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RESUMEN
Influencia de los procesos fisicos de mesoescala y submesoescala en la estructura de
tamarios de la comunidad fitoplanctonica en Chile centro-sur
July Andrea Corredor Acosta
2019
Dra. Carmen E. Morales, Profesora Guia

Dr. Samuel Hormazabal, Profesor Co-Guia

La estructura de tamafios de la comunidad fitoplanctonica (ECF) en la capa superficial de los
océanos esta influenciada principalmente por la temperatura, la disponibilidad de luz, el
suministro de nutrientes y la estratificacion/mezcla de la columna de agua, que a su vez son
propiedades moduladas por procesos fisicos de submesoescala y mesoescala, tales como
frentes y remolinos, con consecuencias en la transferencia de energia a los niveles tréficos
superiores, los ciclos biogeoquimicos y la exportacion de carbono hacia el océano profundo.
El impacto de estas estructuras en el ecosistema pelagico ha sido mayormente estudiado en
relacion con la biomasa fitoplancténica (como clorofila-a total) a escala global y en océano
abierto, y en menor medida en los Sistemas de Surgencia de Borde Oriental (SSBO). Ademas,
aun son escasos los estudios que han analizado el impacto de los remolinos y otras estructuras
de sub- y mesoescala sobre la ECF, debido principalmente a las limitaciones existentes en la
obtencion de datos de ECF con alta resolucion espacio-temporal.

La presente tesis aborda la variabilidad de la ECF a nivel de sub- y mesoescala en la zona
costera (ZC) y de transicion costera (ZTC) en la region centro-sur de Chile en el SSBO de
Humboldt. Las hipdtesis propuestas son: (i) La variabilidad temporal de la comunidad
fitoplanctonica por clases de tamafio al interior de los remolinos de mesoescala depende de las
fases de estos durante su periodo de vida, las que implican cambios en la concentracion de
nutrientes en la capa superficial; y (ii) La variabilidad espacial de la comunidad
fitoplanctonica en la zona costera y de transicion costera depende de la magnitud del flujo
vertical de nutrientes por procesos de mezcla diapicna turbulenta, lo que implica una ventaja
competitiva para las células fitoplanctonicas grandes cuando estos flujos son maximos hacia la

capa fotica.



En el primer caso, se evaluaron los cambios en la ECF en asociacion con los remolinos de
mesoescala en la region, utilizando una aproximacion satelital basada en un modelo tedrico de
tres componentes (micro-, nano- y pico-fitoplancton), parametrizado a partir de datos in situ de
Clo-a total y fraccionada por tamafio. Los estimados satelitales fueron superpuestos al interior
de distintos tipos de remolinos (cicl6nico, anticiclonicos e intratermoclina (ITE)) generados en
la ZC y en desplazamiento hacia la ZTC. Los resultados muestran una alta correlacion entre
los datos in situ y los estimados satelitales (0,64<r<0,87), con mayores valores de
incertidumbre en la fraccion microplancténica. Los cambios en la ECF tuvieron lugar durante
los primeros ~2 meses de trayectoria de los remolinos, con una mayor contribucion del micro-
(~30-50%) cuando los remolinos se encontraban cerca de la ZC, mientras que el nano- fue
dominante (~60-70%) y el pico-fitoplancton casi constante (<20%) durante el periodo de vida
de los remolinos. Los resultados sugieren que el modelo utilizado es aplicable a sistemas
altamente productivos y que las variaciones espacio-temporales en la ECF en remolinos
estarian asociadas con las fases de estos durante su periodo de vida y los cambios en la
concentracion de los nutrientes, y/o de sus proporciones.

En el segundo caso, se analizo el impacto de la interaccion entre remolino y frente de
surgencia costera (ITE-FSC) enfocado en los cambios en la ECF en respuesta al flujo vertical
de nutrientes por la mezcla diapicna turbulenta, utilizando datos in situ de Clo-a total y
fraccionada por tamafio, nutrientes y propiedades fisicas de la columna de agua durante un
crucero corto (3-7 febrero 2014) frente a Concepcion. El flujo diapicno de nutrientes fue
calculado a través de estimados indirectos de difusividad vertical turbulenta usando el método
de escala de Thorpe. Los resultados indican flujos verticales maximos de nutrientes en la capa
superficial (10-20 m) del FSC y subsuperficial (30-60 m) del ITE, en respuesta a la
distribucion de los nutrientes y la alta mezcla turbulenta en ambas zonas, asi como también,
una abundancia maxima de especies costeras de microdiatomeas en el FSC y oceéanicas en el
ITE. Estos resultados sugieren que el suministro de nutrientes por mezcla diapicna turbulenta
en areas de interaccion ITE-FSC promueve la abundancia de células de micro-fitoplancton, y
posiblemente es un mecanismo fisico importante para sostener altos valores de productividad

primariaen la ZC y ZTC en los SSBO, como por ejemplo en la region centro-sur de Chile.



ABSTRACT
Influence of mesoscale and submesoscale processes on phytoplankton size structure in
central-southern Chile
July Andrea Corredor Acosta
2019
Dra. Carmen E. Morales, Profesora Guia

Dr. Samuel Hormazabal, Profesor Co-Guia

Phytoplankton size structure (PSS) in the upper layer in oceans is mainly influenced by
temperature, light and nutrient availability, as well as stratification or mixing in the water
column, properties which could be modulated by submesoscale and mesoscale physical
processes, such as fronts and eddies, with consequences in the energy flow pathways to higher
trophic levels, the biogeochemical cycles and the efficiency of ecosystems to export carbon
into the deep ocean. The impact that these physical structures have on the pelagic ecosystem
has been mostly related to phytoplankton biomass (in terms of total chlorophyll-a) at the
global scale and in open ocean waters and, far less, in Eastern Boundary Upwelling Systems
(EBUS). In addition, there are still few studies that have analysed the impact of eddies and
other sub- and mesoscale structures on PSS, mainly due to limitations in obtaining high spatio-
temporal resolution data of PSS.

This thesis evaluates the variability of PSS at sub- and mesoscale level in the coastal zone
(CZ) and coastal transition zone (CTZ) in the Humboldt EBUS off central-southern Chile. The
proposed hypotheses are: (i) The temporal variability of phytoplankton community by size
classes within the mesoscale eddies depends of their developmental stages, which involve
changes in nutrient concentrations in the surface layer; and (ii) The spatial variability of the
phytoplankton community in the coastal and coastal transition zone depends on the magnitude
of the vertical nutrient fluxes by turbulent diapycnal mixing processes, which implies a
competitive advantage for large phytoplanktonic cells when these fluxes are maximum
towards the photic layer.

