersion
between Chla and a,(440) (R*=0.77) is practically the same as for apn(440) (R*=0.78,
Ferreira et al., under review). Ferreira et al. also demonstrated that most of the
variability in apn()) as a function of Chla was caused by variations in the dominant
cell size of phytoplankton. The systematic deviations in both a,(A) and Kyio(A) for the
Patagonia waters found in this study compared to general trends can be therefore
attributed to variations in the phytoplankton size.

3.2. Relationship Between Chlorophyll-a and Particulate Attenuation Coefficient

At 660 nm (after deducting the attenuation by pure seawater), the particle
attenuation coefficient is primarily (~ 97%, Loisel & Morel, 1998) caused by particle
scattering. Figure 4 shows ¢,(660) as a function of Chla for the six PATEX cruises.
Because the measurements of ¢,(660) were taken along the water column and Chla
concentrations data are from several discrete depths, a higher number of Chla vs.
¢p(660) pairs were available (N=790) than for a,(440) (N=356). We compared our
data to the relationship derived by Loisel & Morel (1998), LM9S, for near-surface
waters (their Equation 5). We note that the LM98 relationship was established for a
narrower Chla range (0.2 to 3.0 mg m™), unlike the range of our dataset (0.08 to 24.05
mg m™). Our ¢p(660) data correspond to lower Chla (PATEX 3, 6 and 7) and are in
agreement with LMO98 (Figure 4). Conversely, Chla and ¢,(660) pairs were
considerably lower than LM98 for higher Chla (PATEX 2 and 4).

Regarding the particulate absorption coefficients, a non-linear model
described the dependence of ¢,(660) on Chla, and a power function fit provided the
relationship c,(660)=0.343 Chla %37 for the entire dataset. Owing to the large
dispersion of the data, the coefficient of determination obtained between the log-
transformed data was relatively low (R*=0.60, N=790). The low exponent (0.37)
indicates a deviation from linearity and relatively weak dependence. The high
dispersion was partially associated with systematic differences between the cruises
(Figure 4), which was also observed for a,(440), although to a lesser extent (Figure
3a). In general, higher and lower values of ¢,(660):Chla for a given Chla was
observed for PATEX 3, 6 and 7 and PATEX 2 and 4, respectively. Relatively high
¢p(660):Chla ratios for PATEX 5 associated with a coccolithophorid bloom (Garcia et
al., 2011) stand out from most of the data and were also more scattered. Therefore, a
distinct fitting was applied to represent (i) PATEX 2 and 4 and (ii) PATEX 3, 6, and
7; (iii)) PATEX 5 was considered separately.
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Table 2 shows the power law equations resulting from the combination of all
PATEX data and the data derived separately according to similar trends between
cruises. The lowest coefficient 4 of the relationship obtained for PATEX 2 and 4
(0.254) indicates a lower relative magnitude of attenuation for a given Chla, which
indicates that the strong non-linearity (exponent=0.471) may be explained by higher
Chla and large phytoplankton cells (Ferreira et al., under review). The PATEX 3, 6,
and 7 cruises, which showed relatively low Chla in association with smaller-sized
cells (Ferreira et al., under review), revealed higher relative attenuation coefficients
(4=0.333) and a clear dependence on Chla (exponent B=0.818) tending to linearity
(cp(660):Chla nearly constant for all Chla ranges). The highest coefficient 4 (0.610)
and lowest exponent B (0.40) derived for PATEX 5 indicates relatively high
attenuation values and a weak dependence on Chla (R*=0.56). This highlights the
limitation of parameterizations for scattering (or backscattering) coefficients
according to chlorophyll-a during coccolithophorid blooms because of the high
scattering properties of the coccoliths (CaCOj platelets around cells) independent of
Chla (see Garcia et al., 2011). As expected, the generally weak dependence of c,(660)
on Chla for PATEX 5 is not verified for particulate absorption coefficients (Figure
3a), which are specifically resultant from pigments.

Despite the variability around the mean in ¢,(660) as a function of Chla
(Loisel & Morel, 1998; this work) that was greater than the variability in a,(440),
there was a general similarity in the variability of both coefficients (Figure 3a and
Figure 4) caused by variations among the cruises. Our previous work (Ferreira et al.,
under review) showed a strong relationship between the chlorophyll-specific
particulate scattering coefficient at 660 nm, b*,(660) (b,(660) normalized by Chla)
and the chlorophyll-specific phytoplankton absorption coefficient, a*,,(440) (a,n(440)
normalized by Chla). Also, variations in chlorophyll-specific coefficients as a
function of Chla were mostly explained by differences in the phytoplankton cell size.
In fact, Ferreira et al. (under review) derived two distinct power law relationships for
apn(440) as a function of Chla by analyzing samples dominated by either
nanophytoplankton or microphytoplankton.

Variations in ¢,(660) as a function of Chla for Patagonia waters does not
appear to reflect the physiological adjustments proposed by Behrenfeld & Boss
(2003). Since the existing relationships between c,(A) and phytoplankton biomass can
be conceptually extended to use of particulate backscattering coefficients (Westberry
et al., 2010), the variability in ¢,(660):Chla presented here could be extended to
applications of existing ocean color reflectance retrievals that depend on by(A)/a()).
However, pronounced differences in scattering caused by a great variability in cell
size structure associated with different stages of the bloom makes it difficult to
establish a unique relationship between Chla and scattering (or backscattering) for
Patagonia waters.

3.3. Variability in Hyperspectral Remote Sensing Reflectance Spectra

The hyperspectral remote sensing reflectance spectra, R.s(A), derived from the
six PATEX cruises showed a great variability in both the magnitude and spectral
shape (Figure 5). The exclusion of the 600 to 700 nm range for the HCA (section 2.5)
eliminated the chlorophyll-a fluorescence peak centered at 683 nm, which was a
conspicuous feature of several R.s(A) spectra (Figure 5). As expected, this peak was
associated with Rs(A) spectra in high Chla samples. Three distinct classes were
identified through a dendrogram and are illustrated in Figure 6. The ordinary spectra,
Rs(M), for the three classes are also shown.
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Class 1 covered the largest number of spectra (N = 52) and showed the highest
R:s(\) magnitudes among the three classes (Figure 6a) and the greatest variability at
lower wavelengths. The maximum reflectance was found at approximately 490 nm,
and the magnitudes decreased towards higher wavelengths. Class 1 peaks
corresponding to chlorophyll-a fluorescence at approximately 683 nm were not
evident (not shown). Spectra with Ri(\) higher than 0.01 sr’' in the blue to the green
wavelengths were found during the PATEX 5 cruise (Figure 5d, Figure 6a) and were
associated with a great abundance of coccolithophorids (Garcia et al., 2011).

The Rys(\) spectra of Class 2 and Class 3 were similar at the blue range and
showed a concave shape between the main chlorophyll-a absorption band and the
lowest reflectance at approximately 450 nm. The major differences between both the
classes were found in the green range, where Class 2 R(A\) spectra presented a wide
peak between 490 and 560 nm, and Class 3 R(A\) spectra showed a distinct peak at
570 nm. Class 2 Ry(A) spectra also showed a double peak in the green range of the
spectrum with variable shapes (N = 42). Class 3 comprised the lowest number of
spectra (N = 22), and except for two spectra with approximately 0.005 sr”' close to
570 nm (Figure 6¢), the maximum absolute reflectance was always lower than 0.004
sr”'. For both Class 2 and Class 3, the Chla fluorescence emission peak near 683 nm
can be seen (see Figure 5).

The wide range of Chla in the study region primarily explained the clustering
identified through the HCA, with the lowest concentrations corresponding to Class 1
(mean 0.86 = 0.51 mg m™) followed by intermediate concentrations in Class 2 (mean
2.42 = 1.62 mg m™), and the highest concentrations in Class 3 (mean 8.40 = 3.96 mg
m™). Class 1 contained few R.(A) spectra from PATEX 2, PATEX 4 and PATEX 6,
most Ris(A) spectra from PATEX 3, and all spectra from PATEX 5 and PATEX 7.
Class 2 comprised Rys(A) spectra associated with moderate Chla concentrations found
in PATEX 2, the highest concentrations found in PATEX 3, the intermediate
concentrations found in PATEX 4, the relatively high concentrations found in
PATEX 6 and one sample of PATEX 5. This was different from the other samples
because, unlike other sites, diatoms were dominant (Garcia et al., 2011). Class 3 only
included spectra from PATEX 2 and 4 (spring cruises).

Although no data for CDOM absorption is available, its contribution to the
R:s(M\) spectra was probably minor because a noticeable decrease in Rs(A\) at the blue
portion of the spectra and towards shorter wavelengths was not observed.

3.4. Evaluation of Chlorophyll-a Empirical Algorithms

The analysis above showed that the R.s(A) spectra from the Patagonia region
may be separated according to spectral features that vary according to Chla. In this
section, we investigate the performance of operational empirical models that rely on
the relationship between R.s(A) band ratios and Chla. Chla was estimated from in situ
Rs(A) measurements from all cruises using the OC2v6, OC3v6 and OC4v6 empirical
algorithms and compared to the in situ measured Chla. Figure 7 depicts the measured
Chla as a function of the Rs(A\) band ratios, relative to each of the three Chla
empirical algorithms, and their respective representational curves. The NOMAD
dataset is also plotted as background for comparison.

Both the SeaWiFS 2-band (OC2v6) and MODIS 3-band (OC3v6) algorithms
showed some deviation towards overestimating Chla when considering the whole
PATEX dataset (Figure 7), with R*=0.67 and 0.62, respectively, and a positive RPD
(Table 3). The SeaWiF$S 4-band (OC4v6) algorithm performed better (R* = 0.78) and
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had the lowest bias (RPD = 11.54%), and a mean absolute percentage difference
(APD = 42.05%, Table 3). The results shown here are in agreement with previous
analyses based on satellite data for the region (Garcia et al., 2006; Dogliotti et al.,
2009).

In order to investigate whether the performance of chlorophyll empirical
models are associated with variations in the spectral shape of R.s(\) and variations in
Chla, the same empirical models used to retrieve Chla were applied separately to each
Rs(M) class previously determined by HCA (Figure 7). Linear fitting adjusted to
measured and estimated log-transformed Chla pairs were not statistically significant
for most cases, which was probably due to the narrower Chla range and the smaller
dataset within each class. Thus, the performance of the models for each class was
evaluated separately using R?, slope, and intercept (Table 3). Regarding the OC4v6
algorithm, large errors (RPD = 31.80%; APD = 51.57%) were found for the class
relative to moderate Chla (Class 2), but there was a good agreement of the tested
algorithm for the classes associated with the lowest (Class 1) and highest (Class 3)
Chla (RPD = -2.63% and APD = 30.82%; RPD = 6.30% and APD = 50.21%,
respectively) (Table 3). Note that the poorer performance of the model for Class 2
was primarily explained by a narrower range of the estimated Chla (0.97 to 4.69 mg
m™), unlike the larger range found in the measured Chla (0.74 to 7.96 mg m™). The
performances of both the OC2v6 and OC3v6 algorithms were always poorer
compared with the OC4v6 (Table 3 and Figure 7).

Based on remote sensing reflectance, Moore et al. (2009) classified eight
optical water types representative of the global ocean as determined from the
NOMAD dataset. Although they verified a general pattern of increasing Chla across
the water types, the Chla ranges overlapped between the types. The overlapping
occurs in waters with the same chlorophyll-a content but distinct optical properties,
such as suspended sediments and organic matter, pigment composition and cell size
structure of phytoplankton. In our work, as the phytoplankton was shown to be the
dominant particulate component and CDOM did not seem to play a noticeable role in
determining the R.s(\) spectra (Figures 5 and 6), the overlap observed between the
three classes in our data (Figure 7) most likely reflects differences in phytoplankton
optical properties for a given Chla.

High relative errors are expected in the performance of empirical bio-optical
models in high Chla waters because of the increasing optical complexity from
additional material besides phytoplankton in the eutrophic waters (Morel et al., 2006).
Interestingly, the errors associated with Class 3 (high Chla) were relatively low
(Table 3). Thus, very high Chla associated with phytoplankton blooms along the
Patagonia shelf break waters does not appear to result in large errors from empirical
model performances. However, large errors were associated with intermediate to high
Chla (Class 2, Table 3). Although the CDOM contribution to the reflectance spectra
appears to be low, its contribution to absorption should be properly assessed to
determine how it might impact the empirical model’s performance (e.g., Szeto et al.,
2011).

3.5. Relations Between Empirical Algorithm Errors and Inherent Optical Properties
Most of the empirical bio-optical algorithms used to derive Chla rely upon
relationships between the Chla and the blue-to-green spectral ratios of Rys(\).
However, the shape and magnitude of the R.(\) spectra actually depend on
backscattering and absorption coefficients (IOP), which reflect variations in the
optical components of seawater. In this section, we investigate how the variations in
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the IOP in terms of normalization to Chla might influence the performance of the
chlorophyll-a empirical models applied to Patagonia in situ R.(A) data. As it is based
solely on in situ radiometric and Chla measurements, this analysis does not include
any uncertainty attributed to atmospheric correction or satellite radiance accuracy.
Only the OC4v6 model was considered in this analysis, because it performed best
when applied to our dataset (section 3.4). The relative error (RE) was defined as RE =
100* (retrieved Chla — measured Chla) / measured Chla.

Figure 8 shows the dependence of relative errors of the OC4v6 algorithm-
retrieved Chla on the measured Chla (Figure 8a), a,n(440) (Figure 8b), and b,(660)
(Figure 8c), both coefficients normalized by Chla (a,n*(440) and b,*(660),
respectively, in m* mg™). by(660) was computed as c,(660) subtracted a,(660).

The RE is scattered over the entire Chla range (Figure 8a), but significant
relationships (o = 95%) were observed when each class was considered separately
(»<0.001 for Class 1, Class 2, and Class 3), and a general trend of underestimation
emerged as Chla increased. Likewise for Chla, significant correlations were found
between RE and apn*(440) (p < 0.001 for Class 1, Class 2, and Class 3) and b,*(660)
(»p=0.02 for Class 1 and p< 0.0001 for Class 2, and Class 3) and a clear tendency
towards overestimation emerged for the retrieved Chla according to increases in both
apn*(440) and b,*(660) (Figure 8b and 8c).

Variations in apy*(A) are associated with phytoplankton pigment packaging,
which may be affected by variations in both the accessory pigments and cell size.
Relatively lower Chla and higher apn*(\) are indicative of phytoplankton with small
and lesser-packaged cells, whereas high Chla and lower a,,*(A) are associated with
large, highly packaged cells (Bricaud et al., 1995 and references therein). Our
previous work (Ferreira et al., under review) confirmed that variations in a,,*(440)
were related to cell size for the data presented here, indicating that most of the
variability in phytoplankton absorption and scattering coefficients in Patagonia waters
is explained by changes in the dominant cell size. Interestingly, the same trend was
verified for b,*(660), whereas a linear relationship held between a,,*(440) and
b,*(660) (Ferreira et al., under review). The direct dependence of RE on both
apn*(440) and b,*(660) shown here indicates that the empirical algorithm’s
uncertainties vary systematically with phytoplankton size structure.

The empirical algorithms assume that the sources of variability in R.(A\)
originate from Chla and the covariation between the detrital (dissolved and
particulate) component and Chla (O’Reilly et al., 2000). Thus, variations in pigment
packaging, species composition, and the abundance of colored detrital matter (CDM)
relative to phytoplankton biomass lead to errors in the performance of empirical
algorithms. The trend of increasing errors with increasing Chla-specific
phytoplankton absorption coefficients observed here was verified by Loisel et al.
(2010) and Szeto et al. (2011) using the NOMAD global dataset, which covered a
large, dynamic range that had systematic differences among the oceans with respect to
aph™*(A\) and CDM contribution (Szeto et al., 2011). It is interesting to note that
regional and temporal differences associated with the phytoplankton blooms in
Patagonia waters resulted in a Chla range (0.10 to 18.87 mg m™ at surface) wide
enough to produce differences in Chla-specific IOP and impact the Chla retrieval
from empirical models. The b,*(660) was also shown to explain the OC4v6 algorithm
errors. Although R(A) depends on backscattering instead of scattering coefficients,
the dependence of RE on b,*(660) found here agrees with Westberry et al. (2010),
who argued that variations in b,(A) could be conceptually extended to particulate
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backscattering coefficients.

Our results clearly address the need to account for the influence of Chla-
specific IOP variability in Chla retrieval algorithms for Patagonia waters. Regional
parameterizations of semi-analytical ocean color algorithms with chlorophyll-specific
IOP derived from the cluster analysis have the potential to improve product retrievals,
as shown by Tilstone et al. (2012). Classification of the R.s(A) spectra prior to
application of specific bio-optical algorithms may also represent a valuable method of
improving remote sensing retrievals (Lubac & Loisel, 2007; Moore et al., 2009).

3.6. Matchup Analyses

Although semi-analytical ocean color models, which are based on the
relationship between oceanic constituents and the IOP (Gordon et al., 1988), have the
potential to improve the retrieval estimates from remote sensing reflectance, some
approximations have to be assumed. An empirical step of the QAA model (Lee et al.,
2002) assumes spectral ratios of Rys(A), whereas the GSM model (Maritorena et al.,
2002) requires the assumption of mean spectral shapes for absorption and
backscattering coefficients. For instance, the mean assumed value of the chlorophyll-
specific phytoplankton absorption, a*;n(A), is 0.0558 m” mg™' at 443 nm (Seadas
software). This parameter, however, can be highly variable because of differences in
algal cell size and pigment composition. In our work, the variation range of a*,n(443)
was 0.0180 to 0.2478 and averaged 0.0721 m* mg™". In this section, we evaluated the
performance of semi-analytical algorithms in retrieving phytoplankton absorption
coefficients for Patagonia waters using models embedded in the SeaDAS software,
that have fixed input parameters for the semi-analytical models.

Matchup analyses were performed to compare in situ measured phytoplankton
absorption coefficients with those estimated by the GSM and QAA semi-analytical
models. We also compared in situ-measured Chla with satellite-derived Chla from the
three empirical algorithms (OC2v6, OC4v6, and OC3v6) and the GSM semi-
analytical model. The total number of in situ surface Chla and a,n(A) samples
collected during the six cruises was 176 (see Figure 2 for Chla). Because of cloud
cover and the application of NASA’s selection criteria of the temporal window (= 3
h), the matchup points were reduced to about 30 depending on the availability of
satellite data required by the applied algorithm and the wavelength.

The matchup results are sorted by cruise instead of by Rys(A) classes that was
done for the retrievals using in situ R.(\) (section 3.4), because the reduced satellite
data. Evaluation of the satellite model performance was made using the same statistics
as in section 3.4: R*, slope, and the intercept between the log-transformed measured
Chla and satellite-estimated. The statistical evaluation of the algorithms is provided in
each respective panel (Figures 9 to 11).

Figure 9 presents a comparison between the measured Chla and algorithm-
derived estimates. The dispersion between measured Chla and satellite-estimated
Chla from empirical algorithms (Figure 9a to 9¢) was very similar to the dispersions
using the in situ R.(\) dataset (R2=O.66, 0.75 and 0.77 for OC2v6, OC3v6, and
OC4vo6, respectively). The major difference is that the estimates based on in situ
R:s(\) data tended to overestimate lower Chla concentrations and underestimate
higher Chla concentrations, while the opposite was true for the satellite data (Figure
9). This difference could be attributed to the discrepancy in the amount of data (N ~
33 for matchup analysis against N = 116 for in situ dataset). Even so, there is a
general trend of Chla overestimation for both in situ and satellite R,s(\) data, with
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RPD always positive (Table 3 and Figure 9). The performance and overestimation of
the GSM model is comparable to that of the empirical models (Figure 9).