In the first case, the changes in the PSS were assessed in association with mesoscale eddies

in the region, using a satellite approach of a three-component (micro-, nano- and pico-
iii



phytoplankton) abundance model, tuned and parameterized for the first time in this region,
based on total and size-fractionated Chl-a in situ data. The satellite estimates of the
phytoplankton size classes were then overlayed on different types of eddies (cyclonic,
anticyclonic and intrathermocline (ITE)) generated in the CZ and moving towards the CTZ.
The results show a high correlation between the satellite estimates and the in situ Chl-a size
fractions (0.64<r<0.87), with higher uncertainty values for the microplankton. The largest
changes in the PSS structure took place during the early life of eddies (~2 months), with a
higher contribution by the micro- (~30-50%) when eddies were located close to the CZ, while
the nano- was the dominant fraction (~60-70%) and the pico-phytoplankton almost constant
(<20%) throughout the lifetime of eddies. These results suggest that the three-component
model is applicable to highly productive systems, such as the one studied, and that the spatio-
temporal changes in PSS within eddies are most likely associated with the developmental
stages during the eddies lifetime and variations in nutrient concentrations, and/or their ratios.

In the second case, the impact of an eddy - coastal upwelling front (ITE-CUF) interaction
on PSS was evaluates in response to the vertical flux nutrients by turbulent diapycnal mixing,
based on in situ data of total and size-fractionated Chl-a, nutrients and physical properties of
the water column collected during a short cruise (3-7 February 2014) off Concepcién. The
diapycnal flux of nutrients were calculated through indirect estimates of vertical eddy
diffusivity using the Thorpe scale method. The results show a maximum surface (10-20 m)
and subsurface (30-60 m) upward injection of nutrients in the CUF and ITE areas,
respectively, in association with the underlying nutrient field and high turbulent mixing in
these two areas, as well as, maxima of microdiatoms abundance dominated by coastal species
in the CUF and oceanic species in the ITE. These findings suggest that diapycnal nutrient
supply in areas of ITE-CUF interaction contributes to promote the presence of large
phytoplankton cells, and could be an important mechanism to support primary productivity in
the CZ and CTZ of EBUS systems, such as off central-southern Chile.



1. INTRODUCCION

El fitoplancton puede ser clasificado segun su tamafio celular, su composicion taxonémica
y/o su funcion, y de acuerdo a ello es posible evaluar su rol en los ciclos biogeoquimicos
marinos (Le Queré et al., 2005; Finkel et al., 2010). El tamafio celular ha sido asociado con la
tasa de incorporacion de nutrientes, la absorcion de luz, las tasas metabdlicas, la trama trofica
y la exportacion de carbono al océano profundo (Morel y Bricaud, 1981; Bricaud et al., 2004;
Guidi et al., 2009; Karl et al., 2012). Las clases de tamafio comUnmente utilizadas (Sieburth et
al., 1978) que incluyen a componentes fitoplanctonicos son tres: el picoplancton (0.2-2.0 um
de didmetro), el nanoplancton (2.0-20 um de diametro) y el microplancton (20-200 um de
diametro) y sus distribuciones en la capa superficial del océano depende de una serie de
factores, entre los cuales se han enfatizado las condiciones fisico-quimicas del medio
(Margalef, 1978; Cullen et al., 2002; IOCCG, 2014).

Las células fitoplancténicas grandes (microplancton) tienden a dominar en regiones con altas
concentraciones de nutrientes (ej. zonas de surgencia) e incluso con baja disponibilidad de luz
en la picnoclina (Goldman y McGillicuddy, 2003), mientras que, las células pequefias han sido
usualmente asociadas con regiones de bajo contenido de nutrientes y baja biomasa (ej. Giros
subtropicales; Crisholm, 1992; Platt et al., 2005; Aiken et al., 2009). Ademas de la
disponibilidad de nutrientes en la columna de agua, otros factores tales como la luz, la
temperatura y la mezcla/estratificacion pueden afectar la estructura de la comunidad
fitoplanctonica o ECF (Aiken et al., 2008; Macias et al., 2013). De acuerdo a esto, las células
pequerias son capaces de adaptarse tanto en superficie (<50 m) como en profundidad (100-200
m), en ambientes calidos, estratificados y con alta exposicion a la luz (Agusti, 2004;
Sathyendranath y Platt, 2007), a diferencia de las células grandes que tienden a predominar en
ambientes altamente mezclados y con altos flujos verticales de nutrientes (Bruland et al.,
2001).

Las estructuras de submesoescala (~0.1-10 km, pocos dias) y mesoescala (~10-100 km, dias
a meses), tales como frentes y remolinos, han sido consideradas caracteristicas ubicuas y

frecuentes, capaces de modificar las propiedades fisico-quimicas de la columna de agua y la
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composicion de la comunidad fitoplancténica (McGillicuddy, 2016). Varios estudios en
regiones oceanicas (ej. Claustre et al., 1994; Lima et al., 2002; McGillicuddy et al., 2007) y
costeras (ej. Reul et al., 2005; Barth et al., 2005; Morales et al.; 2007; Letelier et al., 2009;
Correa-Ramirez et al., 2012; Li et al., 2012) se han focalizado en comprender la respuesta
bioldgica a la variabilidad oceénica de sub- y mesoescala pero con limitaciones debido a la
falta de mediciones frecuentes y de alta resolucion espacial (Rodriguez et al., 2001). Esta tesis
doctoral es una contribucion para entender la variabilidad espacio-temporal de la estructura de
la comunidad fitoplancténica a nivel de sub- y mesoescala en la zona costera (ZC) y de
transicion costera (ZTC) en la region centro-sur de Chile haciendo uso de datos in situ y

aproximaciones satelitales.

1.1. Caracterizacion de la estructura de tamafos del fitoplancton haciendo uso de

informacién de percepcion remota

Las propiedades dpticas del océano han sido exploradas mediante percepcidn remota, con la
ventaja de obtener informacion de alta resolucion espacial (4 km o menos) y alta frecuencia
temporal (diaria), permitiendo capturar y analizar las variaciones en el material bioldgico del
océano (Platt y Sathyendranath, 2008). Durante la Gltima década, se ha dado un mayor énfasis
al desarrollo de aproximaciones satelitales para diferenciar el fitoplancton segun su tamafio,
basadas principalmente en la abundancia y en las propiedades oOpticas inherentes del
fitoplancton.