Scatter plots for satellite vs. measured a,n(A) for blue and green wavelengths
are shown in Figures 10 and 11 as estimated by the GSM and QAA algorithms,
respectively. The GSM model generally underestimated the a,n(412) values (RPD = -
59%) (Figure 10a), and a similar result was found for the QAA model (RPD =-11%)),
although to a lesser degree because of two high satellite-derived a,n(412) values for
PATEX 2 (Figure 11a). This underestimation at 412 nm is likely attributed to errors in
atmospheric correction. The GSM apn(A) at 443, 469 and 488 nm corresponded
relatively well to in situ data despite the general trend of underestimating lower a,n(A)
and overestimating higher apn(\) (Figure 10b to d). The errors for the green range of
the spectrum, aph(555), were larger (R*=0.47, Figure 10f), and the lowest dispersion
was achieved at 645 nm (R*= 0.80), although with the highest absolute and relative
errors because of an considerable overestimation (RPD = 90% and APD = 94%, not
shown).

In general, the QAA algorithm showed a better performance in retrieving
apn(A) and showed points closer to the 1:1 line (with slopes close to 1) when
compared with the GSM-derived data. The highest determination coefficient (R*=
0.65) was observed at 469 nm (Figure 11c). The errors were considerably higher at
555 nm (RPD = 268% and APD = 279%), and the maximum disagreement between in
situ and satellite data was observed at 645 nm (R* of 0.045) with a pronounced
overestimation (RPD and APD = 509%, not shown).

4. Conclusions

In this study, a considerable variability was observed in the coefficients of
particulate absorption, attenuation, and diffuse attenuation as a function of
chlorophyll-a concentration, Chla, in Patagonia waters during spring and summer
phytoplankton blooms, which was attributed to variations in the phytoplankton cell
size. This variability was shown to influence the performance of empirical models
that derive Chla from ratios of remote sensing reflectance. The errors in Chla
estimates from the empirical algorithm OC4v6 using in situ R.s(A) showed significant
statistical relationships with Chla, a;,(440)/Chla, and b,(660)/Chla.

A hierarchical cluster analysis classified the hyperspectral Rs(A) into three
classes according to spectral features that corresponded to the variability in Chla. This
result indicates the dominant role of phytoplankton in controlling the optical
properties of the spring and summer blooms along the Patagonia shelf break region.

Although reasonable agreements were found between the measured and
satellite-estimated Chla and phytoplankton absorption coefficients, regional
refinements of both empirical and semi-analytical algorithms that take into account
the variability in Chla-specific IOP should improve the satellite estimates of the bio-
optical properties for the Patagonia region. Our work contributed to the
documentation of the bio-optical properties for high-Chla waters, as recommended by
Morel et al. (2006).
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Figure captions

Figure 1. Locations of the 176 oceanographic stations where measurements and
sample collections were taken during the PATEX cruises along the Patagonian shelf
break and adjacent areas. Filled symbols indicate the stations where data collection
was carried out during the daylight hours and K4(A) and R,s(\) data are available.

Figure 2. Frequency histogram of the chlorophyll-a concentration, Chla, measured at
the near-surface (N=176), the depths of maximum chlorophyll fluorescence, MCF
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(N=159), and the base of maximum chlorophyll fluorescence, BMCF (N=85), during
the PATEX 2 to PATEX 7 cruises.

Figure 3. (a) The particulate absorption coefficient at 440 nm, a,(440), as a function
of chlorophyll-a concentration, Chla, for near-surface depths, depths of maximum
chlorophyll fluorescence and the base of the maximum depths during PATEX 2 to
PATEX 7 cruises (N=356, R* for log-transformed data = 0.77). As indicated, the lines
represent the best fit regression between a,(A) and Chla (a,(440) = 0.096 Chla 0339
and lines B98 and M06 represent the previously derived relationships (Bricaud et al.,
1998; Morel et al., 2006). (b) The diffuse attenuation coefficient at 440 nm, K4(440),
as a function of Chla for near-surface depths during PATEX 2 to PATEX 7 cruises
(N=116, R* for log-transformed data = 0.65). As indicated, the lines represent the best
fit regression between Kg(A) and Chla (K4(440) = 0.121 Chla ****), and line M07
represents a previously derived relationship (Morel et al., 2007). (c) The diffuse
attenuation coefficient at 440 nm, K4(440), as a function of a,(440) for near-surface
depths during PATEX 2 to PATEX 7 cruises (N=116, R* = 0.67). The dashed line
represents a 1:1 ratio.

Figure 4. (a) The particulate attenuation coefficient at 660 nm, c,(660), as a function
of chlorophyll-a concentration, Chla, for samples collected along the water column
during the PATEX 2 through the PATEX 7 cruises (N=790, R* for log-transformed
data = 0.60). The line represents the best fit regression between cy(A) and Chla for the
whole dataset. (b) The best fit regressions between cp(A) and Chla obtained separately
according to cruises, as indicated (see Table 2). The previously derived relationship
by Loisel and Morel (1998), LM98, derived for the Chla range of 0.2 to 3.0 mg m™ is
shown in (a) and (b) for comparison.

Figure 5. Spectra of remote sensing reflectance, R,(A) in sr™', shown separately for (a)
the PATEX 2 through the (b) PATEX 7 cruises. Note the different scales.

Figure 6. Results of the hierarchical cluster analysis applied to the normalized remote
sensing reflectance spectra, nRs(A). Both the absolute remote sensing reflectance,
Ri(A) in st (a, ¢, and e) and the nR.(A) with no unit (b, d, and f) are shown.

Figure 7. Chlorophyll-a concentration, Chla, as a function of the R,s(\) band ratios
used for the three Chla empirical algorithms: (a) OC2v6, (b) OC3v6, and (c) OC4vo.
The OC3v6 and OC4v6 algorithms use any of the two and three maximum (max)
band ratios, respectively, as indicated on the x axes. The data are shown separately for
the three R.s(A) classes ordered by a hierarchical cluster analysis. The grey circles and
solid curves represent NASA’s Bio-optical Marine Algorithm Data Set (NOMAD)
(Werdell & Bailey, 2005) and the indicated algorithms, respectively. Note that the
axes have logarithmic scales.

Figure 8. Relative errors (RE) of the OC4v6 algorithm (see text for definition) as a
function of (a) chlorophyll-a concentration, Chla, (b) chlorophyll-specific absorption
coefficient of phytoplankton at 440 nm, a*,,(440), and (c) chlorophyll-specific
scattering coefficient of particles at 660 nm, b*,(660). The data are shown separately
for the three R;s(\) classes ordered by a hierarchical cluster analysis.



1042  Figure 9. Comparison between in situ-measured and satellite-retrieved chlorophyll-a
1043  concentration, Chla, from the (a) OC2v6, (b) OC3v6, and (¢) OC4v6 empirical
1044  algorithms, and the (d) GSM semi-analytical algorithm. Coefficient of determination,
1045 R’ slope, and intercept obtained from regression analysis on log-transformed
1046  algorithm-derived and in situ measured data, the mean relative percentage difference,
1047  RPD, and mean absolute percentage difference, APD, are shown. The data are sorted
1048 by cruise, as indicated.
1049  Table 1 — The mean, standard deviation (Std), and range of the absorption coefficient
1050  at 440 nm for particulates, ap(A), and phytoplankton, apn(A), and the percent
1051  contribution of apy(440) to a,(440) for each PATEX cruise. The data are means of
1052  pooled data from the near-surface, depths of maximum chlorophyll fluorescence, and
1053  the base of maximum chlorophyll fluorescence.
PATEX 2 | PATEX3 | PATEX4 | PATEX S5 | PATEX 6 PATEX 7
N=44 N=54 N=66 N=51 N=79 N=62
a,(440) Mean 0.22 0.14 0.21 0.08 0.14 0.04
Std 0.08 0.05 0.16 0.04 0.08 0.02
Range | 0.07-0.36 | 0.02-0.27 | 0.02-0.68 | 0.02-0.20 | 0.03-0.37 0.01-0.09
apn(440) Mean 0.19 0.11 0.20 0.07 0.12 0.04
Std 0.06 0.04 0.15 0.03 0.08 0.02
Range | 0.07-0.32 | 0.01-0.26 | 0.02-0.67 | 0.02-0.17 | 0.02-0.36 | 0.008-0.09
ap(440)/a,(440) |  Mean 0.83 0.81 0.96 0.84 0.92 0.91
Std 0.07 0.15 0.07 0.13 0.08 0.12
Range | (0.51-0.92 | 0.25-0.97 | 0.71-1.00 | 0.48-1.00 | 0.49-0.98 0.25-1.00

1054
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Table 2 — Results from regression analysis between the beam attenuation at 660 nm,
¢p(660), and the chlorophyll-a concentration, Chla, for PATEX 2 to 7 cruises. The
regression formula is ¢,(660) = 4 Chla ? where 4 and B are the best-fit parameters.
The determination coefficient, R, and the number of data, N, are also shown. The
results are presented for surface and selected depths based on the chlorophyll
fluorescence profile. All regression analyses are significant for p<0.001.

Cruise Equation derived R’ N

All PATEX ¢,(660) = 0.343 Chla ™ | 0.60 | 790

PATEX2and4 | ¢,(660)=0.254 Chla **"" | 0.70 | 299

PATEX 3,6and 7 | c,(660)=0.333 Chla "*"® | 0.70 | 397

PATEX 5 ¢,(660) = 0.610 Chla **” | 0.56 94
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Table 3 - Statistical results for the performance of the three empirical algorithms,
0OC2v6, OC3v6, and OC4vo6, to estimate the surface chlorophyll-a concentration,
Chla, from in situ R.(A) data collected during the PATEX 2 to PATEX 7 cruises. The
algorithms were applied to all R.s(A) data and separately to each of the three R.s(A)
classes obtained with a hierarchical cluster analysis. The mean relative percentage
difference, RPD *, and mean absolute percentage difference, APD °, were computed
between the measured Chla and Chla estimated from the algorithm. The R?, slope and
intercept derived from linear regression analysis on log-transformed measured and
retrieved data were computed only when all R,s(A) data were considered. The mean
and standard deviation (Std) of surface Chla corresponding to all Rs(A) and to each
R:s(M) class are also shown (column 1).

M]e);rtla(s Se;[ d) Algorithm RPD APD R’ Slope | Intercept N
0C2v6 2753 | 5930 | 067 | 0.82 0.06
5 2;1 (?212) 0C3v6 3931 | 7078 | 0.62 | 0.77 0.09 116
0C4v6 1154 | 4205 | 078 | 0.86 0.03
Class 1 0C2v6 293 | 29.95 - - -
0.86 (0.51) | oc3ve 1.82 31.84 - - - 2
0C4v6 263 | 30.82 - - -
Class 2 0C2v6 7734 | 94.98 - - -
242(1.62) | oc3ve 10391 | 12212 | - - - 42
0C4v6 31.80 | 51.57 - - -
Class 3 0C2v6 4.46 60.55 - - -
8.40(3.90) [ oc3ve 3.44 64.84 - - 52
0C4v6 6.30 50.21 - - -
@ RPD = ¥N_ T L 5100
bAPD = BN [P L x 100

where Xalg and Xmeas represent the measured and algorithm-retrieved values,
respectively.
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Figure 1. Locations of the 176 oceanographic stations where measurements and
sample collections were taken during the PATEX cruises along the Patagonian shelf
break and adjacent areas. Filled symbols indicate the stations where data collection
was carried out during the daylight hours and K4(A) and R,s(\) data are available.
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Figure 2. Frequency histogram of the chlorophyll-a concentration, Chla, measured at
the near-surface (N=176), the depths of maximum chlorophyll fluorescence, MCF
(N=159), and the base of maximum chlorophyll fluorescence, BMCF (N=85), during
the PATEX 2 to PATEX 7 cruises.
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Figure 3. (a) The particulate absorption coefficient at 440 nm, a,(440), as a function
of chlorophyll-a concentration, Chla, for near-surface depths, depths of maximum
chlorophyll fluorescence and the base of the maximum depths during PATEX 2 to
PATEX 7 cruises (N=356, R* for log-transformed data = 0.77). As indicated, the lines
represent the best fit regression between a,(\) and Chla (a,(440) = 0.096 Chla *>*%)
and lines B98 and M06 represent the previously derived relationships (Bricaud et al.,
1998; Morel et al., 2006). (b) The diffuse attenuation coefficient at 440 nm, K4(440),
as a function of Chla for near-surface depths during PATEX 2 to PATEX 7 cruises
(N=116, R* for log-transformed data = 0.65). As indicated, the lines represent the best
fit regression between Kg(A) and Chla (K4(440) = 0.121 Chla ****), and line M07
represents a previously derived relationship (Morel et al., 2007). (c) The diffuse
attenuation coefficient at 440 nm, K4(440), as a function of a,(440) for near-surface
depths during PATEX 2 to PATEX 7 cruises (N=116, R* = 0.67). The dashed line
represents a 1:1 ratio.
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Figure 4. (a) The particulate attenuation coefficient at 660 nm, c,(660), as a function
of chlorophyll-a concentration, Chla, for samples collected along the water column
during the PATEX 2 through the PATEX 7 cruises (N=790, R* for log-transformed
data = 0.60). The line represents the best fit regression between cy(A) and Chla for the
whole dataset. (b) The best fit regressions between cp(A) and Chla obtained separately
according to cruises, as indicated (see Table 2). The previously derived relationship
by Loisel and Morel (1998), LM98, derived for the Chla range of 0.2 to 3.0 mg m™ is
shown in (a) and (b) for comparison.
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Figure 11. Comparison between the in situ-measured and satellite-retrieved
phytoplankton absorption coefficient, apn(A), from the QAA semi-analytical algorithm
for blue and green wavelengths. The coefficient of determination, R, slope, and
intercept obtained from regression analysis on log-transformed, algorithm-derived and
in situ measured data, the mean relative percentage difference, RPD, and mean
absolute percentage difference, APD, are shown. The data are sorted by cruise, with
symbols as indicated in Figure 9.
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Variability in light absorption and scattering of phytoplankton
in Patagonian waters: Role of community size structure and
pigment composition
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[1] Intense phytoplankton blooms were observed along the Patagonian shelf-break with
satellite ocean color data, but few in situ optical observations were made in that region. We
examine the variability of phytoplankton absorption and particulate scattering coefficients
during such blooms on the bas1s of field data. The chlorophyll -a concentration, [Chla],
ranged from 0.1 to 22.3 mg m > in surface waters. The size fractionation of [Chla] showed
that 80% of samples were dominated by nanophytoplankton (N-group) and 20% by
microphytoplankton (M-group). Chlorophyll-specific phytoplankton absorption coefficients
at 440 and 676 nm, a*;,(440) and a*;,(676), and particulate scattering coefficient at

660 nm, b* (660) ranged from 0.018 to 0.173, 0.009 to 0.046, and 0.031 to 2.37 m*

(mg Chla) ", respectively. Both a*,,(440) and a*,,(676) were statistically higher for the
N-group than M-group and also considerably higher than expected from global trends as a
function of [Chla]. This result suggests that size of phytoplankton cells in Patagonian
waters tends to be smaller than in other regions at similar [Chla]. The phytoplankton cell
size parameter, Sy, derived from phytoplankton absorption spectra, proved to be useful for
interpreting the variability in the data around the general inverse dependence of a*;,(440),
a*,,(676), and b*,(660) on [Chla]. Sy also showed a pattern along the increasing trend of
a*,,(440) and a*;,(676) as a function of the ratios of some accessory pigments to [Chla].

Our results suggest that the variability in phytoplankton absorption and scattering
coefficients in Patagonian waters is caused primarily by changes in the dominant
phytoplankton cell size accompanied by covariation in the concentrations of accessory

pigments.

Citation: Ferreira, A., D. Stramski, C. A. E. Garcia, V. M. T. Garcia, A. M. Ciotti, and C. R. B. Mendes (2013),
Variability in light absorption and scattering of phytoplankton in Patagonian waters: Role of community size structure
and pigment composition, J. Geophys. Res. Oceans, 118, doi:10.1002/jgrc.20082.

1. Introduction

[2] The absorption coefficient of phytoplankton, apn(L),
plays an important role for a variety of oceanographic
science questions and applications, including the propagation
of light [e.g., Atlas and Bannister, 1980; Sathyendranath and
Platt, 1988], primary production [e.g., Morel, 1991; Marra
et al., 2007], algal physiology [e.g., Stramski and Reynolds,
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1993; Bouman et al., 2003], and thermal structure [e.g., Lewis
et al., 1983; Stramska and Dickey, 1993] within the upper water
column. Because a,n(A) is one of principal inherent optical
properties of seawater affecting the spectral reflectance of the
ocean, this absorption coefficient is also important to science
and applications associated with the use of satellite and airborne
observations of ocean color [e.g., Morel and Bricaud, 1981;
Roesler and Perry, 1995; Sathyendranath et al., 2001].

[3] Variations in app(A) may result from changes in
phytoplankton concentration, optical properties of individual
cells, or both [e.g., Morel and Bricaud, 1981; Stramski et al.,
2001]. In particular, the variability observed around the
general trends of statistical relationships between the
concentration of chlorophyll-a, [Chla], and a,u() is related
to pigment packaging (or package effect) and pigment
composition in phytoplankton cells. Pigment packaging is a
well-documented source of variability in ap,(A), which
depends on cell size and intracellular concentration of
pigments [Morel and Bricaud, 1981; Bricaud and Morel,
1986; Sathyendranath et al., 1987; Ciotti et al., 1999]. The
chlorophyll-specific absorption coefficient of phytoplankton,
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a*yn(A) (i.e., apn(X) per unit of [Chla]), is generally found to
decrease with an increase in both [Chla] and the average cell
size within phytoplankton populations, and is also related
to the proportions of accessory pigments relative to [Chla]
[e.g., Bricaud et al., 2004].

[4] Following the work of Sathyendranath et al. [1987], a
number of recent studies have attempted to separate the
effect of pigment composition from that of pigment packag-
ing upon the a,n(L) spectra [Lohrenz et al., 2003; Toepel
et al., 2005; Fishwick et al., 2006, Chazottes et al., 2007,
Wang et al., 2007; Matsuoka et al., 2011]. In general, the
effects caused by variations in pigment composition are
smaller than those produced by cell size [e.g., Bricaud
et al., 2004]. However, seasonal variability in the relative
importance of both factors was observed in specific regions
of the oceans [e.g., Toepel et al., 2005].

[s] Significant efforts have been devoted to the
development of models and approaches, including those
involving satellite remote sensing of ocean color, for
deriving information about cell size from phytoplankton
absorption spectra [see Brewin et al., 2011b for a review].
Ciotti et al. [2002] introduced a phytoplankton cell size
parameter, S¢ and showed that combined effects of the
dominant cell size and covarying pigments can explain
about 80% of the variability in phytoplankton absorption
spectra in surface oceanic waters. It was postulated that the
shape of phytoplankton absorption spectra can be
reproduced with the parameter Sy which describes the
complementary contributions of two basis vectors represent-
ing the extreme cases of spectral shapes corresponding to the
smallest (picophytoplankton) and largest (microphytoplank-
ton) dominant cell sizes of phytoplankton community. Ciotti
et al. [2002] emphasized that Sy is not dependent solely on
the cell size, and that the pigment packaging also plays a role
implying the effect of intracellular concentrations of various
pigments. For example, for the same dominant cell size, the
S values will tend to decrease if phytoplankton community
shows an increase in the concentrations of intracellular
pigments caused, for instance, by photoacclimation [see also
Ciotti et al., 1999].