Los metodos basados en las propiedades oOpticas se fundamentan en las caracteristicas
espectrales del fitoplancton o de la materia particulada total, y pueden ser asociadas con las
variaciones en el tamafio. Estas aproximaciones se dividen en las que usan coeficientes de
absorcion y las que usan coeficientes de retro-dispersion. En el caso por absorcion, el tamafio
celular es asociado con los cambios en la forma espectral de absorcion de luz por parte del
fitoplancton, encontrando que las células pequefias muestran coeficientes de absorcion altos a
bajas longitudes de onda (~450 nm) y pronunciados maximos (peaks) al compararlos con las
células grandes (Ciotti et al., 2002; Ciotti y Bricaud, 2006; Devred et al., 2006; 2011; Uitz et
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al., 2008). Los resultados basados en estos estudios son similares al presentar formas
espectrales con peaks agudos en las fracciones nano- y picoplanctonica, y curvas espectrales
achatadas para la fraccion del microplancton. En el caso de los métodos por retro-dispersion,
el tamafo celular es estimado para el conjunto total de particulas en el océano (no solo
fitoplancton), asumiendo que las células pequefias dispersan la luz hacia longitudes de onda
cortas, y que las células grandes exhiben un espectro achatado de dispersion (IOCCG, 2014).

Por otra parte, en los métodos basados en abundancia, las células fitoplanctonicas grandes
son asociadas con alta biomasa, mientras que las células pequefias prevalecen en condiciones
de baja biomasa (Platt et al., 2005; Aiken et al., 2009). Este tipo de aproximaciones estiman
las fracciones de tamafio de fitoplancton en relacion a una concentracion dada de Clorofila-a
(Clo-a) total, y sus principales diferencias dependen de los métodos de obtencion de dichas
concentraciones, es decir, via Cromatografia Liquida de Alta Eficacia (HPLC) o via Clo-a
total y fraccionada por sistema de filtracion (Uitz et al., 2006; Brewin et al., 2010; 2015;
Hirata et al., 2011; Devred et al., 2011). Los métodos por abundancia, tales como el de Brewin
et al. (2010) e Hirata et al. (2011), se basan en el modelo conceptual de Sathyendranath et al.
(2001) segun el cual la concentracion total de Clo-a es la suma de las concentraciones
parciales de Clo-a por las fracciones de micro-, nano-, y pico-fitoplancton. Ademas, este
modelo asume que la fraccion del microplancton (picoplancton) incrementa (disminuye)
monoténicamente en funcion de la Clo-a total, y que las células fitoplanctonicas pequefias
alcanzan una concentracion especifica de Clo-a, a partir de la cual valores superiores a dicha
concentracion son asociados con las células grandes.

La mayoria de estas aproximaciones han sido implementadas en océano abierto (ej. Uitz et
al., 2006; 2008; Brewin et al., 2010; 2012; 2017), y solo algunos estudios han incluido
informacidén de aguas costeras, utilizando datos in situ basados en analisis finos de pigmentos
fotosintéticos (HPLC) y curvas espectrales de absorcion (Ciotti et al., 2006; Brotas et al.,
2013; Brito et al., 2015). En el presente estudio, varias campafas oceanograficas llevadas a
cabo en el periodo 2004-2015, han permitido colectar datos in situ de Clo-a total y fraccionada
por tamafio en la ZC (~100 km desde la costa) y ZTC (~600 a 800 km costa afuera) en la

region centro-sur de Chile. Por tanto, en este estudio y por primera vez, el modelo de tres
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componentes (micro-, nano- y pico-fitoplancton) basado en datos de abundancia via filtracion
es parametrizado para un sistema altamente productivo, permitiendo obtener estimados
satelitales por clases de tamafio de fitoplancton con resolucion espacial de 4 km y frecuencia

temporal diaria en este Sistema de Surgencia de Borde Oriental (SSBO) de Humboldt.

1.2. Influencia de los remolinos de mesoescala en la estructura de tamarnos de la

comunidad fitoplancténica

Los remolinos de mesoescala ocupan ~30% de la superficie del océano y contienen mas del
80% de la energia cinética de la circulacion oceénica (Grachev et al., 1979; Chaigneau et al.,
2009; He et al., 2016). Estas estructuras pueden generar cambios en la disponibilidad de
nutrientes en la columna de agua por procesos de adveccion horizontal y por la
mezcla/estratificacion debido al desplazamiento vertical de las isopicnas, lo que implica
cambios en la biomasa fitoplanctonica superficial (en términos de Clo-a total) y en la
composicion de la comunidad fitoplanctonica (Gaube et al., 2014; Cotti-Rausch et al., 2016).
Los procesos de adveccién horizontal implican el intercambio de nutrientes y plancton en la
periferia de los remolinos y su posterior atrapamiento al interior de éstos (Gaube et al., 2014).
Mientras que, la elevacion o hundimiento de las isopicnas y con esto los procesos locales de
surgencia/subsidencia al interior de los remolinos, depende de la dindmica fisica del tipo de
remolino y de las fases de desarrollo de éstos durante su periodo de vida. Dos fases han sido
propuestas: la fase de formacion e intensificacion (~12 primeras semanas de vida de los
remolinos) y la fase de decaimiento o relajacion (posterior a las ~12 primeras semanas; Flierl y
McGillicuddy, 2002; McGillicuddy, 2016).

Los remolinos pueden ser ciclonicos o anticiclonicos en la capa superficial (McGillicuddy et
al., 2007; McGillicuddy, 2016). Durante la fase de formacion e intensificacion, los remolinos
ciclonicos (anticiclonicos) se caracterizan por una anomalia negativa (positiva) del nivel del
mar causada por una divergencia (convergencia) superficial, una elevacion (hundimiento) de
las isopicnas, y por ende eventos de surgencia (subsidencia) local con entrada (pérdida) de

nutrientes a la capa fética (McGillicuddy et al., 1998; Sweeney et al., 2003; Wang et al.,
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2016). En el caso de los remolinos anticiclénicos, son ademas comunes los subsuperficiales,
denominados intratermoclina, los cuales representan entre 30 y 55% de la totalidad de los
remolinos anticiclonicos en los SSBO. Este tipo de remolinos se caracterizan por tener un
radio de ~20-60 km y una extension vertical de ~500 m de profundidad, junto con una
elevacion (hundimiento) de las isopicnas en la parte superior (inferior), un nacleo de minimo
oxigeno y altas tasas de productividad primaria (Mourino-Carballido y McGillicuddy, 2006;
Hormazabal et al., 2013; Pegliasco et al., 2015; Barceld-Llull et al., 2017).

En contraste, durante la fase de decaimiento de los remolinos la direccion del movimiento
vertical de las isopicnas es contrario al de la fase de formacion e intensificacion, es decir, las
perturbaciones en las isopicnas van en direccion contraria resultando en eventos de
subsidencia local al interior de los remolinos ciclonicos e intratermoclina, y surgencia al
interior de los remolinos anticiclonicos (Flierl y McGillicuddy, 2002; McGillicuddy, 2016).
Sin embargo, otro mecanismo estaria promoviendo un patrén similar, denominado el bombeo
tipo remolino-Ekman, el cual modifica las isopicnas al interior de los remolinos debido a la
interaccion del campo de viento con las corrientes superficiales, generando subsidencia
(surgencia) local al interior de los remolinos ciclénicos (anticiclonicos). Este ultimo
mecanismo ha sido asociado con el periodo de vida completo de los remolinos y con
velocidades verticales menores a las reportadas durante el bombeo por tipo de remolino en la
fase de formacion e intensificacion (Gaube et al., 2014), ademas de estar influenciado por la
distancia entre la nutriclina y la profundidad de la capa de mezcla segun la estacionalidad (He
et al., 2016).

La mayoria de los estudios enfocados en evaluar el impacto de los remolinos de mesoescala
sobre el ecosistema pelagico se han llevado a cabo a escala global y en océano abierto, en
tanto que sélo algunos se han focalizado en los SSBO. Los impactos indican que se favorece el
intercambio de propiedades fisicas, quimicas y bioldgicas entre aguas costeras y oceanicas
durante la fase inicial de propagacion de los remolinos (Aristegui et al., 2004; Pelegri et al.,
2005; Correa-Ramirez et al., 2007; Gruber et al., 2011). En términos de la Clo-a total, su
distribucion superficial en forma de un dipolo ha sido asociada con la adveccion horizontal de

biomasa fitoplanctonica debido al sentido de rotacion y direccion de propagacion de los
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remolinos, principalmente durante la fase de formacion. Mientras que, un monopolo de
anomalias positivas/negativas de Clo-a ha sido asociado con los mecanismos fisicos de
surgencia o subsidencia local que involucran un intercambio vertical de propiedades en la
columna de agua, tales como el bombeo tipo remolino y el bombeo tipo remolino-Ekman
(Chelton et al., 2011; Gaube et al., 2014; He et al., 2016; McGillicuddy, 2016). Sin embargo,
pocos estudios han evaluado la variabilidad temporal de la Clo-a total durante las distintas
etapas de vida de los remolinos (Gaube et al., 2014; He et al., 2016; Frenger et al., 2018) y/o
los cambios en la ECF asociados a este tipo de estructuras de mesoescala (Karrasch et al.,
1996; Moore et al., 2007; Morales et al., 2012; 2017; Lin et al., 2014; Lamont et al., 2018), en
donde la principal limitacion es la restriccion espacio-temporal de datos de alta resolucion
sobre ECF.

Por tanto, las siguientes preguntas quedan abiertas, ¢;Como es la variabilidad temporal de la
estructura de la comunidad fitoplanctonica al interior de los distintos tipos de remolinos de
mesoescala?, ;Coémo varia la estructura de la comunidad fitoplancténica debido a los distintos
tipos de mecanismos propuestos de adveccion y/o bombeo al interior de los remolinos?,
¢Existen cambios en la estructura de la comunidad fitoplanctonica asociados a las fases del

periodo de vida de los remolinos?.

1.3. Variabilidad espacial de la estructura de la comunidad fitoplanctonica debido a la

actividad de sub- y mesoescala en la zona costera y de transicion costera

Los SSBO son regiones caracterizadas por una intensa actividad de sub- y mesoescala (ej.
frentes, remolinos, filamentos, jets) en la ZC y ZTC, sujetas a constantes interacciones entre
estas estructuras fisicas y a modificaciones en la configuracion de la columna de agua, con
efectos en la biomasa y composicion de la comunidad fitoplancténica (Rodriguez et al., 2001,
Macias et al., 2013). En estos sistemas, el transporte de Ekman perpendicular a la costa debido
al estrés del viento favorable a la surgencia es balanceado por un flujo vertical de agua hacia la
superficie, conllevando al ascenso de la picnoclina cerca de la costa, en donde la

intensificacion y persistencia de los vientos contribuye al sostenimiento pronunciado de un
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frente superficial con fuertes gradientes en temperatura, salinidad y densidad (Mahadevan,
2016). Este se conoce como el frente de surgencia costera (FSC) y es considerado un rasgo
tipico de los SSBO al separar aguas frias costeras de aguas calidas oceanicas (Brink y Cowles,
1991; Franks y Walstad, 1997; Johnston et al., 2011). Asociados a estos gradientes laterales se
producen inestabilidades baroclinicas capaces de incrementar la cizalla vertical del flujo
geostrofico en la zona frontal y, por ende, favorecer la mezcla turbulenta (Boccaletti et al.,
2007; Mahadevan y Archer, 2000; Mahadevan, 2016). Dado que la distribucion de los
nutrientes esta altamente correlacionada con el campo de densidad y con la presencia de
distintas masas de agua, los cambios en la estratificacién estarian promoviendo el flujo
advectivo de nutrientes a lo largo de las isopicnas (mezcla isopicna) y/o el flujo turbulento por
difusion a través de éstas (mezcla diapicna) (Ledwell et al., 1998; Mahadevan y Tandon, 2006;
Ascani et al., 2013; José et al., 2017).

Previos estudios han reportado la dominancia de diatomeas en el lado costero del FSC y de
células pequefias en el lado oceéanico (Furnas, 1990; Marafion y Ferndndez, 1995). No
obstante, aumentos en la abundancia de células fitoplancténicas grandes han sido
recientemente encontrados alrededor de la picnoclina en zonas frontales, debido a un alto
gradiente en la concentracion de nutrientes y alta mezcla diapicna turbulenta (Sangra et al.,
2014; Landeira et al., 2014; Zhang et al., 2015). En el SSBO en la regién centro-sur de Chile,
el FSC ha sido reportado como una barrera para la adveccion de las altas concentraciones de
Clo-a total de aguas costeras (Letelier et al., 2009), sin embargo, cuando el FSC interactla con
un remolino intratermoclina (ITE) esta dindmica tipo barrera puede cambiar. Morales et al.
(2017) basados en datos in situ de Clo-a total y fraccionada por tamafio, nutrientes y
propiedades fisicas de la columna de agua durante un crucero corto (3-7 febrero 2014) en la
ZC y ZTC frente a Concepcion (36°-37°S), registraron un evento de interaccion remolino-
frente (ITE-FSC). Los autores sugieren que esta dindmica favorece el intercambio de
diferentes especies de microdiatomeas desde y hacia la ZC, en asociacion con una intensa
variabilidad de submesoescala en los nutrientes.