[6] Phytoplankton is also an important light-scattering
agent in seawater [Morel and Ahn, 1991; Stramski and
Kiefer, 1991]. Empirical relationships based on in situ
measurements have been proposed between [Chla] and the
beam attenuation (scattering plus absorption) coefficient
[e.g., Voss, 1992; Loisel and Morel, 1998; Behrenfeld and
Boss, 2006], scattering coefficient [e.g., Gordon and Morel,
1983; Loisel and Morel, 1998; Huot et al., 2008], and
backscattering coefficient [e.g., Reynolds et al., 2001;
Stramska et al., 2006; Huot et al., 2008]. Changes in
chlorophyll-specific particulate scattering coefficient, b*,(1)
(i.e., particulate scattering coefficient per unit of [Chla]),
observed in the field have been related to phytoplankton
physiological status [Behrenfeld and Boss, 2003], but the
role of cell size in scattering properties of natural
phytoplankton communities has been addressed only in few
recent studies [Gernez et al., 2011; Brewin et al., 2012;
Martinez-Vicente et al., 2012]. The potentially high correla-
tion between scattering and backscattering coefficients may
support the use of satellite-derived [Chla] and particulate
backscattering for investigation of phytoplankton biomass
and physiology [Westberry et al., 2010] as well as size

structure [Loisel et al., 2006]. The quantification and under-
standing of the causes of variability in both absorption and
scattering properties of natural phytoplankton communities
are thus essential for improving our ability to retrieve biolog-
ically relevant information from in situ and remote-sensing
optical data. This study aims to provide a contribution to
such understanding of phytoplankton-related optical vari-
ability in Patagonian waters.

[7] During austral spring and summer, high levels of
phytoplankton biomass persistently occur in the Patagonian
inner shelf and shelf-break region, making it one of the most
productive zones in the global ocean [Takahashi et al., 2002;
Gregg et al., 2005]. The seasonal cycle of phytoplankton
biomass in the vicinities of the Patagonian shelf-break was
recently examined using remote-sensing data [Garcia
et al., 2004; Rivas et al., 2006; Romero et al., 2006;
Signorini et al., 2006]. Fieldwork in this region suggests that
the development and sustainability of phytoplankton blooms
are associated with both nutrient supply from the Malvinas
Current and water column stability along the shelf-break
front [Carreto et al., 1995; Garcia et al., 2008]. The
Patagonian shelf waters have been also recognized to play
an important role in the global oceanic uptake of CO, from
the atmosphere [Takahashi et al., 2002; Bianchi et al.,
2009]. Specifically, Schloss et al. [2007] demonstrated an
inverse relationship between the air-sea differences of CO,
partial pressure with surface [Chla] under the dominance of
diatoms in the Argentinean continental shelf. Such scenario
was not observed when small (<5 um) flagellates dominated
the phytoplankton assemblages.

[8] Optical measurements have been rarely conducted in
the Patagonian waters [Ferreira et al., 2009; Lutz et al.,
2010; Garcia et al., 2011]. The objective of this study is to
characterize the variability of phytoplankton absorption
and particulate scattering coefficients in the Patagonian
shelf-break waters and vicinities on the basis of large data
set collected during six cruises in austral spring and summer
from 2006 to 2009. Our data analysis also aims at providing
insights on influences of the dominant cell size and pigment
composition on variability in phytoplankton absorption and
scattering coefficients as a function of bulk chlorophyll-a
concentration.

2. Data and Methods

2.1.

[0] Data analyzed in this study were collected on six
research cruises in the Patagonian inner-shelf and shelf-
break region. Three cruises referred to as PATEX 2, PATEX
4, and PATEX 6 took place during the austral spring season,
specifically 28-31 October 2006, 1621 October 2007, and
14-18 October 2008, respectively. Two cruises, PATEX 5
and PATEX 7, were conducted in austral summer during
the periods of 4-7 January 2008 and 5-8 January 2009,
respectively. Finally, PATEX 3 took place during transition
between summer and fall from 25 to 29 March 2007. The
locations of stations (Figure 1) extend from the northern
portion of the Argentinean shelf (PATEX 6) through the
highly productive waters along the Patagonian shelf-break
(PATEX 2, 3, and 4) and the southern inner shelf (PATEX 5),
to the area south of Malvinas (Falkland) Islands (PATEX 7).
Overall 176 stations were visited by performing cross-shelf

Oceanographic Cruises and Data Collection
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Figure 1. Locations of 176 oceanographic stations where
measurements and sample collections were made during
the PATEX cruises within the Patagonian shelf-break and
adjacent areas.

and along-shelf transects during the six cruises. At all
stations, vertical profiles of temperature, salinity, dissolved
oxygen, chlorophyll fluorescence, and beam attenuation co-
efficient at 660 nm were taken with a CTD/Rosette system
(SeaBird® 911+) which included 5 L Niskin bottles for water
sampling. Seawater was collected at several depths for
further laboratory analysis. We also note that research con-
ducted on an earlier cruise PATEX 1 (October 2004) was
described by Garcia et al. [2008] and these data are not
analyzed in this study.

[10] Measurements of the following bio-optical parameters
are used in this study: the concentration of total chloro-
phyll-a, size-fractionated chlorophyll-a, concentrations of
phytoplankton accessory pigments, spectral absorption
coefficients of particulate matter including the partitioning
into phytoplankton and non-phytoplankton components,
and the beam attenuation coefficient at a single light
wavelength of 660 nm. The chlorophyll-a concentration
was determined with the fluorometric (F) and High
Performance Liquid Chromatography (HPLC) methods.
We use data only from near-surface depths and depths of
maximum chlorophyll fluorescence. For all PATEX cruises,
the depths of maximum fluorescence varied between about
15 and 30 m and were typically located just below the mixed
layer. Microscopy and HPLC analyses showed very similar
phytoplankton community composition near the surface and
at depths of maximum fluorescence [Souza et al., 2012;
Gongalves-Araujo et al., 2012; M. S. Souza, personal
communication, 2011]. In addition, no clear difference
was observed in phytoplankton absorption and particulate
scattering properties between the near-surface and maximum
fluorescence depths. Therefore, our analysis was applied to a

single data set with no discrimination between these depths.
This data set includes 236 measurements of absorption spectra
and chlorophyll-a concentration with fluorometric method,
223 measurements of beam attenuation coefficient, and 132
HPLC determinations of pigments.

2.2. Determinations of Phytoplankton Pigments and
Size Fractions

Fluorometric Determinations of Chlorophyll-a

[11] Discrete water samples (0.5—1 L) were filtered onto
25-mm glass fiber filters (Whatman GF/F) for post-cruise
determinations of the concentration of total chlorophyll-a
by fluorometric method, which is denoted by [Chla]g. In
addition, samples were filtered through a 20 pm mesh and
the collected filtrate was subsequently filtered on the GF/F
filter for the determination of the fraction of chlorophyll-a
associated with phytoplankton cells less than 20 pum in size.
This fraction of chlorophyll-a concentration represents the
combined contributions of picophytoplankton and nanophy-
toplankton, which is denoted by [pico+nano Chla]g. The
difference between [Chla]y and [pico+nano Chla]r yields
a contribution of microphytoplankton (>20 um in size),
which is denoted by [micro Chla]y.

[12] Immediately after filtration, the GF/F filters were
wrapped in aluminum foil and placed in liquid nitrogen for
storage until post-cruise analysis. After the cruises, pigments
were extracted in 90% acetone and chlorophyll-a determina-
tions were made with a calibrated Turner Designs TD-700
Fluorometer [Welschmeyer, 1994]. These fluorometric
determinations were made for both total and fractionated
chlorophyll-a in all samples collected on the six cruises.
HPLC Determinations of Pigments

[13] The concentrations of phytoplankton pigments were
obtained by HPLC technique for samples collected during
four cruises, PATEX 4, 5, 6, and 7. The protocol for
collection and storage of HPLC samples was the same as
that for the fluorometric determinations. Mendes et al.
[2007] and Souza et al. [2012] described in detail the HPLC
procedure used in this work. A specific set of pigments
detected with the HPLC method is used in our study, which
includes (1) total chlorophyll-a, [Chla]yp;c, which is the
sum of monovinyl chlorophyll-a, chlorophyllide-a, and the
chlorophyll-a epimers and allomers (note that divinyl
chlorophyll-a was undetectable); (2) chlorophyll-b, [Chlb];
(3) 19’-hexanoyloxyfucoxanthin, [Hexa]; (4) photosynthetic
carotenoids, [PSC], which include [Hexa], fucoxanthin, 19’-
butanoyloxyfucoxanthin, and peridinin; and (5) photoprotective
carotenoids, [PPC], which include diadinoxanthin, alloxanthin,
and zeaxanthin. Other pigments, whose concentrations are
typically very low, are considered to be less important and
are not included in our analysis.

[14] An unknown carotenoid with absorption peak
centered at about 460 nm was detected in 37 samples
collected on four cruises, PATEX 2, 3, 4, and 6. The
presence of this carotenoid consistently shifted the primary
blue peak of phytoplankton absorption from about 440 nm
towards 460 nm (see section 3.5). This pigment is hereafter
referred to as P460.

Estimation of Phytoplankton Size Fractions From HPLC
Data

[15] The fluorometric determinations made on unfractio-

nated samples and 20 um filtrates provided the estimates of
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[pico+nano Chla]g and [micro Chla]g. It is also useful to
obtain additional information on separate contributions of
picophytoplankton and nanophytoplankton to total
chlorophyll-a concentration from HPLC pigment data. This
information can be obtained from a method proposed by
Vidussi et al. [2001] with refinements by Uitz et al. [2006].
In this method several diagnostic accessory pigments serve
as biomarkers of specific phytoplankton taxonomic groups
and these taxa are assigned to one of the three size classes:
pico-, nano-, or microphytoplankton. This assignment is
based on observations that microphytoplankton include
primarily diatoms, nanophytoplankton prymnesiophytes,
and picophytoplankton prokaryotic species. It must be
recognized that this approach has limitations because
various phytoplankton groups can share certain diagnostic
pigments and some taxa include cells covering a wide range
of size. Despite these limitations, this method has proven
to provide useful information about pigment-based com-
position and size structure of phytoplankton communities
[Bricaud et al., 2004; Uitz et al., 2006, 2008; Ras et al.,
2008].

[16] We used our HPLC data of diagnostic pigments from
four cruises (PATEX 4, 5, 6, and 7) to obtain estimates of
chlorophyll-a concentrations associated with the three size
classes, [pico Chla]yprc, [nano Chla]ypc, and [micro
Chla]yprc. We found poor agreement between the relative
contributions of size fractions to total chlorophyll-a obtained
from HPLC-derived diagnostic pigments and from fluoro-
metric measurements of samples fractionated by filtration.
These differences are quantified through slopes of the
following linear relationships: (i) [pico +nano Chla]g versus
[Chla]g, (i1) [micro Chla]g versus [Chla]g, (iii) [pico +nano
Chla]yprc (i.e., the sum of [pico Chla]yprc and [nano
Chla]yprc) versus [Chla]g, and (iv) [micro Chla]yp; ¢ versus
[Chla]g (see Table 1). Specifically, the contribution of
[micro Chla]ypr ¢ estimated from HPLC-derived diagnostic
pigments is significantly higher than the contribution of
[micro Chla]g obtained from the sample fractionation with
fluorometric measurements. The opposite result is observed
for the sum of picophytoplankton and nanophytoplankton
contributions, for which the method based on diagnostic
pigments yields lower values compared with the fraction-
ation/fluorometric data.

[17] The observed discrepancies are, at least partly, related
to limitations of the method based on diagnostic pigments as
briefly mentioned above. For example, the relatively high esti-
mates of [micro Chla]yprc may result from the fact that
fucoxanthin is assumed to be diagnostic of large-sized

diatoms that belong to microphytoplankton although this
pigment can be also present in smaller diatoms and prym-
nesiophytes within the nanoplankton size class. Therefore,
we decided to base our analysis on the use of data of
[pico+nano Chla]r and [micro Chla]g, which are available
for all six PATEX cruises. In addition, for the four cruises
for which HPLC data are available, we also partitioned
[pico+nano Chla]g into two components [pico Chla]ypyc
and [nano Chla]gyprc. The [pico Chla]yprc component is
estimated from the method based on HPLC-derived diag-
nostic pigments, and the [nano Chla]gpc component is
estimated as a difference between [Chla]z and [micro Chla]g
plus [pico Chla]gprc. We assume that the estimates of [pico
Chla]yprc are reasonable because the diagnostic pigments
of picophytoplankton are present exclusively in this cell
size range.

2.3. Classification of Samples Based on the Dominant
Size Fraction of Phytoplankton

[18] The dominant size fraction of phytoplankton was
defined on the basis of relative contribution of each size
class-specific concentration of chlorophyll-a to total [Chla]g.
Specifically, we assumed that a contribution greater than
50% defines the dominance. The picophytoplankton and
nanophytoplankton contributions were not distinguished
from one another for the PATEX 2 and PATEX 3 samples,
but we can assume that the nanophytoplankton was domi-
nating in cases when [pico+nano Chla]g was dominant.
This assumption is supported by generally very small contri-
butions of picophytoplankton estimated from HPLC pigment
analysis performed on samples from PATEX 4, 5, 6, and 7
(Table 1). For these cruises, only two samples were domi-
nated by picophytoplankton and eight samples did not
satisfy our 50% criterion for the size fraction dominance.
We ignore these 10 samples in further analysis, so the total
number of samples in our analysis is reduced from 236
to 226. The majority of samples (181 out of 226) were
classified as nanophytoplankton dominated. The remaining
45 samples were dominated by microphytoplankton. The
absorption and scattering coefficients are discussed below
within the context of these two groups, which are referred
to as N-group (nanophytoplankton-dominated group) and
M-group (microphytoplankton-dominated group).

2.4. Determinations of Particulate and Phytoplankton
Absorption Coefficients

[19] Spectra of particulate absorption coefficient, a,()) in
m™ °, were measured with a quantitative filter pad technique

Table 1. The Values for the Slope Parameter of the Linear Function Derived From Regression Analysis of the Chlorophyll-a Concentra-
tion Associated With Phytoplankton Size Classes Versus the Total Chlorophyll-a Concentration, [Chla]r or [Chla]ypr c”

Slopes

[micro Chla]g
versus

[pico+nano Chla]g
versus

[micro Chla]gprc
versus

[pico+nano Chla]yprc
versus

Cruise [Chla]g [Chlalg [Chla]gprc [Chla]gprc
PATEX 4 0.65 0.35 0.02 0.99
PATEX 5 0.89 0.11 0.27 0.73
PATEX 6 0.99 0.02 0.44 0.56
PATEX 7 0.41 0.59 0.19 0.81

“The information on the class-specific chlorophyll-a concentration was derived from the size fractionation method followed by fluorometric
determinations of chlorophyll-a in fractionated samples (subscript F) or from HPLC analysis of pigments (HPLC subscript). See text in section 2.2 for details.
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[Mitchell et al., 2000]. Water samples (0.5-2 L) for these
measurements were filtered onto 25 mm Whatman GF/F
filters. The a,(X) measurements were made in the 300-750
nm spectral range at 1 nm intervals with a dual beam
spectrophotometer (Cary Model 1E). Immediately upon the
ap()h) measurements, the sample filters were subject to
methanol extraction (PATEX 2 and 3) and bleaching with
sodium hypochlorite (PATEX 4, 5, 6 and 7), and then
rescanned in a spectrophotometer to obtain the estimates of
non-algal (also referred to as detrital) absorption coefficient,
aq(\) [Kishino et al., 1985; Tassan and Ferrari, 1995;
Mitchell et al., 2000]. For the calculations of a,(A) and
aq(M) coefficients, we used the amplification factor f given
by Ferreira et al. [2009]. The spectral absorption coefficient
of phytoplankton, a,,(A), was calculated as a difference
between a,(A) and aq(}).

2.5. Estimation of Phytoplankton Cell Size Parameter

[20] To examine differences in the shape of phytoplankton
absorption spectra and to estimate a cell size parameter for
phytoplankton, each phytoplankton absorption spectrum
was normalized to its mean value computed on the basis of
all spectral values between 400 and 700 nm [Ciotti et al.,
2002]. The normalized spectrum is denoted as a.pn~(A).
Assuming that variations in the spectral shape of phyto-
plankton absorption are mainly driven by the dominant cell
size, Ciotti et al. [2002] developed a model that recon-
structs the shape of a,p-.(A) with a linear combination of
two spectra representing complementary contributions of
the smallest (picophytoplankton) and largest (microphyto-
plankton) cell sizes. We used a least squares Levenberg-
Marquardt algorithm to fit the observed a—pn~(1) to a linear
model by adjusting the values of the derived cell size pa-
rameter, Sy [see equation 3 in Ciotti et al., 2002]. This pro-
cedure yields an estimate of the size parameter Sy that is
consistent with a given observed spectrum of @~ (1) and
the model-reconstructed spectrum of a_pp~.(A). The values
of Sy are constrained to vary from 0 to 1. S¢ tends to 0 when
large cells of phytoplankton (>20 um) are dominant, and
1 when small cells (<2 um) dominate. The intermediate
values represent all possible situations between these two
extremes. The goodness of the model fit was evaluated
for each phytoplankton-normalized spectrum by computing
the coefficient of determination, R*, between all spectral

values of the observed spectrum and all spectral values
of the spectrum reconstructed by the model.

2.6. Determinations of Particulate Scattering
Coecfficient

[21] The beam attenuation coefficient of suspended
particles, ¢,(660) in m~', was measured at a light
wavelength of 660 nm with a C-star beam transmissometer
(WETLabs, Inc.) along a 25 cm pathlength throughout
the water column. Details of the protocol for determining
¢p(660) are provided by WETLabs., Inc. (http://www.wetlabs.
com/products/). We assumed that measurements taken in
deep waters (~1000 m) but far away from the sea bottom pro-
vide the best estimate of particle-free attenuation of seawater
[Loisel and Morel, 1998]. These deep-water measurements
were subtracted from all beam attenuation measurements
taken in surface ocean layer on a cruise-by-cruise basis to
remove the contribution of pure seawater. The resulting values
are considered to represent the beam attenuation by particles
under the assumption that the contribution of dissolved matter
to the attenuation of light at 660 nm is negligible. The mea-
surements taken at 5 m depth were assumed to represent the
near-surface beam attenuation, which is reasonable from the
standpoint of avoiding or minimizing the potential intermittent
contributions of air bubbles injected by breaking waves. For
the purposes of analysis in this study, we use the particulate
scattering coefficient at 660 nm, b,(660), for the near-surface
and fluorescence maximum depths. This coefficient was
calculated as b,(660) = c,(660) — a,(660).

3. Results and Discussion

3.1. Total and Fractionated Chlorophyll-a

[22] The range of variation in surface [Chla]r is shown in
Table 2. At the depth of maximum chlorophyll fluorescence,
[Chla]f ranged from about 0.3 to 24 mg m > (not shown)
and was slightly higher than surface concentrations. The
variability in [Chla]r was mainly associated with differences
in both the time and geographical location of sampling
among the different cruises.

[23] Very high surface pigment concentrations with the
mean values of about 6.2 and 6.0 mg m > were measured
along the Patagonian shelf-break during the austral spring
cruises, PATEX 2 and PATEX 4 (Table 2 and Figure 2).