Dado que los procesos fisicos de submesoescala y de turbulencia de pequefia escala asociado

a este tipo de interacciones son relevantes por ser similares a las escalas temporales de
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crecimiento del fitoplancton (Davies et al., 2008; Li et al., 2012; Mahadevan, 2016) las
siguientes preguntas quedan abiertas, ;Como es el flujo vertical de nutrientes por mezcla
diapicna turbulenta en la ZC y ZTC en la region centro-sur de Chile?, ;Cual es el impacto de
la magnitud de estos flujos verticales de nutrientes en la estructura de la comunidad

fitoplanctonica en la ZC y ZTC durante una interaccion ITE-FSC?.
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2. HIPOTESIS Y OBJETIVOS ESPECIFICOS

La estructura de las comunidades fitoplanctéonicas responde a varios factores, incluyendo el
contenido de nutrientes y la estratificacion/mezcla de la columna de agua. A escala global, el
micro-fitoplancton (nano- y pico-fitoplancton) ha sido usualmente asociado a regiones con alta
(baja) concentracion de nutrientes y alta (baja) turbulencia. Sin embargo, a nivel de sub- y
mesoescala, se desconocen los impactos de estos factores sobre la estructura comunitaria. Por
tanto, se postulan dos hipétesis para dos casos distintos de procesos de sub- a mesoescala que
explicarian la estructura de tamafio de la comunidad fitoplanctonica en la regién centro-sur de
Chile.

Hipotesis I: La variabilidad temporal de la comunidad fitoplanctonica por clases de tamafio al
interior de los remolinos de mesoescala depende de las fases de éstos durante su periodo de

vida, las que implican cambios en la concentracion de nutrientes en la capa superficial.

Hipotesis 11: La variabilidad espacial de la comunidad fitoplanctdnica en la zona costera y de
transicion costera depende de la magnitud del flujo vertical de nutrientes por procesos de
mezcla diapicna turbulenta, lo que implica una ventaja competitiva para las células

fitoplanctonicas grandes cuando estos flujos son maximos hacia la capa fética.

Obijetivos especificos:
1) Evaluar los cambios en la estructura de la comunidad fitoplancténica durante el periodo de

vida de distintos tipos de remolinos de mesoescala en la regién centro-sur de Chile.
2) Caracterizar la estructura de la comunidad fitoplanctonica debido al flujo vertical de

nutrientes por mezcla turbulenta en la zona costera y de transicion costera en la region centro-
sur de Chile.
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3. MATERIAL Y METODOS

La region centro-sur de Chile (32-38°S, 72-81°W) se encuentra ubicada en el Pacifico
Sureste y se caracteriza por una surgencia costera estacional durante el periodo de primavera-
verano austral en respuesta a la intensificacion de los vientos del suroeste, promoviendo la
generacion de un frente de surgencia con extension vertical de ~100 m de profundidad y
posicion espacial variable (~50-150 km desde la costa) en relacién a la circulacion del jet
costero (Shaffer et al., 1999; Sobarzo et al., 2007; Letelier et al., 2009; Oerder et al., 2018).
Durante el periodo de surgencia, la variabilidad de la Corriente Subsuperficial Peri-Chile y la
formacion de meandros a partir del jet costero, en conjunto con la orientacién de la linea de
costa y la batimetria promueven la generacion de filamentos y remolinos
superficiales/subsuperficiales de mesoescala con altos valores de energia cinética (Correa-
Ramirez et al., 2007; Morales et al., 2012; Hormazabal et al., 2004; 2013).

3.1. Aproximacion satelital del fitoplancton por tamafio

Datos in situ: 227 muestras de Clo-a total y fraccionada por tamafio (micro: >20 um, nano:
2-20 um y picoplancton: <2 um) fueron colectadas en la ZC y ZTC durante diferentes
campafas oceanogréaficas en la region centro-sur de Chile: i) Cruceros FIP de monitoreo en la
VIII region (~35-38°S, 72-78°W; noviembre 2004 a enero 2009; N°2004-20, N°2005-01,
N°2006-12, N°2007-10, N°2008-20, N°2009-39), ii) Serie de tiempo de la estacion fija del
centro FONDAP COPAS (St. 18; 36,5°S, 73,13°W; julio 2004 a noviembre 2009), iii) crucero
oceanogréfico “Frentes” (FONDECYT N°1120504) en Concepcion (~36.5-36.75°S, 73.10-
74.50°W; 3-7 febrero 2014), y iv) crucero “FIP-Montes Submarinos N°2014-04-2” (~33-34°S,
74-80°W; 14-22 septiembre 2015). Las muestras fueron colectadas con botellas Niskin en la
capa superficial de la columna de agua (<100 m) y filtradas usando filtros GF/F y/o sistemas
de filtracion secuencial con filtros de policarbonato. Las muestras fueron analizadas por

fluorometria siguiendo la metodologia de Anabal6n et al. (2007, 2016). Datos satelitales:

Datos diarios de Clo-a total para el periodo enero 2004 a diciembre 2015 en el area de estudio
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fueron obtenidos de la version 3.0 del producto “Ocean Colour Climate Change Initiative
(OC-CCI)” con resolucion espacial de 4 km.

La parametrizacion del modelo de tres componentes se llevdo a cabo siguiendo la
metodologia de Brewin et al. (2012). EI modelo se basa en: i) la concentracion de Clo-a total
(C) es la suma de las concentraciones de Clo-a por las fracciones de tamafio micro- (Cw),
nano- (Cn) y picoplancton (Cp), esto es C = Cu + Cn + Cp; y ii) la concentracion de Clo-a por
las células mas pequefias es estimada mediante funciones exponenciales, una combinando el

nano- y el picoplancton (Cnp) y la otra considerando solo la fraccion picoplanctonica (Cp):

DNP C y Cp CP 1—exp| - DP

NP P

CNP CNP 1 exp

Los parametros Cne™ y Cp™ son los maximos valores asintéticos asociados a estas fracciones
de tamafio, mientras que Dnp y Dp reflejan el porcentaje de contribucion de estas fracciones a
la Clo-a total cuando ésta ultima tiende a cero. Estos parametros son obtenidos a partir de los
datos in situ de Clo-a total y fraccionada por tamafio, y el procedimiento de ajuste usado es el
método no lineal por minimos cuadrados de Levenberg-Marquardt (Brewin et al., 2012).
Adicionalmente, con el proposito de calcular la incertidumbre de los pardmetros y validar el
modelo, los datos in situ es decir las 227 muestras, fueron aleatoriamente separadas usando el
80% para la parametrizacion y el remanente 20% para la validacion. En base a la matriz de
parametrizacion, la mediana y los intervalos de confianza al 95% fueron calculados para
obtener la distribucién de los parametros. Posteriormente, se usaron los datos satelitales de
Clo-a total y los parametros obtenidos como variables de entrada para las ecuaciones
anteriormente descritas, estimando asi las concentraciones satelitales de Clo-a para las células
pequefias (Cne Y Cp). En el caso de la Clo-a satelital para el microplancton, los datos fueron
obtenidos mediante la relacion Cv = C - Cnp. Finalmente, estos estimados satelitales fueron
comparados con los datos in situ de la matriz de validacion, en donde el dato satelital fue
contrastado para el mismo dia y con los nueve pixeles mas cercanos a la ubicacion geografica
de la muestra in situ, asegurando un coeficiente de variacion <0,15 y un minimo de 50% de
datos validos al interior de los pixeles considerados. La mediana de las concentraciones de

Clo-a de los nueve pixeles fue tomado como el dato satelital final en cada caso.
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3.2. Deteccidn de los remolinos de mesoescala y seguimiento de las fracciones de tamafio

de fitoplancton en su interior

Datos satelitales: i) datos diarios de anomalias del nivel del mar (ANM) para el periodo

enero 2014 a diciembre 2015 fueron obtenidos del producto “two-sat SLA Ssalto/Duacs
AVISO”, y ii) estimados de Clo-a por tamafio obtenidos en la seccion 3.1.

La deteccion y seguimiento de los remolinos se basé en contornos cerrados de ANM
siguiendo la metodologia de Mason et al. (2014). Los campos diarios de ANM fueron
espacialmente filtrados con un filtro Gaussiano de radio zonal ~1000 km y meridional ~500
km. Los contornos fueron computados a intervalos de 0,2 cm identificando los remolinos
ciclénicos (anticiclonicos) a partir de variaciones de 100 cm (-100 cm). Para asegurar un
perimetro efectivo, los contornos debian cumplir los siguientes criterios: i) amplitud >0,1 cm,
ii) el nimero de extremo local limitado a 1, y iii) radio del remolino en un rango de ~30 a 446
km. Cuatro remolinos fueron detectados desplazandose desde la ZC y seguidos por ~7,5 a 11
meses: un ciclén superficial, un anticiclon superficial y dos anticiclones intratermoclina, el
primero detectado frente a Punta Lavapié y el segundo en Punta Nugurne. Los remolinos
intratermoclina o subsuperficiales fueron previamente registrados por cortos periodos a través
de mediciones in situ durante el crucero “FIP-Montes Submarinos” y el crucero “Frentes”.

Para la proyeccion de los estimados satelitales de Clo-a por tamafio al interior de los
remolinos detectados, las frecuencias de variabilidad diferentes a la mesoescala fueron
removidas primero sustrayendo el ciclo estacional y segundo haciendo iméagenes compuestas
promedio de 8 dias. Las imagenes de Clo-a resultantes fueron llevadas a coordenadas polares
con distancia radial definida por el radio (R) del remolino, de forma tal que los valores de Clo-
a a cualquier distancia r fueron proyectados segun la relacién r/R. Los campos de Clo-a debian
cubrir al menos el 50% de la extension espacial de los remolinos durante todo el periodo de
seguimiento, evitando incluir aquellas semanas que no cumplieran este criterio. Finalmente, la
variabilidad de la ECF fue evaluada tanto en el centro (1/R<1) como en la periferia (1<r/R<2)
de los remolinos de acuerdo con la metodologia propuesta por He et al. (2016), y comparados

con sus valores promedios cuando €stos se encontraban en su posicion mas cercana a la costa.
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3.3. Flujo diapicno de nutrientes y distribucion de fitoplancton en la interaccion de un
remolino intratermoclina con el frente de surgencia costera (ITE-FSC)

Datos in situ: En el crucero oceanografico “Frentes” en Concepcion (~36.5-36.75°S, 73.10-
74.50°W; 3-7 febrero 2014; 2 transectas y 26 estaciones) los siguientes datos fueron obtenidos
en los primeros 100 m de profundidad: i) muestras de Clo-a total y fraccionada por tamafio
analizadas siguiendo el procedimiento descrito en la seccion 3.1, ii) muestras de plancton
colectadas para andlisis de abundancia de la fracciobn microplancténica siguiendo el
procedimiento de Morales et al. (2017), y iii) muestras de nutrientes (nitrato, fosfato y silicato)
alos 0, 5, 10, 15, 20, 30, 40, 60, 80 y 100 m de profundidad, analizadas siguiendo el protocolo
de Atlas et al. (1971). Ademas, perfiles de conductividad y temperatura en los primeros 300 m
de la columna de agua obtenidos con el equipo CTD Sea-Bird SBE 911plus (24 Hz). Datos
satelitales para el mismo periodo del crucero “Frentes”: i) temperatura superficial del mar del
producto “MUR-SST” con resolucioén temporal diaria y espacial de 1 km, ii) datos diarios de
ANM vy corrientes geostroficas de “Copernicus-CMEMS” con resolucion espacial de ~25 km,
y iii) datos diarios de Clo-a total del producto “OC-CCI” con resolucion espacial de 4 km.

Los datos satelitales fueron utilizados para caracterizar las condiciones bio-fisicas
superficiales promedio durante el crucero “Frentes”. Los datos in situ obtenidos con el CTD
fueron procesados con el software Sea-Bird y utilizados para caracterizar la estructura fisica de
la columna de agua, y para estimar el coeficiente de difusividad vertical turbulenta mediante la
escala de Thorpe con la metodologia de Park et al. (2014). Para obtener perfiles verticales de
escala fina a partir de los datos de CTD, se minimizo el desfase en la medicion de temperatura
y se removieron los peaks en la salinidad causados por el desajuste entre las mediciones de
conductividad y temperatura. De igual forma, se eliminaron las inversiones en los perfiles de
presion, las cuales son el producto del efecto del movimiento del barco mientras el CTD
desciende en la columna de agua. Los perfiles finales de temperatura y salinidad fueron
utilizados para calcular la densidad potencial usando las subrutinas para matlab TEOS-10 del

producto “Gibbs-SeaWater” (McDougall y Barker, 2011), y en todos los casos y sélo para los
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calculos de la escala de Thorpe, los primeros 20 m de profundidad fueron removidos para
eliminar el efecto de la turbulencia generada por el barco.