Table 2. The Minimum (Min), Maximum (Max), and Mean Values (Mean 4 Std Where Std Is Standard Deviation) of Near-Surface
Concentrations of Total Chlorophyll-a, [Chla]g, for Each PATEX Cruise®

Mean =+ Std
Min [Chla]g Max [Chla]g Mean =+ Std [Chla] pico+ Mean =+ Std Mean =+ Std Mean =+ Std
Cruise mg m > mg m 3 mgm > nano % pico % nano % micro % N
PATEX 2 1.46 11.85 6.24 £ 2.96 38425 - - 62+25 26
PATEX 3 0.24 2.16 1.35+ 0.42 89+8 - - 11£8 30
PATEX 4 0.32 22.30 5.99 +6.05 74+ 14 1+1 74+ 14 26+ 14 33
PATEX 5 0.45 2.35 1.014+0.40 79+£20 6+£5 72+£22 21+21 18
PATEX 6 0.21 3.13 1.29+£0.77 8718 13+12 75421 13+16 41
PATEX 7 0.10 2.72 0.67+0.52 78 £26 28 £28 50+31 22+£28 28

“The mean (£Std) for the percent contributions of picophytoplankton (pico), nanophytoplankton (nano), and microphytoplankton (micro) to total [Chla]g,
and the number of data (N) are also shown. Note that the sum of separate contributions of pico- and nanophytoplankton based on the combination of frac-
tionation with fluorometric determinations of chlorophyll-a and HPLC pigment analysis (columns 6 and 7) is slightly different than the combined pico +
nano contribution based on the sample fractionation (column 5). See text in section 2.2 for details.
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Satellite-based ocean color observations during austral
spring usually show conspicuous phytoplankton blooms
along the shelf-break zone, which is in contrast with the
surrounding areas [Rivas et al., 2006; Romero et al.,
2006]. Garcia et al. [2008] suggested that the supply of
macronutrients by upwelling, and possibly also iron by
upwelling and transport over the continental shelf, contrib-
ute to the maintenance of the spring blooms. The maximum
surface values of [Chla]gp on PATEX 2 and 4 (11.85 and

22.30 mg m >, respectively) were observed at the shelf-
break zone between 42°S and 45°S, likely due to intense
shelf-break upwelling processes. These observations are
consistent with the study of Carreto et al. [2008].

[24] The northernmost transect around 40°S occupied
durlng PATEX 2 (Figure 1) showed relatively low [Chla]g
in the range of 1.46-3.45 mg m . This observation likely
reflects a late phase of the bloom compared with higher
latitudes of the continental shelf-break, as the blooms tend
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Figure 2. The percent contributions of chlorophyll-a concentration associated with the three phytoplankton
size-classes to total chlorophyll-a concentration, [Chla]g, as a function of [Chla]g, for each PATEX cruise:
(a) PATEX 2, (b) PATEX 3, (¢c) PATEX 4, (d) PATEX 5, (¢) PATEX 6, and (f) PATEX 7. The data points
shown as squares are for contribution of picophytoplankton (i.e., 100x [pico Chla]ypy c/[Chla]); crosses
for nanophytoplankton (i.e., 100x [nano Chla]gyprc / [Chla]g); and triangles for microphytoplankton
(i.e., 100 x [micro Chla]r / [Chla]). In Figures 2a and 2b, squares and crosses combined correspond to data

for picophytoplankton and nanophytoplankton combined (i.e.,

PATEX 2 and 3 (see text in section 2.2 for details).

100x [pico+nano Chla]g / [Chla]g) for
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to start in the north and develop progressively in the
southward direction following typical pattern associated
with increasing light and temperature [Rivas et al., 2006].

[25] During another spring cruise, PATEX 6, the observa-
tions were made at latitudes lower than 40°S within the
northernmost part of the region investigated in our study
(Figure 1). These observations showed relatively low values
of surface [Chla]r with the mean of about 1 mg m >, when
compared to generally higher values that were observed also
in spring but at higher latitudes during PATEX 2 and
PATEX 4. This difference can be attributed to specific
conditions that occur within the region of PATEX 6. Specif-
ically, this is the Brazil-Malvinas Confluence Zone, which is
a highly energetic region of waters just off the coast of
Argentina and Uruguay where the warm poleward-flowing
Brazil Current encounters the cold equatorward-flowing
Malvinas Current. The environmental conditions and their
effect on phytoplankton biomass and community during
PATEX 6 are described elsewhere [Gongalves-Araujo
et al., 2012].

[26] In late summer (March 2007), relatively low to
moderate values of surface [Chla]y from 0.24 to 2.16
mg m > were measured during PATEX 3. A region character-
ized by high ocean reflectance and surface values of [Chla]g
ranging from 0.45 to 2.35 mg m > was investigated during
the PATEX 5 cruise (January 2008). Microscopic and
pigment analyses confirmed the significant abundance of
coccolithophorides [Souza et al., 2012] and the optical
properties associated with the coccolithophorid bloom are
described by Garcia et al. [2011]. Another summer cruise
(PATEX 7) was carried out in the southernmost part of the
investigated region (January 2009). This cruise was also an
attempt to sample waters with high reflectance detected by
satellite ocean color sensors south of the Malvinas Islands.
However, the expected coccolithophorid bloom was not found
at the visited stations. Fairly low surface values of [Chla]r with
the mean of 0.67 mg m > were typically observed during
PATEX 7.

[27] Figure 2 shows the percent contribution of the three
phytoplankton size classes (pico-, nano-, and microphyto-
plankton) to total [Chla]r as a function of total [Chla]r for
each cruise. The percent contribution of picophytoplankton
could not be estimated for PATEX 2 and PATEX 3 because
HPLC analysis was not performed for these two cruises (see
section 2.2). Thus, in addition to [micro Chla], [pico +nano
Chla]y was estimated for PATEX 2 and PATEX 3 cruises.
Considering the biomass ranges on both cruises and the
generally small picophytoplankton contributions estimated
from HPLC pigment analysis for other cruises (Table 2),
significant role of picophytoplankton in waters sampled
during PATEX 2 and PATEX 3 is highly unlikely.
Therefore, we can assume that nanophytoplankton is the
dominant size fraction for PATEX 2 and PATEX 3 in cases
when [pico+nano Chla]r dominates the total [Chla]g. For
PATEX 2, 75% of samples were dominated by microphyto-
plankton and the remainder by nanophytoplankton. For
PATEX 3, all samples showed dominance by nanophyto-
plankton (Figure 2).

[28] The [micro Chla]r component made a main contribu-
tion to total [Chla]r only during PATEX 2 (Figure 2a), with
the exception of the northernmost transect visited during this
cruise where the lowest [Chla]g values were measured

(1.46-4.05 mg m ). If the six stations of this transect are
excluded, the mean contribution of [micro Chla]y to total
[Chla]g is 69% for PATEX 2. Between the spring 2006
(PATEX 2) and summer 2007 (PATEX 3), a shift from the
dominance of [micro Chla]p to [pico+nano Chla]p was
observed (Figure 2b). The [pico+nano Chla]gz component
contributed, on average, 90% to total [Chla]g on the PATEX
3 cruise.

[29] During the following spring cruise in 2007 (PATEX 4),
[nano Chla]gyprc was mostly responsible for the generally
increased values of total [Chla]r (Figure 2c). We recall that
the highest [Chla]r values were found on this cruise. The
[micro Chla]r component generally made a significant, albeit
not dominant contribution to total [Chla]r on the PATEX 4
cruise (on average 26%; Figure 2c and Table 2). However,
for four samples [micro Chla]g contributed 50, 50, 59, and
51% to total [Chla]g which was 3.77, 0.41, 0.29, and 5.36
mg m >, respectively. Microscopy analysis revealed a general
dominance of diatoms from nanoplankton size range (mainly
Thalassiosira ssp.) in the PATEX 4 samples (M. S. Souza, per-
sonal communication, 2011). These results are consistent with
earlier findings from the PATEX 1 cruise [Garcia et al., 2008].

[30] During the coccolithophoride bloom on PATEX 5
(January 2008), [nano Chla]gprc Was the primary compo-
nent that controlled the total [Chla]r with an average contri-
bution of 72%. For some samples, [micro Chla]g contributed
substantially to total [Chla]g (Figure 2d). On PATEX 6,
[nano Chla]gprc Was also the major component of total
[Chla] (an average contribution of 75%) and [micro Chla]g
made a significant contribution in several samples (Figure 2¢).
For most samples collected on PATEX 7, changes in both
[nano Chla]gprc and [micro Chla]g were responsible for
variations in total [Chla]g (Figure 2f). We note, however, that
whereas [pico Chla]ypr ¢ remained generally weakly variable
with very small contribution to total [Chla]g (Figure 2), the
average contribution of [pico Chla]yp ¢ to total [Chla]g
reached 28% on PATEX 7 (Table 2). For many PATEX 7
samples, the total [Chla]r increased slightly as a result of
increases in [pico Chla]yp;c as shown in Figure 2f. For
two samples, the [pico Chla]yp c contribution to total
[Chla]g reached about 90% when [Chla]p was relatively
low (~1 mg m~; Figure 2f).

3.2. Phytoplankton Absorption as a Function of
Chlorophyll-a

[31] For the analysis presented in this and next section, we
excluded 37 phytoplankton absorption spectra from the total
of 226 spectra. The excluded spectra show atypical absorp-
tion peak around 460 nm and are discussed separately in sec-
tion 3.5. As a result of such data selection, we obtained 189
phytoplankton absorption spectra, ayn(A), combined with the
data of size-fractionated chlorophyll-a. These spectra are
divided into two groups; the nanophytoplankton-dominated
group (N-group) with 151 samples and microphytoplankton-
dominated group (M-group) with 38 samples.

[32] The absorption coefficients of phytoplankton at 440
and 676 nm, a,n(440) and ap,(676), varied broadly from
about 0.013 to 0.66 and 0.008 to 0.42 m™', respectively,
and this variation is accompanied by large variability in
[Chla]g (Figure 3). The chlorophyll-specific absorption coeffi-
cients of phytoplankton at 440 and 676 nm, i.e., the phyto-
plankton absorption coefficients normalized by [Chla]g,
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Figure 3. The phytoplankton absorption coefficient a,n())
at two light wavelengths, (a) 440 nm and (b) 676 nm, as a
function of total chlorophyll-a concentration, [Chla]g, for
PATEX 2 to PATEX 7 cruises. The data points are shown
for samples dominated by nanophytoplankton (N-group)
and microphytoplankton (M-group), where the dominance
is determined in terms of contributions of these size classes
to total chlorophyll-a concentration [Chla]g. The lines repre-
sent the best fit regression between ap,(A) and [Chla]r (see
Table 3). The inset graphs compare our regression lines
(N-group in grey and M-group in black) with relationships
from literature, which include B95 [Bricaud et al., 1995],
BO04 [Bricaud et al., 2004], D06 [Devred et al., 2006], and
B11 [Brewin et al., 2011a]. The equation for a,,(676) versus
chlorophyll-a concentration was not provided by Bricaud
et al. [2004]. The relationships of Devred et al. [2006] and
Brewin et al. [2011a] are for 443 nm and 670 nm rather than
440 nm and 676 nm.

denoted hereafter as a*,,(440) and a*;,(676), ranged from
0.018 to 0.173 and from 0.009 to 0.046 m? (mg Chla) ",
respectively (note that Chla is here used as an abbreviation
for the word chlorophyll-a). Also, the T-student analysis
(x=99%) showed that these coefficients were significantly
higher for the N-group than M-group.

[33] Empirical relationships between ap,(A) and [Chla]g
were determined separately for each group. A power
function in the form a,p(A)=4 [Chla]g 5 where the A and
B parameters are derived from regression analysis, provided
reasonably good fits to our data. The results of this
regression analysis are shown for two example wavelengths,

440 and 676 nm, in Table 3 and Figure 3. It is generally
known that variations in the size structure of phytoplankton
population and the intracellular concentrations of various
pigments are responsible for the variability of a,n(A) at a
given chlorophyll-a concentration in water [e.g., Bricaud
et al., 2004]. Our data support the notion that the contribu-
tions of accessory pigments and package effect to this
variability seem to be greater at shorter wavelengths because
the data points at 440 nm are scattered more around the best-
fit lines compared with 676 nm.

[34] For comparison, Figure 3 also shows the relationships
obtained by Bricaud et al. [1995], Bricaud et al. [2004],
Devred et al. [2006], and Brewin et al. [2011a], on the basis
of large data sets collected in different regions of the world’s
ocean. These relationships are referred to as B95, B04, D06,
and B11, respectively. Our best fit lines for both the N-group
and M-group show considerably higher values of a,,(440) at
any given chlorophyll-a concentration (on average by a
factor of 2) compared with the B95 relationship (Figure 3a).
The B04 relationship, which is based on a different data set
than B95, is closer to our relationships although the slopes
are considerably different. The D06 and B11 curves are
between B04 and B95. Compared with the blue spectral
band at 440 nm, the differences between our relationships
and B95 are smaller in the red band at 676 nm (Figure 3b).
However, the B95 relationship still yields systematically
lower values of a,,(676) than the PATEX relationships.
Because the contribution by pigments other than chloro-
phyll-a to absorption in this spectral band is very small or
negligible, this result may suggest that cell size of
phytoplankton in the Patagonian region is generally smaller
than in other oceanic regions at similar chlorophyll-a
concentrations.

[35] One possible cause of the differences between our
results and those of Bricaud and co-workers can be
attributed to the choice of the correction algorithm for the
B amplification factor in the calculations of particulate
absorption. We verified that the f correction from Bricaud
and Stramski [1990], which was used in subsequent studies
of Bricaud and co-workers, would increase the ap,(A) values
for the PATEX data set by a factor of approximately 1.2 to
1.3 in the blue spectral band. Therefore, this would explain

Table 3. Results From the Regression Analysis Between The Phy-
toplankton Absorption Coefficients at 440 and 676 nm, ay,(440)
and a,,,(676), and the Total Chlorophyll-a Concentration, [Chla]:"

apn(440) an(676)
N-Group A 0.09 0.03
B 0.56 0.74
R? 0.82 0.92
N 151 151
M-Group A 0.07 0.03
B 0.51 0.62
R? 0.91 0.95
N 38 38

“The regression formula is a,,(1) =4 [Chla]g 8 where A and B are the best
fit parameters. The determination coefficient, R?, and the number of data, N,
are also shown. The results are presented for the samples dominated by
nanophytoplankton (N-group) and microphytoplankton (M-group) during
the PATEX 2 to 7 cruises. All regression analyses are significant for
»<0.0001.
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only a fraction of the differences between our relationships
and the B95 relationship, but could possibly explain the
differences with the B04 relationship.

[36] Another factor that may contribute to these dif-
ferences is that the HPLC-derived chlorophyll-a is used
in B95 and BO04, which can differ markedly from the
fluorescence-derived chlorophyll-a in our study, especially for
diatom-dominated waters. A linear fit applied to our data of
[Chla]yprc versus [Chla]g provided the equation [Chla]g =
1.19 [Chlalypc+0.42 (R*=0.95; N=175; p<0.0001,
where N is the number of observations), which indicates
significantly higher values of [Chla]p compared with
[Chla]ypr.c. However, we also note that the total chlorophyll-
a in the studies of Bricaud et al. [1995, 2004] includes
phaeopigments, which may reduce the differences between
the HPLC and fluorometric determinations of chlorophyll-a
concentrations. To address the potential issue of phaeopig-
ments in our comparisons, we also determined the linear
relationships between the absorption coefficients, a,,(440)
and a,,(676), and the sum of [Chla]ypy ¢ and phaeopigments,
[Phaeo], without considering the dominant size class. Our
apn(440) values are higher than both the B95 (on average
2.9-fold) and B04 (on average 1.7-fold) values, and our
app(676) values are higher on average 2.2-fold than the
values derived from the B95 relationship.

[37] The above comparisons suggest that the magnitude of
apn()) at a given chlorophyll-a concentration, and hence the
values of a*;,(L), are considerably higher for Patagonian
waters compared with the average trends based on data from
many other regions within the world’s ocean. The main
supporting evidence for this finding is based on our observa-
tions in the red spectral band, where variations in a*,,(676)
can be attributed primarily to changes in the package effect.
It therefore appears that cells forming the blooms in Patago-
nian waters are relatively small compared with cells present
in many other oceanic regions with similar chlorophyll-a
biomass. This observation is also supported by our Patago-
nian data set which shows relatively high estimates of [micro
Chla]yprc from HPLC-derived diagnostic pigments (see
section 2.2) when compared to [micro Chla]g obtained from
fractionated [Chla]p. This is because the approach for
taxonomic composition that uses the HPLC-derived
diagnostic pigments makes a general assumption that
diatoms belong to microplankton-size class, so smaller
diatom cells, if present, can be misclassified as microphyto-
plankton. Microscopy analysis of PATEX samples indicated
that blooms in Patagonian waters are typically dominated by
diatoms from the nanoplankton size range, although
occasionally diatoms from the microplankton size range
may dominate (e.g., PATEX 2).

3.3. Phytoplankton Absorption and Cell Size
Parameter

[38] The phytoplankton absorption spectra normalized to
their mean value computed on the basis of all spectral values
between 400 and 700 nm, denoted as apu~(1), are shown in
Figure 4 for the N-group and M-group. A stronger package
effect is evident for the M-group spectra, which show lower
values for the ratio of the blue-to-red absorption peak than
the N-group spectra. This result is generally consistent with
the study of Ciotti et al. [2002], who found that most of the
variability in the spectral shape of phytoplankton absorption
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Figure 4. Spectra of phytoplankton absorption coefficient
normalized by the average value of absorption between 400
and 700 nm (thin grey lines), for PATEX 2 to PATEX 7 cruises.
The data are shown separately for (a) nanophytoplankton-
dominated samples (N-group) and (b) microphytoplankton-
dominated samples (M-group). For each group of data, the
mean normalized spectrum (thick solid line) and the standard
deviation spectrum multiplied by 5 to facilitate visualization
(dashed line) are also shown.

coefficient between 400 and 700 nm can be explained by
specifying the cell size of dominant phytoplankton. Note
also that the standard deviation of a_p,~ (1) for N-group is
generally higher than for M-group in the 420-490 nm
spectral range, which likely reflects a larger contribution of
accessory pigments associated with smaller cells [Bricaud
et al., 1995].

[39] In the present study, Sy was estimated from each
aph>(L) spectrum for the six PATEX cruises. The values
of S¢ varied from 0.04 to 0.81 and the model of Ciotti
et al. [2002] provided generally good agreement between
the observed and model-reconstructed spectra of apn~(R),
with R*>0.92 for most cases. The average (+standard
deviation) values of S¢ are 0.52 (£0.21) and 0.33 (40.14)
for the N-group and M-group, respectively.

[40] A clear trend of decrease in the chlorophyll-specific
absorption coefficient of phytoplankton, a*,u(A), with an
increase in [Chla]g is shown in Figure 5, which is consistent
with similar data presented previously [Dmitriev et al., 2009
and references therein]. Such pattern reflects large variability
in phytoplankton biomass, package effect, and species
composition in our samples. Because the parameter Sy varies
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Figure 5. (a) Chlorophyll-specific absorption coefficient of

phytoplankton at 440 nm, a*;,(440), as a function of total
concentration of chlorophyll-a, [Chla]r, for PATEX 2 to
PATEX 7 cruises. (b) Same as Figure 5a but for the chloro-
phyll-specific absorption coefficient of phytoplankton at 676
nm, a*,,(676). The data are shown for samples dominated
by nanophytoplankton (grey symbols) and microphyto-
plankton (black symbols) for different ranges of cell size pa-
rameter, S as indicated. The statistics for the linear
regression on log-transformed data for the N-group are
R°=0.51, p<0.0001, N=151 for a*,,(440) versus [Chla]g
and R*=0.40, p <0.0001, N=151 for a*,,(676) versus
[Chla]p. For the M-group the statistics are R*=0.84,
p<0.0001, N=38 for a*,,(440) versus [Chla]r and
R*=0.71, p < 0.0001, N=38 for a*,,(676) versus [Chla]g.

within a continuum of cell sizes, i.e., from 0 (the strongest
package effect) to 1 (the weakest package effect), it is useful
to examine whether S¢ can explain the large variability
observed in a*p,(A) at any given [Chla]g. A closer inspection
of results presented in Figure 5 indicates that Sy agrees with
the variability in a*;,(440) and a*,,(676) as a function of
[Chla]g. In general, the lower [Chla]r and higher a*;,(440)
and a*;,(676) correspond to higher values of St (i.e., smaller
phytoplankton cells). The higher [Chla]g and lower values of
a*,n(440) and a*,,(676) are related to lower S¢ (larger cells).
In particular, the lowest values of S (<0.2) corresponded to
[Chla]r higher than 10 mg m~>. In addition to this overall
pattern, a wide range of a*,,(A) was observed at any given
[Chla]g, and any given value of a*,(A) was associated with
large variation in [Chla].

[41] The determinations of Syaid to some extent in clarify-
ing the seemingly random variability in a*,,(A) as a function
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of [Chla]r. For instance, over similar ranges of a* (1) two
distinct groups of Sy were observed: (i) 0.4 < S¢<0.6 when
[Chla]s was less than 1 mg m~>, and (ii) S¢>0.6 for
[Chla]g from 1 to 2 mg m ~ (Figure 5). These results do
not seem surprising even though they are not fully consistent
with the general expectation of increasing cell size with in-
creasing chlorophyll-a concentration [Bricaud et al., 1995
and references therein]. During the PATEX cruises, the
variability in timing, location, and environmental factors
controlling phytoplankton blooms resulted in relatively low
St values (i.e., relatively large cells) in waters with relatively
low chlorophyll-a concentrations.

[42] It is noteworthy that similar Sy values are observed
within relatively wide ranges of variation in both [Chla]g
and a*,,(A) (Figure 5). Another observation is that samples
with the smallest values of Sy < 0.2 belong to the N-group
and not M-group. This result, which is observed at high
concentrations [Chla]g, appears inconsistent with the general
expectation that the smallest values of Sy correspond to the
largest cells. Such inconsistencies can occur because the
parameter Sy does not depend solely on cell size, but instead
reflects a combined effect of several factors affecting the
spectral shape of phytoplankton absorption [Ciotti et al.,
2002]. These factors include the pigment composition and
the package effect that depends not only on the cell size
but also the intracellular pigment concentration [Morel and
Bricaud, 1981]. The generally good agreement between the
cell size parameter Sgand a* (A relies largely on the degree
of covariation between the cell size and other factors
controlling the phytoplankton absorption spectrum, as
proposed in the original model of Ciotti et al. [2002].
Therefore, the parameter Sy cannot be simply interpreted to
represent solely a dominant cell size because the intracellular
concentration of various pigments will also influence this
parameter at a given cell size. This is well illustrated by
our observation that some of the S¢ values smaller than 0.2
belong to the N-group. This observation suggests that the
package effect caused by high intracellular pigment concen-
tration was particularly important for the nanophytoplankton
size range, which resulted in flattening of absorption spectra,
and hence relatively small values of Sy.

[43] Summarizing the results in Figure 5, we note that
variations in the cell size parameter Sy along the general
pattern of decrease in a*,,(1) with increasing [Chla]g reflect
variations in the package effect associated with changes in
the dominant cell size and also variations in intracellular
pigment concentrations and pigment composition. These
different sources of variability are generally difficult to
separate. In addition, our results point to challenges of
classification of phytoplankton populations into discrete size
classes, pico-, nano-, and microphytoplankton. These chal-
lenges result from the fact that phytoplankton communities
consist of very many species of different sizes and there is
some variability due to changes in cell size and taxonomic
composition within the predefined size ranges.

3.4. Phytoplankton Absorption and Pigment
Composition

[44] For the analysis involving pigment composition we
consider 132 HPLC determinations of concentrations of total
chlorophyll-a, [Chla]yprc, and accessory pigments along
with the corresponding absorption measurements. We found
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a high correlation between the log-transformed [Chla]HpLC
and [PSC +PPC] (R?=0.89; N=132; p <0.0001), which is
consistent with earlier observations [Trees et al., 2000].
The [PSC]:[Chla]yprc ratlo was weakly correlated with the
apn(490):a,,(676) ratio (R? 0 35, N=132; p<0.0001). A
much stronger correlation (R O 71; N= 132 p <0.0001)
was found between [PPC]:[Chla]yprc and apn(490):a,,(676).
Note that the a,,(490):a,,(676) ratio is indicative mainly
of variability in accessory pigments rather than the package
effect, which is supported by weak although significant cor-
relation with [Chla]yp ¢ (R*=0.19; N=132; p < 0.001). This
ratio showed a strong correlation with [Hexa]:[Chla]yp; ¢
(R*=0.60; N=132; p<0.0001). Other pigment ratios did
not provide significant correlation with a,,(490):a,,(676).
These results indicate that the pigment ratios [PPC]:[Chla]
wrrc and [Hexa]:[Chla]yprc, and to a lesser extent also
[PSC]:[Chla]ypy ¢, contribute to the variability of ap,(490):
apy(676).

[45] We next examine the variability of a*,,(1) as a func-
tion of pigment ratios. In this analysis, we consider both the
N-group and M-group data separately. The a,,()) coefficient
is here normalized by [Chla]yp; ¢ and not by [Chla]g as pre-
viously. Only 12 samples for the M-group are included be-
cause the HPLC data are not available for PATEX 2 and 3.

[46] Figure 6 shows that an increase in the [PSC]:[Chla]ypyc,
[PPC]:[Chla]Hch, [HeXa]:[Chla]Hch, and [Chlb][chla]HpLC
ratios is accompanied by an increase in a*,,(440). This
is especially well pronounced for the relationships be-
tween a*,,(440) and [Hexa]:[Chla]yp ¢ (Figure 6¢) and
[Chlb]:[Chla]yprc (Figure 6d). These results are consis-
tent with the expectation of greater relative importance of
accessory pigments at relatively low chlorophyll-a concen-
trations and/or when small cells are more important than
larger cells [see Bricaud et al., 1995]. We also note that
similar patterns to those presented in Figure 6 were observed
for a*p,(676) despite the fact that the effect of accessory
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Figure 6. Chlorophyll-specific absorption coefficient of phytoplankton at 440 nm, a*,,(440), plotted as
a function of the ratio of the concentration of various pigments to the concentration of total chlorophyll-a,
[Chla]gprc: (a) the ratio of photosynthetic carotenoids [PSC] to [Chla]yprc, (b) the ratio of photoprotec-
tive carotenoids [PPC] to [Chla]ypr ¢, (c) the ratio of 19'-hexanoyloxyfucoxanthin [Hexa] to [Chla]ypy ¢,
and (d) the ratio of chlorophyll-b [Chlb] to [Chla]yprc. The data are shown for samples dominated by
nanophytoplankton (grey symbols) and microphytoplankton (black symbols) for different ranges of cell
size parameter, Sy, as indicated, for PATEX 4 to PATEX 7 cruises. The statistics for the linear regression
on log- transformed data for the N-group are R*=0.07, p=0.002, N=129 for a*ph(440) versus [PSC]/
[Chla]p; R*=0.23, p<0.0001, N=129 for a*ph(440) versus [PPC)/[Chla]g; R*=0.47, p<0.0001,
N=124 for a*;,(440) versus [Hexa]/[Chla]g; R*=0.40, p<0.0001, N=115 for a*,n(440) versus
[Chlb]/[Chla]F For the M-group the statistics are R*=0.25 ,p=0.07, N=12 for a*;,(440) versus [PSC]/
[Chla]F, R*=0.61, p=0.001, N= 12 for a*p,(440) versus [PPC]/[Chla]F, R*=0.53, p=0.004, N=12 for
a*,n(440) versus [Hexa] [Chla]F, =0.74, p <0.0001, N=12 for a*,,(440) versus [Chlb]/[Chla].
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pigments is very small or negligible in the red spectral band
(not shown). The coefficients a*,,(440) and a*,,(676) were
found to be significantly correlated (R*=0.82; N=226;
p <0.0001 for the log-transformed data).

[47] Similar trends observed for both a*,,(440) and
a*,p(676) as a function of pigment ratios indicate that the
relative contribution of carotenoids is correlated with cell
size and package effect. Also, lower values of Sy (larger
phytoplankton cells) are related to lower values of a*,,,(440)
for all four pigment ratios (Figure 6). These results are con-
sistent with those observed in previous analysis (section
3.3). For instance, a broad range of variation in a*p,(440) is
associated with a narrower variability in [PSC]:[Chla]gprc,
although several data points in the range 0.4 < S;<0.6 clearly
depart from the average trend (Figure 6a). Interestingly,
these samples were taken in the southernmost region of the
Patagonia shelf-break during PATEX 7 (Figure 1). For this
cruise, the biomass levels were among the lowest observed
(Figure 2 and Table 2) and were associated with the pres-
ence of prasinophytes (M. S. Souza, personal communica-
tion, 2011) that contain chlorophyll-b. The samples from
PATEX 7 showed variations in a*,,(440) as a function
of [PPCJ:[Chla]yp; ¢ ratios, which also departed from the
mean trend observed when considering the whole data set
(Figure 6b).

[48] The plot of a*,,,(440) versus [Hexa]:[Chla]ypr ¢ ratio
shows smaller variability around the mean trend and less
overlapping of the data points between the Sy ranges
(Figure 6c) than the other pigment ratios presented in
Figure 6. The 19'-hexanoyloxyfucoxanthin pigment is
known to be typical for Phaeocystis microorganisms and
the concentration of this pigment, [Hexa], relative to chloro-
phyll-a concentration was suggested as a proxy for the
abundance of this phytoplankton group [Jeffrey and Wright,
1994]. On the basis of microscopy and CHEMTAX tech-
nique [Mackey et al., 1996], we observed that Phaeocystis
was an important contributor to total biomass in all samples
from the PATEX cruises (M. S. Souza, personal communica-
tion, 2011). The size of these phytoplankton cells (2—6 um)
falls within the lower range of nanoplankton class, thus the
increase in [Hexa] is typically associated with high S values
(Figure 6¢c). The lowest [Hexa]:[Chla]yprc ratio (<0.04;
Figure 6¢) and a*;,(440) were observed on PATEX 4 during
an intense bloom of diatoms with very high biomass levels
(see Figure 2c¢).

[49] The general dependence of a*;,(440) on [Chlb]:
[Chla]yprc agrees with a substantial importance of prasino-
phytes during all PATEX cruises (M. S. Souza, personal
communication, 2011). The most important contribution of
this phytoplankton group was found for the PATEX 7
samples. During that cruise, the surface waters were
characterized by relatively high a*,,(440), intermediate Sy
(0.4 < 8;<0.6), and the highest [Chlb]:[Chla]yp;c ratios
(Figure 6d).

[50] In summary, our results indicate significant degree of
covariation between the dominant cell size of phytoplankton,
pigment composition, and chlorophyll-specific absorption
coefficient of phytoplankton. The trend of increasing cell size
is accompanied by a decreasing trend in both the ratios of
accessory pigments to chlorophyll-a and the chlorophyll-
specific absorption coefficient. The increase in the ratios
of accessory pigments to chlorophyll-a is accompanied by
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an increasing trend in the chlorophyll-specific absorption
coefficient.

3.5. Special Features in Phytoplankton Absorption
Spectra

[s1] We now turn our discussion to special or unusual
features within the UV and visible spectral regions, which
were observed in the spectra of phytoplankton absorption
in the Patagonian waters. For the discussion of the features
within the UV region, we present the total particulate
absorption spectra, a,(}), rather than phytoplankton spectra,
app(). This is because the method of determining aph(R),
which involves the measurement of detrital absorption,
aq()), on samples bleached with sodium hypochlorite did
not provide reliable results in the UV region. Each a,())
spectrum was normalized by its average value based on
all spectral absorption values between 300 and 700 nm. This
normalized spectrum is denoted as a.,-(A). The mean
normalized spectrum for each PATEX cruise shows the
ap(h) maximum around 330 nm (Figure 7a), which indi-
cates the presence of Mycosporine-like amino acids, MAAs
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Figure 7. (a) The mean spectra of particulate absorption

coefficient for each PATEX cruise as indicated. The spectra
are normalized to the average value of particulate absorption
between 300 and 700 nm. (b) The particulate absorption
coefficient at 330 nm, a,(330), as a function of the concentra-
tion of photoprotective carotenoids, [PPC], for PATEX 4 to
PATEX 7 cruises. The statistics for the linear regression on
log-transformed data of a,(330) versus [PPC] are R*=0.35,
p<0.0001, N=132.
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[Whitehead and Vernet, 2000]. The MAAs are considered
to act as potential blockers for the UV damaging radiation.
The absorption peak centered at about 330 nm was ob-
served in the majority of spectra at both near-surface depths
and the depths of maximum chlorophyll fluorescence. The
presence of MAAs has already been reported in the Argen-
tine Sea [Negri et al., 1992; Carreto and Carignan, 2011].
Negri et al. [1992] observed the occurrence of MAAS in as-
sociation with a dinoflagellates bloom over the Argentine
Shelf. These compounds were interpreted as a genetic adap-
tation that provides these microorganisms with a competi-
tive advantage under high radiation intensities at the UV
wavelengths. Negri and co-workers suggested that the
above mentioned physiological property can provide dino-
flagellates with a competitive advantage over diatoms in
nutrient-rich, well-illuminated, and low-turbulent environ-
ments. Our results show, however, the presence of MAAs
during all PATEX cruises (Figure 7), even during massive
diatom blooms (PATEX 2 and PATEX 4) along the Patago-
nian shelf-break waters. The PATEX cruises covered a
relatively wide range of seasonal conditions (October to late
March), which suggests that light conditions during spring
and summer periods support elevated MAAs concentrations
regardless of the dominant phytoplankton groups.

[52] Significant variations in the shape and position of the
UV absorption maximum observed in the data collected in
the eastern South Pacific were suggested to reflect the
presence of different types of MAAs [Bricaud et al.,
2010]. In contrast, on all PATEX cruises this maximum
was relatively stable and always centered at about 330 nm,
which suggests a dominance of a specific type of MAAs
(Figure 7a). By analyzing the dependence of a,(330) on
[PPC] we tested whether the magnitude of the UV peak
can reflect an intracellular photoprotective process. We note,
however, that the quantitative results regarding the
magnitude of the MAAs peak in the a,()) spectra must be
interpreted with special caution because (i) the correction
procedure for the [ amplification factor has not been
optimized for the UV spectral region, (ii) ap(A) includes
not only phytoplankton absorption but also the detrital
absorption, and (iii) MAAs are soluble in water, so they
can be released through the intact cell membranes during
freezing process of the samples. Moreover, MAAs can be
released during or very shortly after filtration [Laurion
et al., 2003]. Despite these reservations a general pattern
can be observed, with relatively low a,(330) associated with
low [PPC] during PATEX 7 and an increase of a,(330) with
[PPC] for other cruises (Figure 7b). Further research is
needed to examine how MAAs might be associated with
photoprotection within the visible and UV spectral regions
in phytoplankton communities in the Patagonian shelf-break
and surrounding waters.

[53] Another spectral feature that deserves special
attention in our study is the blue absorption maximum of
phytoplankton absorption. For 37 samples from the PATEX
cruises, i.e., five samples from PATEX 2, four from PATEX
3, 21 from PATEX 4, and seven from PATEX 6, we
observed that the blue maximum peaked at about 460 nm
rather than at typical wavelengths around 440 nm
(Figure 8a). Closer inspection of HPLC chromatograms for
these samples showed a pronounced absorbance at 460 nm
caused by an unknown carotenoid, which is here referred
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Figure 8. (a) Spectra of phytoplankton absorption coeffi-

cient of 37 samples for PATEX 2 to PATEX 7 cruises, which
show an unusual absorption maximum around 460 nm.
(b) The HPLC chromatogram of absorbance at 440 nm in
mAU (mass Absorbance Unit) obtained for an example
near-surface sample. The inset graph shows the peak of
absorbance centered at 460 nm of an unknown carotenoid
referred hereto as P460.

to as P460 (Figure 8b). Other investigations detected a
fucoxanthin derivative with maximum absorbance at 460
nm in the Patagonian waters in association with other de-
graded pigments such as pheophytin-a and pyropheophy-
tin-a (J. Carreto, personal communication, 2009). These
observations suggest that the fucoxanthin derivative could
be derived from grazing by mixotrophic dinoflagellates
[Carreto et al., 1985]. Grazing by zooplankton might be
the main regulating factor of spring phytoplankton blooms
in the neritic region of the Argentinean shelf-break (J.
Carreto, personal communication, 2009).

[54] In order to investigate if the presence of the P460
pigment could be related to the anomalous maximum in
the phytoplankton absorption spectra, we applied a principal
component analysis to the unusual a,,(L) spectra to extract
information on the a,,(A) variance structure [e.g., Lubac and
Loisel, 2007]. A moderately strong correlation (R*=0.66;
N=28; p<0.001) was found between the scores of the first
mode of variability in a,,(A) (which explained 93% of the
variance) and the P460 pigment. No significant correla-
tion between P460 and other pigments was found, although
the correlation with [Fuco] is not very small (R=—0.40;
N=28; p=0.06). This may support the notion that P460
is derived from fucoxanthin. These results indicate that
the P460 pigment is the main factor responsible for the
anomalous blue peak in the phytoplankton absorption spectra
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observed in some samples collected in the Patagonian shelf-
break waters.

[s5] We also note that an enhancement of phytoplankton
absorption in the 460—470 nm range was observed in the
study of coastal waters in the western North Atlantic, which
was attributed to an increase in chlorophyll-b concentration
relative to chlorophyll-a [Hoepffner and Sathyendranath,
1992]. This feature did not, however, produce a distinct
primary maximum in the blue spectral region because
maximum or nearly maximum values of absorption were
still observed at usual spectral location close to 440 nm. In
addition, Hoepffner and Sathyendranath [1992] observed
an enhancement of absorption near 650 nm, which
corresponds to the maximum absorption of chlorophyll-b
in the red part of the spectrum. In contrast, in our study the
uncommon phytoplankton spectra show a distinct peak of
absorption at about 460 nm and no additional feature in the
red (Figure 8a).

3.6. Particulate Scattering Coefficient and
Phytoplankton Cell Size

[s6] The relationship between the chlorophyll-specific
particulate scattering coefficient at 660 nm, b*,(660) (i.e.,
b,(660) normalized by [Chla]r) and [Chla]r was examined
with the data partitioned into different ranges of size
parameter Sy in a similar fashion as was done for chloro-
phyll-specific absorption coefﬁcwnts The b* (660) coeffi-
cient varied from 0.031 to 2.37 m? (mg Chla)~' and showed
a clear inverse dependence on [Chla], which is qualitatively
similar to what has been observed for chlorophyll-specific
absorption coefficients. The patterns and scatter in the data
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Figure 9. Chlorophyll-specific scattering coefficient of
particles at 660 nm, b*;(660), as a function of total concen-
tration of chlorophyll-a, [Chla]g, for PATEX 2 to PATEX 7
cruises. The data are shown for samples dominated by
nanophytoplankton (grey symbols) and microphytoplankton
(black symbols) for different ranges of cell size parameter,
Sy, as indicated. The statistics for the linear regression on
log transformed data of b*;(660) versus [Chla]F are

=0.63, p<0.0001, N=151 for N-group and R*=0.86,
p<0 0001, N=38 for M-group.
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points of b*,(660) versus [Chla]r associated with the
variability in St (Figure 9) are also similar to those observed
for the absorption data. We note that a strong relationship
(R*=0.74; N=223; p<0.0001) between a*,n(440) and
b*,(660) was found. Both the chlorophyll-specific phyto-
plankton absorption and chlorophyll-specific particulate
scattering tend to be inversely related to cell size parameter
S, so that the dominance of relatively larger cells results in
lower chlorophyll-specific optical coefficients.

4. Conclusions

[57] We have demonstrated that nanophytoplankton is
mostly responsible for elevated levels of phytoplankton
biomass in the Patagonian shelf-break and adjacent waters.
The microscopic analysis of samples indicates that diatoms
from nanoplankton size range typically dominate the blooms
in these waters. These results point to limitations of
approaches based on HPLC-derived diagnostic pigments
for estimating relative proportions of phytoplankton size
classes, because these approaches generally assume that
diatoms are associated primarily with the microplankton size
range. Our data also point to differences between the cell
size structure of phytoplankton assemblages in Patagonian
waters and other oceanic regions at similar chlorophyll-a
biomass. The magnitude of absorption coefficients of
phytoplankton at a given chlorophyll-a concentration and also
the chlorophyll-specific absorption coefficients of phytoplank-
ton are typically considerably higher in Patagonian waters
compared with the average trends based on data collected in
various regions of the world’s ocean. Also, we observed that
the chlorophyll-specific absorption coefficients in Patagonian
waters are significantly different for assemblages dominated
by nanophytoplankton and microphytoplankton.