Los perfiles de densidad fueron submuestreados a intervalos regulares de 10 cm y ordenados
para obtener perfiles estables, a partir de los cuales los desplazamientos de Thorpe fueron
calculados como los cambios verticales necesarios para alcanzar la estabilidad, y la escala de
Thorpe (L7) estimada como la media cuadratica del conjunto sucesivo de desplazamientos de
Thorpe distintos de cero en toda la columna de agua y para cada estacion (Park et al., 2014;
Sangra et al., 2014). Posteriormente, el coeficiente de difusividad vertical turbulenta (Kz) fue
estimado para cada estaciébn mediante la parametrizacion de Osborn (1980), esto es K, =
0,128L1%N, siendo N la frecuencia Brunt-Vaisala. El flujo diapicno de nutrientes fue calculado
con el gradiente vertical de la concentracion de los nutrientes, siguiendo la metodologia de

Girault et al. (2015) mediante la ecuacion:

ONutriente
F Nutriente: - K z [ az j

Los perfiles de temperatura, salinidad y densidad fueron ademéas usados para generar
diagramas de Temperatura-Salinidad (T-S), calcular la velocidad geostrofica meridional (Pond
y Pickard, 2013), y estimar la profundidad de la capa de mezcla mediante valores umbrales de
temperatura (AT=0,2°C) y densidad (Ap=0,03 kg m™) siguiendo los procedimientos de Kara et
al. (2000) y de Boyer Montégut et al. (2004).

Por ultimo, con el proposito de evaluar la distribucién del fitoplancton por tamafio en
asociacion con los estimados del flujo diapicno de nutrientes, la profundidad de las
concentraciones maximas de Clo-a por las fracciones de micro-, nano- y picoplancton fueron
comparadas con la profundidad del maximo flujo de nutrientes para cada estacion, y se evalto
la coincidencia espacial entre las estaciones que presentaron los mayores valores de mezcla
diapicna y flujo de nutrientes con aquellas que presentaron las maximas concentraciones de
Clo-a por la fraccion microplanctonica. Adicionalmente, se analiz6 la distribucion espacial de
las distintas especies de microdiatomeas dominantes a lo largo de la interaccion ITE-FSC en

respuesta al flujo diapicno de nutrientes y a la proporcion nitrato:silicato (N:Si).
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4. RESULTADOS

Articulo publicado en Remote Sensing Journal (https://www.mdpi.com/2072-4292/10/6/834).
4.1. Capitulo 1: Estructura de la comunidad fitoplanctédnica en relacion con los remolinos
de mesoescala en la region centro-sur de Chile: Aplicacion de un modelo satelital de
fitoplancton por tamafio

Andrea Corredor-Acosta, Carmen E. Morales, Robert J. W. Brewin, Pierre-Amaél Auger,

Oscar Pizarro, Samuel Hormazabal y Valeria Anabalon.

Resumen

La influencia de los procesos de sub- y mesoescala en la estructura del fitoplancton es
importante para evaluar su impacto en los ciclos biogeoquimicos marinos y en los
intercambios costa-océano de plancton en los Sistemas de Surgencia de Borde Oriental. En
este estudio, la evolucion espacio-temporal del fitoplancton por tamafio es evaluada al interior
de los remolinos de mesoescala en la region centro-sur de Chile. Datos in situ de Clo-a total y
fraccionada por tamarfio colectados en maltiples campafias oceanogréaficas en la zona costera y
de transicion costera, fueron usadas para parametrizar un modelo de tres componentes (micro-,
nano-, y picoplancton), y aplicados a datos satelitales de Clo-a total para obtener estimados
satelitales de Clo-a por tamafio. Un algoritmo basado en anomalias del nivel mar fue usado
para hacer la deteccidn y seguimiento de un remolino ciclonico superficial y tres remolinos
anticiclonicos entre enero 2014 y octubre 2015. Los estimados satelitales de Clo-a por tamafio
mostraron una alta correlacion con los datos in situ, con valores de incertidumbre moderados a
altos para el microplancton. Los mayores cambios en la estructura de la comunidad
fitoplanctonica se observaron en los primeros ~2 meses de vida de los remolinos. La
contribucion de la fraccidn microplanctonica fue de ~30-50% cuando los remolinos se
encontraban cerca de la costa, mientras que el nanoplancton fue dominante (~60-70%) vy el
picoplancton casi constante (~20%) durante la trayectoria de los remolinos. Los resultados
sugieren que el modelo de tres componentes es aplicable a un sistema de surgencia altamente
productivo, y que los cambios en la distribucion del fitoplancton al interior de los remolinos

estarian respondiendo a variaciones en la concentracion de los nutrientes y/o sus proporciones.
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Abstract: Understanding the influence of mesoscale and submesoscale features on the structure
of phytoplankton is a key aspect in the assessment of their influence on marine biogeochemical
cycling and cross-shore exchanges of plankton in Eastern Boundary Current Systems (EBCS). In this
study, the spatio-temporal evolution of phytoplankton size classes (PSC) in surface waters associated
with mesoscale eddies in the EBCS off central-southern Chile was analyzed. Chlorophyll-a (Chl-a)
size-fractionated filtration (SFF) data from in situ samplings in coastal and coastal transition waters
were used to tune a three-component (micro-, nano-, and pico-phytoplankton) model, which was then
applied to total Chl-a satellite data (ESA OC-CCI product) in order to retrieve the Chl-a concentration
of each PSC. A sea surface, height-based eddy-tracking algorithm was used to identify and track one
cyclonic (sC) and three anticyclonic (ssAC1, ssAC2, sAC) mesoscale eddies between January 2014 and
October 2015. Satellite estimates of PSC and in situ SFF Chl-a data were highly correlated (0.64 < r <
0.87), although uncertainty values for the microplankton fraction were moderate to high (50 to 100%
depending on the metric used). The largest changes in size structure took place during the early life of

eddies (~2 months), and no major differences in PSC between eddy center and periphery were found.

The contribution of the microplankton fraction was ~50% (~30%) in sC and ssAC1 (ssAC2 and sAC)
eddies when they were located close to the coast, while nanoplankton was dominant (~60-70%) and
picoplankton almost constant (<20%) throughout the lifetime of eddies. These results suggest that
the three-component model, which has been mostly applied in oceanic waters, is also applicable to
highly productive coastal upwelling systems. Additionally, the PSC changes within mesoscale eddies
obtained by this satellite approach are in agreement with results on phytoplankton size distribution
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in mesoscale and submesoscale features in this region, and are most likely triggered by variations in
nutrient concentrations and/or ratios during the eddies’ lifetimes.