[s8] A cell size parameter derived from the phytoplankton
absorption spectra varied in a consistent fashion with
chlorophyll-a concentration for both the chlorophyll-specific
phytoplankton absorption and chlorophyll-specific particu-
late scattering coefficients. Smaller cells are typically
associated with lower chlorophyll-a concentrations and
higher chlorophyll-specific optical coefficients. The cell size
parameter also showed a rather well-behaved pattern along
the increasing trend of the chlorophyll-specific phytoplank-
ton absorption as function of the ratios of photosynthetic
and photoprotective pigments to chlorophyll-a concentra-
tion. These results suggest that most of the variability in
phytoplankton absorption and scattering coefficients in
Patagonian waters is explained by changes in the dominant
cell size accompanied by covariation in the concentrations
of accessory pigments. Hence, the considerable variability
in both chlorophyll-specific phytoplankton absorption and
chlorophyll-specific particulate scattering that we observed
at any given chlorophyll-a concentration highlights the
limitation of traditional bio-optical models in which the
phytoplankton component is parameterized in terms of total
chlorophyll-a concentration alone.

[s9] All absorption spectra of phytoplankton measured in
this study showed consistent features in the UV spectral
regions around 330 nm, which are caused by the presence
of Mycosporine-like amino acids. Also, in some samples
we observed the occurrence of anomalous maximum of
phytoplankton absorption in the blue spectral region around
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460 nm, which is associated with an unknown carotenoid
likely related to grazing processes. Further studies are
required to examine the extent to which the photoprotective
processes and the presence of unusual pigments in
phytoplankton of Patagonian waters might produce special
features in the optical properties which differ from those
normally observed in most other regions of the world’s
ocean. The findings of our study have implications to bio-
optical modeling of Patagonian waters and emphasize the
need for increased efforts aiming at detailed characterization
of regional optical properties in order to improve the
usefulness of optical measurements, including ocean color
remote sensing, for the study of these marine ecosystems.
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Abstract

In situ and satellite optical observations of ocean waters provide a potential tool for the
identification of phytoplankton groups, which have characteristic roles in the
biogeochemical cycles of the ocean. Spatial and temporal taxonomic changes are
associated with intense phytoplankton blooms that occur along the Patagonian shelf break
(PSB) throughout spring and summer. Through application of a hierarchical cluster
analysis, we examined the consistency between algal pigment information, including
diagnostic pigment ratios and taxonomic structure data provided by the CHEMTAX
approach, and field hyperspectral absorption spectra of phytoplankton for 136 samples
from the PSB blooms. Each dataset was coherently separated into three broad clusters
comprising samples dominated by diatoms, haptophytes, or without dominance of any of
these groups. Our analyses showed that these three main cases of taxonomic dominance
can be also reasonably identified on the basis of absorption spectra of phytoplankton at
one single wavelength. The greater the relative contribution of diatoms or haptophytes,
the higher is the chance to detect correctly the dominant group. Application of the
clustering methodology for other regions may require the use of regional reference
subsets. The one wavelength-based approach for a given region demand local
investigation of the dominant phytoplankton groups and a wavelength that can be useful
to define an absorption value as a threshold to identify dominance. Our results indicate
that a cell size parameter retrieved from the phytoplankton absorption spectra, which can
be currently estimated from satellite remote sensing, has also potential to assign cases of
strong dominance of diatoms or haptophytes in PSB waters.



1. Introduction

Phytoplankton governs the primary production and biogeochemical cycles in the
open oceans and an accurate quantification of these processes requires knowledge of the
spatial and temporal evolutions of algal biomass at global and regional scales. Since the
launch of the first satellite ocean color sensor Coastal Zone Color Scanner (CZCS) in
1978 [Feldman et al., 1989], the remote sensing of ocean color has achieved a quasi-
permanent monitoring of the phytoplankton biomass indexed as chlorophyll-a
concentration, Chla.

However, Chla is not sufficient to properly assess the contribution of the
phytoplankton photosynthesis to the oceanic biogeochemical cycles because algal groups
differ greatly in their biogeochemical functions [see Le Quéré et al., 2005 and Nair et al.,
2008 for a review]. In this context, a phytoplankton functional type represents a group of
species that, regardless the phylogeny, share similar traits [Nair et al., 2008]. For instance,
silica, calcium, and nitrogen are mainly utilized by diatoms, coccolithophores, and some
cyanobacteria (e.g. Trichodesmium), respectively. Dinoflagellates and haptophytes
appear responsible for an enhanced dimethylsulfide (DMS) production in the oceans,
contributing to an exchange of sulphur between the ocean and atmosphere. The algal cell
size has also an obvious ecological importance, as it can provide information on the
phytoplankton community structure and insights on energy transference through the
trophic web. Picophytoplankton cells can absorb nutrients with high efficiency under
nutrient-limited conditions, and therefore dominate oligotrophic waters. However, as they
sink more slowly than larger cells, the picophytoplankton role in carrying carbon to
deeper waters is limited. Microphytoplankton is the principal agent for efficient food
webs, particle sinking, and carbon export.

In the last decade, remote detection studies have evolved towards the identification
of phytoplankton groups [see Rudorff et al., 2011 for a review], potentially to enhance
our understanding of biogeochemical processes in the global ocean. Algorithms based on
optical measurements including satellite remote sensing have been developed either to
map the distribution of phytoplankton types [Subramaniam et al., 1999; Sathyendranath
et al., 2004; Alvain et al., 2005; Bracher et al., 2009] or phytoplankton size classes
[Aiken et al., 2006; Ciotti and Bricaud, 2006; Uitz et al., 2006, Hirata et al., 2008;
Kostadinov et al., 2009; Brewin et al., 2010; Mouw and Yoder, 2010; Devred et al., 2011].

The feasibility of accessing phytoplankton information from space relies on the
fact that the spectral reflectance in open ocean waters is largely determined by light
absorption properties of the phytoplankton present in the upper layers [Morel and Prieur,
1977; Sathyendranath and Platt, 1989]. The variability in the light absorption spectra of
algal populations is strongly dependent on (1) cellular pigment composition
[Sathyendranath et al., 1997; Ciotti et al., 1999; Lohrenz et al., 2003; Lutz et al., 2003]
and (2) pigment package effect. This effect, as predicted by theory, depends on cell size
and intracellular pigment concentrations [Kirk, 1975; Morel and Bricaud, 1981; Bricaud
et al., 2004 and references therein]. Hence, a covariation between the effects of pigment
composition and cell size is expected in natural environments, as cell size is in general
positively correlated to the availability of nutrients [e.g., Yentsch and Phinney, 1989],
while pigment composition can also be related to eutrophic state due to the competition
among different taxa and physiological responses [Claustre, 1994; Kostadinov et al.,
2003; Lutz et al., 2003].



Some studies have attempted to extract pigment information from phytoplankton
absorption spectra [ Hoepffner and Sathyendranath, 1993; Stuart et al., 1998; Moisan et
al., 2011], but these methods remain a difficult inverse problem. This is because a
separation of the effect of concentration of accessory pigments from that of package
effect on the absorption spectra of phytoplankton is difficult. Improvements in retrieving
pigment concentrations from spectral absorption characteristics have been achieved with
advanced statistics [Chazottes et al., 2006, 2007; Bricaud et al., 2007] that might not be
feasible in a routine fashion.

The possibility of identifying algal dominant groups directly from absorption
spectral patterns or after inversion from remote sensing reflectance has been more
extensively exploited [e.g., Millie et al., 1997; Steehr and Cullen, 2003; Craig et al.,
2006; Lubac et al., 2008; Mao et al., 2010]. Specifically, cluster methodologies applied
to spectral absorption properties in conjunction to reference datasets of phytoplankton
assemblage compositions have been tested as automated approaches for identification of
groups dominance [7aylor et al., 2011; Torrecilla et al., 2011]. These studies have
confirmed the advantage of hyperspectral over multispectral inversion and derivative
techniques for species identification and enumeration from satellite observations of ocean
color [see also Lubac et al., 2008]. Nevertheless, the applicability of these techniques to
detect different phytoplankton communities from satellite is still a major challenge,
mainly because of regional specific characteristics [4/vain et al., 2008] and the
sparseness of in situ data required to validate these techniques [Platt et al., 2006]. The
successful of these approaches is particular motivating for remote sensing applications in
regions with recognized importance on the global ecology and carbon cycle.

During austral spring and summer, high levels of phytoplankton biomass
persistently occur in the Patagonian inner shelf and shelf break region, making it one of
the most productive zones in the global ocean [Takahashi et al., 2002; Gregg et al., 2005].
The seasonal cycle of phytoplankton biomass in the vicinities of Patagonian shelf break
was recently examined using remote sensing data [Garcia et al., 2004; Rivas et al., 2006;
Romero et al., 2006; Signorini et al., 2006]. Fieldwork in this region suggests that the
development and sustainability of phytoplankton blooms are associated with nutrient
supply from the Malvinas Current and water column stability along the shelf break front
[Carreto et al., 1995; Garcia et al., 2008]. Spatial and temporal taxonomic changes in the
phytoplankton structure have been reported in association with those blooms [Carreto et
al., 2008; Garcia et al., 2008; de Souza et al., 2012; de Souza et al., unpublished data].
The Patagonian waters have been recognized to play an important role in the global
oceanic uptake of CO; from the atmosphere, with an important contribution from
biological production [Takahashi et al., 2002; Bianchi et al., 2009].

In a previous work, we showed that a cell size parameter that describes the shape
of phytoplankton absorption spectra [Ciotti et al., 2002] varied in a consistent fashion
with chlorophyll-a concentration for both the chlorophyll-specific phytoplankton
absorption and chlorophyll-specific particulate scattering coefficients in Patagonian shelf
break waters [Ferreira et al., in press]. A dominance of smaller cells was typically
associated with lower chlorophyll-a concentrations and higher chlorophyll-specific
optical coefficients. Because of the relationship between algal cell size and taxonomy, it
is worthy to investigate whether differences in the spectral shapes of absorption
coefficients of phytoplankton also reflect taxonomic dominance.



In this study, we analyze the algal composition in conjunction with absorption
coefficients of phytoplankton measured during austral spring and summer along the
Patagonian inner-shelf and shelf break region. Our first objective is to examine the
feasibility of classifying the phytoplankton absorption spectra according to their
assemblage composition. In order to address this question, a cluster analysis is applied
separately to datasets of pigment composition, relative contributions of algal taxonomic
classes, and phytoplankton absorption spectra. Secondly, we examine the absorption
spectral signatures of phytoplankton and their potential as a short cut to identify the
dominant algal group.

2. Measurements and data analysis

The approach of this study consists of two components: (1) investigation of the
coherence between algal composition and light absorption properties of phytoplankton by
performing cluster analysis based on (i) diagnostic pigment ratios of phytoplankton, (ii)
relative contributions of algal taxonomic classes, and (iii) light absorption spectra of
phytoplankton; (2) investigation of specific features in phytoplankton absorption spectra
in association with the dominance of a algal taxonomic class.

Data analyzed in this study were collected on four campaigns in the Patagonian
inner-shelf and shelf break region. Two cruises referred to as PATEX 4, and PATEX 6
took place during the austral spring season, specifically 16 - 21 October 2007, and 14 - 18
October 2008 respectively. PATEX 5 and PATEX 7 were conducted in summer during
the periods of 4 - 7 January 2008 and 5 - 8 January 2009 respectively. Geographical
locations of the sampling stations (Figure 1) extended from the northern portion of the
Argentinean shelf (PATEX 6) through the highly productive waters along both the
Patagonian shelf break (PATEX 4) and the southern inner shelf (PATEX 5), to the area
south of Malvinas Islands (PATEX 7). Overall, 120 stations were visited by performing
cross-shelf and along-shelf transects during the four cruises.

HPLC Pigment Analysis - Concentrations of chlorophyll-a and accessory pigments of
phytoplankton were measured using the High Performance Liquid Chromatography
(HPLC) technique. At each station discrete water samples (0.5-1 L) were collected at
near-surface and depths at which the maximum fluorescence by chlorophyll-a was
observed. The samples were filtered onto 25-mm glass fiber filters (Whatman GF/F) for
post-cruise analyses. The HPLC procedure used in this work is described in detail by
Mendes et al. [2007] and de Souza et al. [2012].

The concentrations of the following pigments were determined by HPLC: (1) total
chlorophyll-a, TChla, which is the sum of monovinyl chlorophyll-a, chlorophyllide-a,
and the chlorophyll-a epimers and allomers (divinyl chlorophyll-a was not detectable in
any sample) (2) chlorophyll-b; (3) the sum of chlorophylls-c;, c,, and c;3; (4)
prasinoxanthin, (5) 19’-butanoyloxyfucoxanthin, (6) fucoxanthin, (7) 19°-
hexanoyloxyfucoxanthin, (8) peridinin, (9) diadinoxanthin, (10) diatoxanthin, (11)
alloxanthin, (12) zeaxanthin, (13) neoxanthin, and (14) pheophytin-a and pheophorbide-a.
Determination of diagnostic pigments of phytoplankton - Although 13 pigments besides
chlorophyll-a were detected in our samples, some of them occurred generally in very
small concentrations while others co-varied with the major pigments or are normally
redundant [ Vidussi et al., 2001]. We thus considered convenient to use diagnostic



pigment ratios as a dataset to perform cluster analysis instead of all pigments to
determine subsets that characterizes phytoplankton composition [7orrecilla et al., 2011].
Eight biomarkers of phytoplankton taxonomic groups [see Vidussi et al., 2001] were
detected in our samples: chlorophyll-b (Chlb), prasinoxanthin (Pras), 19°-
butanoyloxyfucoxanthin (But), fucoxanthin (Fuco), 19’-hexanoyloxyfucoxanthin (Hex),
peridinin (Peri), alloxanthin (Allo), and zeaxanthin (Zea).

Although generally not considered as marker pigments, we included chlrophyll-c/
(Chlcl) and chlrophyll-c3 (Chle3) in our analysis, which resulted in a dataset with 10
diagnostic pigments, because Chlc/ and Chlc3 occasionally distinguish two types of
diatoms [Stauber and Jeffrey, 1988]. Stauber and Jeffrey [1988] verified that, while
chlorophyll-c2 (Chlc2) was present in all diatoms tested in their study, 12% of them
contained Chlc3 instead of Chlc/. Besides the Chlc/-containing diatoms, microscopy
analysis revealed the occurrence of the Chlc3-containing diatoms in our samples.
Specifically, the species Thalassiothrix antarctica € Rhizosolenia crassa occurred
exclusively during the PATEX 4 and PATEX 7 cruises, respectively. It is noteworthy that
Chlc3 can be a marker of Phaeocystis species [Claustre et al., 1990; Antajan et al., 2004],
but a very good relationship was observed between Chlc3 and the abundance of these
diatom species (M. Souza, personal communication, 2011). These two categories of
diatoms will be further referred to as Chlc/-diatoms and Chlc3-diatoms. For each sample,
the 10 ratios of diagnostic pigments were computed by normalizing the concentration of
each diagnostic pigment to the sum of the 10 diagnostic pigment concentrations [ Uitz et
al., 2006].

Determination of relative contributions of taxonomic groups of phytoplankton - The
relative abundance of phytoplankton taxonomic groups to TChla biomass was calculated
from pigment concentration data using the chemical taxonomy software CHEMTAX
v1.95 [Mackey et al., 1996]. CHEMTAX uses a factor analysis and steepest-descent
algorithm to best fit the pigment data of a given sample to an initial pigment ratio matrix,
which contains diagnostic pigments of phytoplankton to TChla ratios that are
representative of the region of interest [Mackey et al., 1996]. Initial ratios for the major
algal classes were obtained from a previous study at the Patagonian shelf waters [Carreto
et al., 2003]. The output data for a sample contains absolute amounts (mg m™) of TChla
attributed to each phytoplankton group. The basis for calculations and procedures are
fully described in Mackey et al. [1996].

Based on the diagnostic pigments detected and microscopy analysis, 6 algal
groups were loaded into the CHEMTAX running: (1) diatoms (2) haptophytes, (3)
dinoflagellates, (4) cryptophytes, (5) prasinophytes, and (6) cyanobacteria. The
identification of Chlc3-diatoms on microcopy justifies the discrimination of this group
besides Chlc/-diatoms, thus their respective ratios of pigments to TChla were separately
loaded in the CHEMTAX running for the PATEX 4 and 7 cruises, when both types of
diatoms were identified. Therefore, 7 algal groups were loaded to the CHEMTAX
procedure for these cruises instead of 6. The CHEMTAX results will be shown according
to the occurrence of the 7 taxonomic groups, i.e., with discrimination among Chlc!-
diatoms and Chlc3-diatoms. The CHEMTAX procedure used in this work is described in
detail by Gongalves-Araujo et al. [2012] and de Souza et al. [2012]. For each sample,
relative contributions of the 6 (or 7 for PATEX 4 and 7 cruises) taxonomic classes were
then computed by dividing the chlorophyll-a concentration attributed to a given



taxonomic group to TChla.

Determination of light absorption coefficients of phytoplankton — The spectra of the
particulate absorption coefficient, ay(A) in m’', were obtained with the quantitative filter
pad technique (Kishino et al., 1985) using water samples (0.5-2 L) were collected at the
same depths as the samples for pigment determinations, and were filtered onto 25-mm
Whatman GF/F filters. The ap(A) measurements were made in the 300—750 nm spectral
range at 1-nm intervals with a dual beam spectrophotometer (Cary Model 1E).
Immediately after the a,(A) measurements, the sample filters were subjected to bleaching
with sodium hypochlorite and then re-scanned to obtain estimates of the non-algal
particle (detritus) absorption coefficient, aq(A) in m™ [Kishino et al., 1985, Tassan and
Ferrari, 1995; Mitchell et al., 2000]. For the computation of the a,(A) and aq(\)
coefficients we used the amplification factor beta given by Ferreira et al. [2009]. The
spectral absorption coefficients of phytoplankton, a,n(A) in m™', were computed as the
difference between ay(A) and a4(A). In order to emphasize differences in spectral shapes,
each phytoplankton absorption spectrum was normalized to its sum of all spectral values
between 400 and 700 nm. The normalized spectrum is referred to as faph(k). In this study,
all absorption spectra of phytoplankton will be presented in the form of Japh(k).

Computation of a cell size parameter of phytoplankton - To estimate a cell size parameter
for phytoplankton, each phytoplankton absorption spectrum was normalized to its mean
value computed on the basis of all spectral values between 400 and 700 nm [Ciotti et al.,
2002]. The normalized spectrum is denoted as a<ph-(A). Assuming that variations in the
spectral shape of phytoplankton absorption are mainly driven by the dominant cell size,
Ciotti et al. [2002] developed a model that reconstructs the shape of a<pn-(A) with a linear
combination of two spectra representing complementary contributions of the smallest
(picophytoplankton) and largest cell sizes (microphytoplankton) [see Equation 3 in Ciotti
et al. 2002]. This procedure yields an estimate of the size parameter S; that is consistent
with a given observed spectrum of a<pr-(A) and the model-reconstructed spectrum of
a<ph>(A). The values of Sy are constrained to vary from 0 to 1. St tends to 0 when large
cells of phytoplankton (> 20 um) are dominant, and 1 when small cells (< 2 um)
dominate. The usefulness of the size parameter St for interpreting the variability in the
phytoplankton absorption spectra showed in the present study was assessed elsewhere
[Ferreira et al., in press].

Hierarchical cluster analysis - An unsupervised Hierarchical Cluster Analysis (HCA)
was applied to classify our samples into different groups on the basis of three datasets,
which included 1) diagnostic pigment ratios, ii) relative contribution of algal groups
derived from CHEMTAX, and iii) light absorption coefficients of phytoplankton. The
HCA has been applied in other studies with similar purposes of our analysis using small
selected sets of data with significant contrasts in pigment composition [Torrecilla et al.,
2011] or broader datasets [Taylor et al., 2011]. HCA is a cluster method that builds a
hierarchical cluster tree (or a dendrogram), where clusters at one level are joined with
clusters at the next higher level. The level of clustering most appropriate is defined by
inspection of this dendrogram.

The construction of a dendrogram involves a measure of the proximity (distance)



between par of observations and a linkage criterion that specifies the dissimilarity of sets
as a function of the pairwise distances of observations in the sets [e.g., Hair et al., 2009].
In this study, the Euclidean distance and a linkage algorithm referred to as the furthest
neighbor, which uses the largest distance between objects of two clusters, were utilized
for the diagnostic pigment ratios and CHEMTAX datasets. The cosine distance was
chosen to be most appropriate upon the phytoplankton absorption coefficients, because it
reflects mainly the differences in the spectral shape [Torrecila et al., 2011]. No previous
normalization of the a,n(A) spectra is required, as the cosine similarity computation treats
both vectors as unit vectors by normalizing them, yielding a measure of the angle
between the two vectors. It therefore provides an accurate measure of similarity but with
no regard to magnitude.

The HCA method is suitable for our study because two dendrograms obtained
from differenc datasets, e.g. diagnostic pigments and CHEMTAX data, can be compared
[Torrecilla et al., 2011]. This is done by computation of the Cophenetic index, which
represents the correlation between two cophenetic matrices (or matrices of similarity)
associated with each dendrogram [Sokal and Rohlf, 1962].

For a given type of data, the input to the cluster analysis consisted of 136
numerical data vectors, each representing one of the 136 samples. For the input data
representing the ratio of diagnostic pigments, the consecutive elements represent the ratio
of each of the 10 diagnostic pigment concentrations to the sum of diagnostic pigment
concentrations. Another type of data vector used in the cluster analysis is of the form
where the consecutive elements represent the relative contribution of the 6 (for the
cruises PATEX 5 and 6) and 7 (for the cruises PATEX 4 and 7) taxonomic groups to total
phytoplankton biomass in terms of TChla, as estimated from the CHEMTAX software.
The input characterizing the hyperspectral absorption of phytoplankton for any given
sample was used in the form of the following data vector {apn(400), apn(401), apn(402),
..., @pn(700)}, where the consecutive elements represent the values of apn(A) at successive
light wavelengths over the spectral range from 400 to 700 nm. In order to visualize the
differences in spectral shapes detected by the HCA method, all absorption spectra of
phytoplankton will be presented in the form of Ja()).

3. Results

TChla varied from 0.13 to 22.15 mg m™ at near-surface and depths of maximum
chlorophyll fluorescence. Briefly, the highest concentrations were measured during
PATEX 4 (0.95 to 22.15, average of 7.58 mg m™) along an intense bloom at the
Patagonian shelf break. PATEX 5 was carried out over a patch of high reflectance in
association with a coccolithophoride bloom in the southern continental shelf [Garcia et
al., 2011; de Souza et al., 2012] and moderate TChla (0.20 to 1.48, average of 0.56 mg
m™). PATEX 6 sampled waters of the Brazil-Malvinas Confluence, with TChla spanned
between 0.15 and 2.20 mg m™ (average of 0.99 mg m™) [Gongalves-Araijo et al., 2012].
During the PATEX 7 cruise, the observations were made at southern of the Malvinas
Island (Figure 1) and measured the lowest TChla in the range of 0.15 to 1.19 mg m™
(average of 0.41 mg m™). A more detailed description of the phytoplankton biomass
including size fractionation for these cruises can be found in Ferreira et al. [in press].

Because our specific objective is to investigate the coherence between the
phytoplankton composition and features in their absorption spectra, the



pigment/CHEMTAX data will be shown according to the HCA classification and
subsequently compared to the classification of the absorption optical data.

3.1. Cluster analysis based on the diagnostic pigment ratios of phytoplankton

The optimal partitioning of the ratios of each diagnostic pigment concentration to
the sum of diagnostic pigment concentrations derived from the dendrogram of linkage
distances (not shown) was suggested to be into 4 clusters, denominated hereafter as Clgiag
through C4giag (Figure 2). Clgiag grouped 38 samples, whereas 28 and 10 corresponded to
PATEX 4 and 6, respectively. Those samples were largely predominated by Fuco (Figure
2a) with average ratios of the main diagnostic pigments as 0.78, 0.06 and 0.06 for Fuco,
Chlc1, and Chle3, respectively, which indicates the dominance of diatoms, as confirmed
by microscopy analysis.

C24iag (Figure 2b) contained 29 samples (15 and 14 of PATEX 5 and 7 cruises,
respectively) with Hex as the dominant diagnostic pigment (average ratio of 0.45) and in
association with a considerable importance of Chle3 (0.18) and Fuco (0.14). This cluster
was also characterized by the highest ratios of Buta (average of 0.08), an unequivocal
marker for the haptophyte Phaeocystis antarctica [Zapata et al., 2004]. Peri contributed
to some extent in several samples, whereas Hex remained as the dominant diagnostic
pigment (Figure 2b). Microscopy data were coherent with the pigment features,
confirming the presence of the haptophyte Emiliania huxleyi (coccolithophoride) in all
samples of PATEX 5. During this cruise, E. huxleyi showed an average contribution of
38% and dominated the algal biomass (contribution greater than 50%) in 6 samples. P.
antarctica was present in all PATEX 7 samples, also contributing on average with 38%
of the algal biomass for this cruise.

Most of the samples (NV=63) were included in C3iag, With Fuco (average ratio of
0.31) and Hex (0.21) as the principal and second most important diagnostic pigments,
respectively (Figure 2c¢), while Chlc3 strongly correlated with both these pigments. The
pronounced contribution of Chlb and Pras in all C34i,e samples evidences the presence of
prasinophytes. This cluster thus classified samples with substantial and mixed importance
of diatoms, haptophytes, and prasinophytes, whereas no single group was dominant
(Figure 2c¢). C3gisg included 7, 30, and 26 samples from the PATEX 5, 6, and 7 cruises,
respectively.

Six samples (5 from the PATEX 5 and 1 from the PATEX 7 cruise) with Peri as
the dominant diagnostic pigment (average ratio of 0.38) were ended up in a separate
cluster (C4udiag), indicating unequivocally the abundance of dinoflagellates (Figure 2d).
Haptophytes also contributed to the algal biomass to some extent in C4gi,, Samples, with
an average ratio of Hex of 0.25.

3.2. Cluster analysis based on the taxonomic composition of phytoplankton

The CHEMTAX technique refines the information yielded by the diagnostic
pigment ratios, as it provides the relative contribution of phytoplankton taxonomic
classes to total biomass in terms of chlorophyll-a concentration. Similarly to the cluster
results obtained with the diagnostic pigment ratios as input, 4 clusters (Clcuem through
C4cuem) were adequate to cluster the CHEMTAX dataset in a satisfactory fashion
(Figure 3). Not surprisingly, the results of this cluster analysis are quite consistent with
the preliminary classification obtained for input data as the diagnostic pigment ratios



(Figure 2), with a cophenetic index of 0.69. The first three CHEMTAX-based clusters
identified 35 samples dominated by diatoms (Clcuem), 39 by haptophytes (C2cnem), and
with significant contributions of both these groups and prasinophytes, but no single group
dominated the assemblages (C3cuem, N=49).

Although Chlc/-diatoms dominated all samples of C1cngm, Chle3-diatoms showed
significant contribution in many samples of this cluster (Figure 3a). Haptophytes
dominated all samples of C2cnewm, but dinoflagellates and Chlc/-diatoms were also
representative (about 20-30% of contribution) (Figure 3b). The occurrence of
prasinophytes in the C3cuem samples previously suggested by detection of Pras (Figure
2¢) was confirmed by a significant contribution of this group based on the CHEMTAX
data, although strictly dominant (relative abundance higher than 50%) only in 3 samples
(Figure 3c). Differently to the previous HCA that created C4iag as characterized by
abundance of dinoflagellates (Figure 2d), C4cuem grouped 13 samples with notable
presence of Chlc3-diatoms with an average contribution of 44% (Figure 3d).

3.3. Classification of samples based on the dominant taxonomic group of
phytoplankton

The previous sections showed the classification of the phytoplankton pigment data
through cluster techniques with their own assumptions of similarities within a dataset.
We have also utilized an independent approach to classify the phytoplankton assemblages
using an objective criterion of dominance. The dominant taxonomic group was defined
on the basis of the relative contribution of each group to the total phytoplankton biomass
provided by CHEMTAX. Specifically, we assumed that a contribution greater than 50%
defines the dominance.

For 136 samples, 38 were dominated by diatoms, of which 34 were dominated by
Chlc/-diatoms and 3 by Chlc3-diatoms (see Figure 3d). A single sample was ended up as
diatom-dominated by summing up the contributions of Chlc/-diatoms (49.2%) and
Chlc3-diatoms (33.3%). Although the differentiation among these diatom types would be
reasonable from a cell size aspect, which largely impacts the absorption properties, only
three samples was dominated by Chlc3-diatoms. Any relevant feature in the absorption
spectra associated with this group will be informed. Haptophytes were predominant in 40
samples, including all samples clustered in C2¢cpem and one sample of C4cprm (Figure 3).
Three samples showed dominance of cryptophytes (1 sample), dinoflagellates (1), and
prasinophytes (1), and all of these cases were comprised by C3cuem (Figure 3c¢). 55
samples did not satisfy our 50% criterion for dominance. Therefore, 58 samples were not
dominated neither by diatoms or haptophytes.

Our results show that although 6 main taxonomic groups occurred in our samples
(Figures 2 and 3), the phytoplankton blooms at the Patagonian shelf break waters are
typically dominated by diatoms and haptophytes. Phaeocystis antarctica is the main
species of haptophyte present in these waters, unless specific environmental constraints
allow the occurrence of blooms of the coccolithophorid Emiliania huxleyi (e.g. PATEX
5) [Garcia et al., 2011; de Souza et al., 2012]. As the second step of this study is focused
on discriminating algal dominance on the basis of features in the phytoplankton
absorption spectra, we classified each sample as (1) diatom-dominated (N=38), Dia-D,
(2) haptophyte-dominated (N=40), Hap-D, or (3) not dominated by any of both these
groups (N=58), Not-D. Thus, Not-D also includes those few samples not dominated by
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diatoms or haptophytes, but dominated by any other taxonomic group (see Figure 3). The
visual inspection of the normalized absorption spectra of phytoplankton, | apn()), for these
samples revealed spectral shapes very similar to those with no dominance of any algal
class (Figure 4c). This suggests that an attempt to discriminate samples dominated by
other group besides diatoms or haptophytes from the faph(k) spectra would be more
challenging, at least with the method proposed in this study.

3.4. Cluster analysis based on the phytoplankton absorption spectra

Figure 4a illustrates results from the HCA method performed on the absorption
spectra of phytoplankton, which are shown for the normalized form of faph(k). Differently
to the previous cluster analyses applied to the dataset of diagnostic pigment ratios and
taxonomic contributions of phytoplankton (Figures 2 and 3), a dendrogram (not shown)
indicated an optical partitioning of the phytoplankton absorption dataset into 3 clusters
instead of 4, referred to as Clgp, through C35n.

Clgpn clustered the flattest absorption spectra with the lower blue to red ratios, i.e.,
stronger package effects (N=38). C24,n comprised the majority of the spectra (N=71) that
were characterized by a shoulder around the 450-470 nm spectral range in addition to the
usual spectral location of the absorption peak close to 440 nm, and higher blue to red
ratios (Figure 4a). The spectra that resembled those of C2,,, in normalized values at the
first part of the blue spectral region but with lower normalized values around 460 nm and
intermediate values from about 550 nm to higher wavelengths, compared to the C1,,, and
C24pn spectra were grouped in C3,,n (N=27, Figure 4a).

Figures 4b through 4d depict the faph(k) spectra that correspond to the
classification through the HCA method applied to the b) diagnostic pigment ratios and c)
CHEMTAX datasets, and d) 50% dominance criterion. The similarity between the
partitions based on the phytoplankton absorption spectra and those obtained using the
diagnostic pigment ratios and CHEMTAX datasets is reflected by cophenetic indexes of
0.67 and 0.66, respectively.

As expected, the Japh(K) spectra included in Cl,p, are associated with the
predominance of diatoms. This cluster grouped 35 Dia-D samples, and 33 and 35 samples
selected by Clgiag and Clcugm, respectively. All spectra of C2giae and C2cupm and Hap-D
cases were grouped within C2,,,, which indicates that the second absorption maximum in
the blue region close to 460 nm is related to Hex [Jeffrey et al., 1997, Siegel et al., 2007].
The differences between the Dia-D and Hap-D spectra observed at the blue portion also
agree with an important absorption at 467 nm due to Chlc3 present in Phaeocystis sp
[Astoreca et al., 2009]. C24,n also assorted those few samples of Clgiae and Clcrem not
assorted by Clypn and many samples of the C3giag, C4diag, C3cuem clusters and Not-D
cases. Therefore, C2,, did not discriminate Hap-D and Not-D spectra suitably,
essentially because of the resemblance between many of these two classes of spectra at
the locations of absorption peaks around 460 nm and 676 nm (Figures 4a and 4d).

C34pn clustered those Not-D spectra with J apn(A) values comparatively lower and
higher at about 460 and 676 nm, respectively (see Figures 4a and 4d), i.e., less flat
spectra. This cluster also included all the C4cyem spectra, i.e., those with important
contribution of Chlc3-diatoms. Thus, the three samples dominated by this taxonomic
group (see Figure 3d) showed spectral shape of absorption similar to that of the Not-D
spectra. These cases indicate that the Chlc3-diatoms present in our samples have different
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spectral shape of absorption compared to the Chlc/-diatoms, likely because their cell
sizes are smaller (less package effect) than for Chlc/-diatoms.

With regard to the comparison of classification through cluster analysis for input
data as the apn(M) spectra and that based on the 50% criterion of taxonomic dominance,
93 of 136 samples (about 68%) showed coherence among the classification based on the
two different datasets. Specifically, the clusters Clapn, C2apn, and C34pn grouped 34, 36
and 23 samples that were classified as Dia-D (38 samples), Hap-D (40), and Not-D (58),
respectively.

The few samples with noticeable importance of dinoflagellates that were grouped
in a separate cluster on the basis of diagnostic pigment ratios (C4gie) did not exhibit any
important signature in their faph(X) spectra. Actually, the spectra included in C4giag Were
also similar to those spectra associated with lack of taxonomic dominance (Not-D).
Therefore, the HCA method based on the pigment information, which includes diagnostic
pigment ratios and taxonomic structure provided by CHEMTAX, and the phytoplankton
spectra primarily classified the samples as dominated by 1) Chlc/-diatoms (Clgiag,
Clcuem, Clapn), 11) haptophytes (C2giag, C2crem, C2aph), 1i1) not dominated by any of both
these taxonomic groups (C3giag, C4diag, C3crem, C4crem, C3aph).

3.5. Features in the phytoplankton absorption spectra according to taxonomic
dominance

In this section we investigated features in the phytoplankton absorption spectra as
a means for assessing differences in terms of taxonomic contribution. Specifically, we
considered as a reference the classification of samples as Dia-D, Hap-D or Not-D. We
sought exclusive constraints on the faph(x) spectra as a basis for discriminating between
these three main cases of phytoplankton taxonomic dominance found in our samples.

From the visual inspection of the spectral shape of the faph(k) spectra is clear that
the vast majority of the Dia-D spectra, which are relatively flatter, can be discriminated
based only on the blue spectral region by a single wavelength (Figure 4d). This is
illustrated in Figure 5, which reveals an inverse dependence of faph(443) on the relative
contribution of diatoms (in percentage) to total biomass by considering all samples. Dia-
D, Hap-D, and Not-D samples are represented as asterisks, squares, and stars,
respectively. Specifically, 31 of 38 Dia-D spectra showed Ja,n(443) lower than 0.0075
(Figure 5).

Figure 5 is divided in four panels (I, II, III, and IV) delimited by the values of
0.0075 in the faph(443) axis and 50% in the axis of relative contribution of diatoms (i.e.
the threshold that defines Dia-D). The Dia-D samples with faph(443) lower than 0.0075
are represented in Panel IV (31 of 38 samples). Seven Dia-D samples that showed
faph(443) higher than 0.0075 and therefore resembling the Not-D spectra (Figure 4d) are
shown in Panel I. Most of the samples, which includes Hap-D and Not-D cases with
faph(443) higher than 0.0075, appear in Panel II. A single Not-D sample, with a diatom
contribution of 38%, was ended up in Panel III.

Figure 5 also depicts the agreement among the faph(443) values and the cell size
parameter St. In general, the lower and higher S¢ values correspond to the stronger and
weaker package effects, respectively [Ciotti et al., 2002]. Consequently, St has also a
potential to discriminate the Dia-D spectra. The samples positioned in Panel IV were
associated with the lowest St values (0.05 to 0.37, average of 0.18). The Dia-D cases
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shown in Panel I were associated with S¢ between 0.42 and 0.54 (average of 0.47). St
ranged from 0.37 and 0.72 (average of 0.56) for the Not-D spectra and from 0.42 to 0.82
(average of 0.68) for the Hap-D spectra, nearly out of the range for the Dia-D spectra
(0.05 to 0.54). This is consistent with large package effect for large diatoms cells.

Figure 5 illustrates that 31 of 32 phytoplankton absorption spectra (or 97% of these
spectra) with faph(443) lower than 0.0075 (i.e., placed in Panels III and IV) were
associated with diatoms dominance. In other words, we could assume that the probability
that the phytoplankton community of a sample with [a,,(443) lower than 0.0075 is
dominated by diatoms is 97%.

The distinction between the Hap-D and Not-D spectra is not as clear as for Dia-D
from the others, mainly because of their resemblance in the faph(k) shapes along the
whole visible spectra (Figure 4d). A second maximum absorption at the blue spectral
region (close to 463 nm) that is attributed to Hex, assigns the majority of the Hap-D
spectra. However, many Not-D spectra showed similar faph(x) values to those for Hap-D
spectra around this spectral region (Figure 4d). Figure 6 is divided in four panels (I, II, I11,
and IV) as for Figure 5, delimited by the value of 0.0079 in the Iaph(463) axis and 50% in
the axis of relative contribution of haptophytes. The [a,n(463) value of 0.0082 is also
represented as a line.

A clear trend of increase in the faph(463) values with an increase in the relative
contribution of haptophytes is shown in Figure 6. The majority of the Hap-D spectra (30
of 40) showed faph(463) higher than 0.0079 (Panel I). Four of the Hap-D spectra departed
considerably from the general resembling for the majority of the Hap-D spectra, showing
[a,n(463) lower than 0.0079 (Panel IV). The Not-D spectra that showed [a,n(463) higher
than 0.0079 are represented in Panel II. Panel III contains the remaining cases that
include all the Dia-D and most of Not-D samples. Contrary to what observed for the
relative contribution of diatoms, a clear increase in the relative contribution of
haptophytes is accompanied by an increase in Sr. As already seen, this parameter varied
from 0.42 to 0.82 (average of 0.68) for the Hap-D samples and from 0.37 to 0.72
(average of 0.56) for the Not-D spectra. Higher S values are consistent with the smaller
cell diameters for haptophytes, generally between 2 and 6 um. Despite some overlapping
for St values of the Hap-D and Not-D spectra, all St higher than 0.72 were associated with
Hap-D spectra.

Figure 6 shows that 30 of 37 (or 81%) phytoplankton absorption spectra with
Iaph(463) higher than 0.0079 (i.e., encompassed by Panels I and IT) were associated with
haptophytes dominance. When this value is higher than 0.0082, all samples were
predominated by haptophytes. Therefore, we could assume that the probability that the
phytoplankton community of a sample with [a,,(463) higher than 0.0079 is dominated by
haptophytes is 81%. This probability reaches 100% if [a,n(463) is higher than 0.0082.

4. Discussion

Torrecilla et al. [2011] applied cluster analysis to pigment data and spectra of the
absorption coefficients of phytoplankton and remote sensing reflectance to investigate the
potential to discriminate different phytoplankton assemblages in open ocean
environments under non-bloom conditions. Specifically, the authors selected nine
samples with significant differences in the ratios of diagnostic accessory pigments to
chlorophyll-a. Taylor et al. [2011] applied the same approach to a larger dataset (48
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samples) founding similar results from the former work, in addition to compare their
classification with ecological provinces. Following these previous approaches of
clustering to investigate coherence between algal pigments and optical data, we classified
a dataset of 136 samples of diagnostic pigment ratios, CHEMTAX data, and
phytoplankton absorption spectra of the blooms that occur along the Patagonia shelf
break region.

The partitioning of our samples obtained on the basis of diagnostic pigment ratios
is very similar to the partitioning based on the taxonomic information provided by the
CHEMTAX method. Samples predominated by diatoms (and Fuco), haptophytes (and
Hex), and with mixed taxonomic contributions represented separate clusters, with few
disagreements (Figures 2 and 3). The main discrepancy between both partitions consisted
on the fourth cluster formed in each case (C44iag and C4cuem). The clustering based on
pigments separated samples with great importance of Peri (C44iag), @ biomarker for
dinoflagellates. This taxonomic group, however, was not taxonomically dominant (i.e.,
contribution lower than 50%) but in one sample, as estimated by the CHEMTAX
approach. The C4gi,, samples were grouped within the clusters C2cxem and C3cuem
(Figure 3). The fourth cluster formed on the basis of relative taxonomic contributions
(C4cupm) discriminated samples with the main contribution of Chle3-containing diatoms,
but this diatom type dominated only 3 samples. Eleven of 13 C4cngpm samples were ended
up within C3 g (Figure 2).

The CHEMTAX approach estimates the algal class abundances based on accessory
pigment to chlorophyll-a ratios, yielding the concentration of chlorophyll-a attributed to
each class. The quality of these estimates is related to some limitations of the method,
which are beyond of discussion in this study. Briefly, fluctuations in pigment ratios
between species of the same group and/or within the cell itself may occur under influence
of various environmental parameters such as light and availability of nutrients [e.g.,
Wright and Jeffrey, 2006; DiTullio et al., 2007]. The quality of the CHEMTAX estimates
depends mainly on how the initial pigment ratios are representative of the phytoplankton
assemblages investigated [Mackey et al., 1996]. Particularly, a quite good agreement was
observed between microscopy analysis and CHEMTAX outputs for the dataset utilized in
our study [Gongalves-Araujo et al., 2012; de Souza et al., 2012].

The differences between the partitioning of samples based on the diagnostic
pigment ratios and the CHEMTAX approach can be partially attributed to differences
between the initial ratios and real ratios in our samples. Also, differences in the
pigmentation may not be directly revealed in terms of taxonomic abundance because
pigment composition depends also on adjustments for the environment conditions [e.g.
Schliiter et al., 2000]. Furthermore, distinct methods for computation of the distances
between pairs of objects and to build clusters may yield variations in the partition of a
given dataset. In this way, the choice of other methods for this computation could cause
variations in the partitioning provided between both the datasets.

The good agreement between the partition based on the phytoplankton absorption
spectra and the partitions obtained using the diagnostic pigment ratios and CHEMTAX
datasets is reflected by cophenetic indexes of 0.67 and 0.66, respectively. This suggests
that there is a certain degree of equivalence in using a dataset of diagnostic pigment ratios
or taxonomic contributions as a basis for investigation of coherence between pigment
information and optical properties in Patagonian waters. This is of particular interest
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because the CHEMTAX software demands previous identification of the main taxa
present in the samples examined, pigment to chlorophyll-a ratios representative of the
studied region, and computation time consuming. Conversely, determination of the
taxonomic composition from pigment data would be less straightforward than from
CHEMTAX data. As expected, a better agreement was observed between the clusters
formed on the basis of taxonomic contributions (Figure 4c) than for the diagnostic
pigment ratios (Figure 4b) and the objective criterion of dominance of 50% (Figure 4d).

The degree of similarity between the pigment/CHEMTAX and phytoplankton
absorption datasets was not improved by performing the clustering on the second
derivative of phytoplankton absorption spectra [e.g. Torrecilla et al., 2011]. We
computed cophenetic indexes of 0.71 and 0.55 between the dendrogram for this new
partition and those for the diagnostic pigment ratios and CHEMTAX data, respectively.
Also in disagreement with other studies [Torrecilla et al., 2011; Taylor et al., 2011],
lower degrees of similarity between these cluster trees were obtained when the aph(})
spectra was considered over the spectral range of 435 to 520 nm, where the most relevant
pigments show their main absorption characteristics. This comparison provided
cophenetic indexes of 0.35 and 0.32 for diagnostic pigment ratios and CHEMTAX data,
respectively.

Our results support the notion of utilization of the clustering approach as a way to
discriminate phytoplankton assemblages from optical data as suggested by Torrecilla et
al. [2011]. One possible scenario is to consider the data analyzed in our study as a
reference dataset of phytoplankton absorption and pigment data. Then, phytoplankton
absorption spectra measured in further surveys in the region can be classified in relation
to the pigment-based clusters on the basis of similarity with optical data from the
reference subsets. The achievement of good results surely depends on the acquisition and
analysis of data to be added to the original clustering routines. As we observed important
differences between the optimal forms of the input optical data comparing with other
studies (poorer agreements using optimal spectral ranges instead of the whole spectra and
spectral derivative analysis), we believe that specificities of the phytoplankton absorption
spectra for our study region may not be assumed for other regions. This is also supported
by results obtained by our previous work with the dataset analyzed in this study [Ferreira
et al., in press]. For instance, important differences were found in the magnitudes of the
phytoplankton absorption coefficients for a given chlorophyll-a concentration comparing
to other regions, which were attributed to peculiarities in the size structure of the forming
blooms in Patagonian waters [Ferreira et al., in press]. The same study suggested
photoprotection processes in the phytoplankton communities in the Patagonian shelf
break and the surrounding waters, which may result in specific pigment composition that
is reflected in the phytoplankton absorption properties.

A reasonable correspondence between the pigment data and the whole visible
spectra of phytoplankton absorption is still observed when applying the clustering
method to multispectral absorption data that correspond to satellite ocean color
measurements at 412, 443, 490, 510, 555, and 670 nm. Cophenetic indexes of 0.57 and
0.52 were computed by comparing the dendrograms for the multispectral data and for
diagnostic pigment ratios and CHEMTAX data, respectively. This indicates a potential to
discriminate phytoplankton assemblages from multispectral absorption coefficients of
phytoplankton retrieved from satellite. One possible investigation of the potential
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usefulness to discriminate the phytoplankton assemblages of Patagonian waters from
remote sensing is to test whether the satellite reflectance spectra can be clustered
coherently with concurrent in situ pigment data [e.g., Alvain et al., 2004; Alvain et al.,
2008].

As we have seen in this study, a clustering approach classified the absorption
coefficients of phytoplankton according to their spectral shapes coherently with the main
cases of taxonomic dominance found in our samples. The samples were separated into
three broad groups comprising mostly diatoms or mostly haptophytes or with no
dominance of any of these groups (Figures 4a and 4d). These two types of communities
(diatoms and haptophytes) represent different key functional groups of phytoplankton
[e.g., Doney, 1999] and therefore play different roles in the food web structure and in the
air—sea CO; exchange dynamics. Diatoms are normally associated with high production
rates and elevated carbon export flux [Sarthou et al., 2005 and references therein].
Phaeocystis sp (the genus of haptophyte mostly representative in our samples) is of
strong interest for climate studies since its blooms can be as effective as diatoms blooms
in exporting carbon toward the deep ocean [DiTullio et al., 2000]. They are also
important producers of Dimethyl Sulfide (DMS), the precursor of secondary sulfate
aerosols [Belviso et al., 2004]. The coccolithophorids (bloom-forming during our PATEX
5 cruise) can have an impact on CO, partial pressure in surface waters, by increasing this
gas during CaCOj plate formation [Rost and Riebesell, 2004]. Therefore, the alternation
of dominance between diatoms and haptophytes may result in significant changes in the
CO; exchange dynamics in the Patagonian waters [ Garcia et al., 2008].

The differences among spectral signatures of phytoplankton absorption under
dominance conditions of diatoms or haptophytes as observed in our dataset have been
already reported [Stuart et al., 2000; Astoreca et al., 2005; Lubac et al., 2008; Astoreca et
al., 2009]. These differences are mainly related to signatures of diagnostic pigments
(fucoxanthin for diatoms and 19°-hexanoyloxyfucoxanthin for haptophytes) and the
package effect. Differences in the performance of the standard ocean color algorithms to
estimate chlorophyll-a concentration from satellite have been attributed, for instance, to
changes in the optical characteristics of these two groups [e.g., Stuart et al., 2000;
Sathyendranath et al., 2001].

We have showed that the main three cases of algal taxonomic structure found in
our dataset may be satisfactorily identified on the basis of in situ faph(k) spectra at one
single wavelength. Diatoms dominance can be assigned by values of faph(443) lower than
0.0075. With a certain degree of uncertainty, haptophytes dominance can be identified
through values of faph(463) higher than 0.0079, whereas values of faph(463) higher than
0.0082 can be certainly attributed to a dominance of this group. The greater the relative
contribution of diatoms or haptophytes, the higher is the success for detection of
taxonomic dominance (Figures 5 and 6). Samples of which spectra do not satisfy any of
these cases can be classified as not dominated by either diatoms or haptophytes.

It is noteworthy that these constraint values can be utilized only on the basis of the
absorption spectra of phytoplankton in the normalized form of faph(k). This is because the
computation of faph(k) is performed by dividing all a,n(X) values of each spectrum by the
sum of all apn(A) values of each spectrum, where A varies from 400 to 700 nm. Therefore,
any variation in the spectral range or resolution considered will change the spectral-based
values to be used as a threshold to identify the taxonomic dominance in a sample.
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The application of our approaches of clusters and based at one single wavelength
for taxon-specific detection from phytoplankton absorption would be subject to several
interferences through satellite data. Atmospheric correction errors [International Ocean
Colour Coordinating Group, 2010] and the assumptions of semi-analytical models
[International Ocean Colour Coordinating Group, 2006] have been still sources of
uncertainties in the estimates of phytoplankton absorption coefficients from satellite
remote sensing. Because the differences that were observed in the absorption signatures
related to taxonomic dominance are spectrally dependent (the phytoplankton spectra were
normalized by the sum of all spectral coefficient values), one would be appropriate the
use of a semi-analytical model that does not assume the spectral shape of a,n(A) to
retrieve phytoplankton absorption coefficients from satellite [e.g., Lee et al., 2002]. The
investigation of coherence between field pigment information and phytoplankton
absorption spectra as conducted in this study should be then performed on the
multispectral coefficients as estimated from the current satellite spectral resolution.

With regard to current operating techniques for remote sensing and our results, a
positive feature is the possibility to discriminate diatoms and haptophytes dominance in
Patagonian waters from the assessment of the cell size parameter St from satellite [ Ciotti
and Bricaud, 2006]. The greater relative contributions of diatoms and haptophytes were
linked to the lower (0.05 to 0.35) and higher (greater than 0.72) St values, respectively.
This can be presumably attributed to a much greater pigment packaging effect (lower Sr)
for diatoms than for smaller haptophytes cells (higher Sf). At least the extreme values of
the Sr variation range can be suitably assigned to a dominance of both these
phytoplankton groups mostly present at the Patagonian shelf break waters.

5. Conclusions

Through application of a hierarchical cluster analysis on the basis of diagnostic
pigment/CHEMTAX data and hyperspectral phytoplankton absorption coefficients, we
demonstrated that three main situations of phytoplankton taxonomic structure occur
during the blooms at the Patagonian shelf break waters: dominance of 1) diatoms, 2)
haptophytes, or 3) mixed contributions of these and other groups with no taxonomic
predominance. These main situations are coherently reflected in features of the
hyperspectral absorption spectra of phytoplankton, which indicates the usefulness of data
of absorption coefficient for discriminating phytoplankton assemblages in Patagonian
waters under bloom conditions. Specifically, our results support the notion of utilization
of the clustering approach as a way to discriminate phytoplankton assemblages from
optical data.

We also showed that the main three cases of algal taxonomic structure may be
identified, with a small uncertainty associated, on the basis of the normalized absorption
spectra, faph(k), at one single wavelength. The greater the relative contribution of diatoms
or haptophytes, the higher is the success for detection of taxonomic dominance.

Although the proposed methodologies are generally applicable to other data sets,
we believe that the specificities of the phytoplankton absorption spectra for our studied
region may not be assumed for other regions. Application of the clustering methodology
for other regions may require the establishment of regional reference subsets. The one
wavelength-based approach for a given region demand local investigation of the
dominant phytoplankton groups and a certain wavelength that can be useful to define a
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normalized value of absorption as a threshold to identify a taxonomic dominance.

Further work is needed with satellite-based databases of phytoplankton absorption
and concurrent in situ pigment data from Patagonian waters to examine the applicability
of our approaches for identifying diatoms or haptophytes dominance in that region
through multispectral resolution of satellite remote sensing. With regard to the current
remote sensing approach that estimates the size parameter of phytoplankton, S, the
extreme values of the Sr variation range can be suitably assigned to dominance of diatoms
and haptophytes during bloom conditions at the Patagonian shelf break waters.
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Figure Captions

Figure 1. Locations of the 120 oceanographic stations where measurements and sample
collections were taken during the PATEX cruises within the Patagonian shelf break and
adjacent areas.

Figure 2. Results of cluster analysis applied to 10 ratios of diagnostic pigments of
phytoplankton to the sum of the 10 diagnostic pigment concentrations (diag). Each bar
represents a sample. The pannels illustrate the 4 clusters formed: (a) Clgiag; (b) C24iag; ()
C3diag; (d) CAdiag.

Figure 3. Results of cluster analysis applied to the relative contributions of taxomic
groups of phytoplankton (%) estimated from the CHEMTAX method (CHEM). Each bar
represents a sample. The pannels illustrate the 4 clusters formed: (a) Clcuem; (b) C2cuem;
(¢) C3cuem; (d) Cdcnpm.

Figure 4. Spectra of phytoplankton absorption coefficient normalized by the sum of
absorption between 400 and 700 nm, Ja,n(X), no unit. The spectra are showed according
to (a) the clusters created on the basis of phytoplankton absorption spectra (aph), Clapn
through C3,,1; (b) the clusters created on the basis of dataset of 10 diagnostic pigments
(diag), Clgiae through C4giag; (¢) the clusters created on the basis of dataset of the relative
contributions of taxomic groups of phytoplankton estimated from the CHEMTAX
method (CHEM), Clcugm through C4cpem; (d) the 50% dominance criterion of the
phytoplankton taxonomic composition.

Figure 5. The values of | apn(443), no unit, plotted as a function of the diatom contribution
to total phytoplankton biomass (%) for all samples. Asterisks represent the samples with
diatom contribution greater than 50%. Squares represent samples with haptophyte
contribution greater than 50%. Stars represent the samples not dominated by diatoms or
haptophytes. The data are shown according to the parameter S, which varies in a
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continuum of cell sizes, as indicated by the gray scale. The solid lines delimit vertically
the diatom contribution of 50% and horizontally the japh(443) value of 0.0075 (see text in
section 3.5), and divide the plot in 4 panels (I, II, III, and IV). The statistics for the linear
regression on faph(443) vs. diatom contribution are: R*=0.70, p<0.0001, N=136.

Figure 6. The values of [ apn(463), no unit, plotted as a function of the haptophyte
contribution to total phytoplankton biomass, in percentage, for all samples. Asterisks
represent the samples with diatom contribution greater than 50%. Squares represent the
samples with haptophyte contribution greater than 50%. Stars represent the samples not
dominated by diatoms or haptophytes. The data are shown according to the parameter S,
which varies in a continuum of cell sizes, as indicated by the gray scale. The solid lines
delimit vertically the haptophyte contribution of 50% and horizontally the | apn(463) value
0f 0.0079, and divide the plot in 4 panels (I, II, III, and IV). The dashed line delimits
horizontally the | apn(463) value of 0.0082 (see text in section 3.5). The statistics for the
linear regression on faph(463) vs. haptophyte contribution are: R”=0.69, p<0.0001, N=136.
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Figure 1. Locations of the 120 oceanographic stations where measurements and sample
collections were taken during the PATEX cruises within the Patagonian shelf break and
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Figure 2. Results of cluster analysis applied to 10 ratios of diagnostic pigments of
phytoplankton to the sum of the 10 diagnostic pigment concentrations (diag). Each bar
represents a sample. The pannels illustrate the 4 clusters formed: (a) Clgiag; (b) C24iag; ()
C3diag; (d) C4giag.
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groups of phytoplankton (%) estimated from the CHEMTAX method (CHEM). Each bar
represents a sample. The pannels illustrate the 4 clusters formed: (a) Clcuem; (b) C2cuem;

(C) C3cuem; (d) CAcuim.
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Figure 4. Spectra of phytoplankton absorption coefficient normalized by the sum of
absorption between 400 and 700 nm, faph(k), no unit. The spectra are showed according
to (a) the clusters created on the basis of phytoplankton absorption spectra (aph), Clapn
through C3,,1; (b) the clusters created on the basis of dataset of 10 diagnostic pigments
(diag), Clgiae through C4giag; (c) the clusters created on the basis of dataset of the relative
contributions of taxomic groups of phytoplankton estimated from the CHEMTAX
method (CHEM), Clcugm through C4cpem; (d) the 50% dominance criterion of the
phytoplankton taxonomic composition.
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Figure 5. The values of faph(443), no unit, plotted as a function of the diatom contribution
to total phytoplankton biomass (%) for all samples. Asterisks represent the samples with
diatom contribution greater than 50%. Squares represent samples with haptophyte
contribution greater than 50%. Stars represent the samples not dominated by diatoms or
haptophytes. The data are shown according to the parameter S, which varies in a
continuum of cell sizes, as indicated by the gray scale. The solid lines delimit vertically
the diatom contribution of 50% and horizontally the faph(443) value of 0.0075 (see text in
section 3.5), and divide the plot in 4 panels (I, II, III, and IV). The statistics for the linear
regression on Iaph(443) vs. diatom contribution are: R*=0.70, p<0.0001, N=136.
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Figure 6. The values of faph(463), no unit, plotted as a function of the haptophyte
contribution to total phytoplankton biomass, in percentage, for all samples. Asterisks
represent the samples with diatom contribution greater than 50%. Squares represent the
samples with haptophyte contribution greater than 50%. Stars represent the samples not
dominated by diatoms or haptophytes. The data are shown according to the parameter S,
which varies in a continuum of cell sizes, as indicated by the gray scale. The solid lines
delimit vertically the haptophyte contribution of 50% and horizontally the | apn(463) value
0f 0.0079, and divide the plot in 4 panels (I, II, III, and IV). The dashed line delimits
horizontally the faph(463) value of 0.0082 (see text in section 3.5). The statistics for the
linear regression on faph(463) vs. haptophyte contribution are: R”=0.69, p<0.0001, N=136.
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