Keywords: phytoplankton size classes; remote sensing; mesoscale eddies; coastal upwelling system;
size-fractionated filtration data; Eastern Boundary Current Systems

1. Introduction

Physical dynamics in oceans promote processes of change and adaptation in biological systems at
global and regional scales [1,2]. In the case of mesoscale structures (10-100 km, day-months), such as
fronts and eddies, their movement through the ocean causes modifications in the physical properties
(i.e., light, temperature) of the water column, changing nutrient conditions and, consequently,
the phytoplankton community structure [3-5]. Mesoscale eddies occupy 25-30% of the surface ocean,
contain more than 80% of the kinetic energy of oceanic circulation, and can generate different biological
responses depending on eddy type (i.e., surface cyclonic/anticyclonic or subsurface anticyclonic
eddy) [6-8]. Surface cyclonic (anticyclonic) eddies have been characterized by a negative (positive)
sea level anomaly (SLA), a dome (bowl) shape of the isopycnals inducing upwelling (downwelling)
at the eddy center, accompanied with an input (loss) of nutrients to the euphotic layer and a surface
enhancement (diminishment) of chlorophyll-a (Chl-a) [9-12]. There is also a particular type of
anticyclonic eddy, called intrathermocline (ITE) or subsurface mode water eddy, which represents
30-55% of the anticyclonic eddy population in Eastern Boundary Current Systems (EBCS) [13]. These
eddies (ITEs) are characterized by a typical radius of ~20-60 km and have a vertical extent of ~500 m,
together with dome-shaped isopleths in the upper layers and a bowl shape in the lower layers,
a minimum in oxygen, and high rates of phytoplankton productivity [14-17].

Several mechanisms associated with mesoscale eddies have been proposed to modify primary
production, carbon fluxes, and/or phytoplankton patterns (in terms of Chl-a). They include eddy
trapping and stirring, which can lead to a dipole-like distribution of Chl-a at the eddy periphery
associated with the trap and horizontal advection of waters with high or low Chl-a, caused by the
rotation and direction of eddy propagation [11,18,19]. Other mechanisms involve a strong vertical
exchange of waters, such as eddy pumping during eddy formation, generating a positive (negative)
Chl-a monopole centered on the core of cyclonic (anticyclonic) eddies [10,20]. An opposite pattern
is observed after the development phase, mainly in association with eddy-Ekman pumping due to
the relative movement of the wind curl and eddy current velocity field [4,8,21-23]. Other important
vertical exchanges of waters can be attributed to eddy-eddy interactions, which may also lead to
frontogenesis, resulting in a convergent front between eddies and in an enhancement of Chl-a in
the warm (anticyclonic) side and isopycnal subduction of Chl-a in the cold (cyclonic) side [24-27].
The impact that eddies have on the pelagic ecosystem has been mostly studied at the global scale and
in open ocean environments [4,8] and, far less, in EBCS regions. Studies in EBCS have reported an
exchange of chemical and biological properties between coastal and oceanic waters associated with
the propagation of mesoscale eddies, e.g., [26-31]. Most of these studies are based on total Chl-a,
and only a few have analyzed phytoplankton community structure within mesoscale eddies or other
submesoscale features, e.g., [32-35]. The later, however, are restricted in space and time, mainly due
to the difficulty in obtaining high-resolution, in situ data associated with the complete trajectory
of eddies.

Over the last decade, a growing emphasis has been placed in the development of approaches to
differentiate phytoplankton size classes (PSC) using satellite products, since phytoplankton size
structure is an important indicator of the state of pelagic ecosystems and is strongly related to
ocean carbon cycle, marine biogeochemistry, nutrient uptake, light absorption, primary production,
and transfer of energy to higher trophic levels, e.g., [36—41]. These approaches have been based on (i)
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the optical signatures of phytoplankton groups using the spectral shape of phytoplankton absorption
(aph: Phytoplankton Absorption spectra) to characterize the PSC, e.g., [36,42]; (ii) the relationship
between Chl-a concentration by each PSC with total Chl-a (as an index of phytoplankton abundance
or biomass) using high performance liquid chromatography [HPLC] pigment and/or size-fractionated
filtration (SFF) in situ data e.g., [43-45]; and (iii) the relationship between the phytoplankton groups and
environmental factors (sea surface temperature or irradiance) e.g., [41,46]. Most of these approaches
have been applied to open ocean waters, e.g., [41-45,47,48], while fewer ones have been including
more information of coastal waters and have been mainly based on pigments or absorption spectra
from in situ data [49-51]. Furthermore, only one recent study has used satellite estimates of PSC to
infer shifts in the phytoplankton community related to a cyclonic eddy in oceanic waters [52].

In this study, for the first time, the three-component abundance-based model of Brewin et al. [43],
developed for satellite ocean colour observations, was tuned for the highly productive coastal
upwelling region off central-southern Chile, based on SFF in situ data, in order to estimate the
Chl-a concentration of three phytoplankton size-groups [micro-, nano-, and pico-phytoplankton].
Additionally, we assess the changes in phytoplankton size structure throughout the lifetime of four
different mesoscale eddies moving from the coastal zone (CZ; ~100 km from the coast) to the coastal
transition zone (CTZ; coast to ~600 to 800 km offshore). We discuss the advantages/disadvantages
of implementing an abundance-based model using SFF data in this EBCS, and we explore shifts in
PSC associated with mesoscale features. We expect this study to contribute to improving regional
biogeochemical models, since biological processes at the sub- and mesoscale levels are a key aspect of
marine biogeochemistry, carbon export, and transfer of energy to higher trophic levels.

2. Data and Methodology

2.1. Study Area

The selected study region off central-southern Chile (33-38°S, 72-80°W; Figure 1) is located
in the Eastern South Pacific and includes several topographic features, in particular the following
capes: Point Curaumilla (33°00°S), Point Topocalma (34°10°S), Point Nugurne (35°57’S), and Point
Lavapié (37°15°S) [53]. The region between ~35-38°S is characterized by a strong seasonal coastal
upwelling during the austral spring-summer months in response to the intensification of southwesterly
winds [54,55]. Coastal upwelling and solar radiation promote the generation of an upwelling front
in this region. Variations in the coastline orientation, bathymetry, general circulation, and mesoscale
activity also influence front and eddy generation [56-58]. In the area off Point Lavapié, several cyclonic
and surface/subsurface anticyclonic eddies are persistently generated in association with higher levels
of eddy kinetic energy, and these features move seaward through the CTZ at a relatively low speed
(~1.7 km d~1) [15,30,32,59].

2.2. Satellite Model of Phytoplankton Size Classes

2.2.1. In Situ Chlorophyll-a Size-Fractionated Data

A total of 227 Chl-a size-fractionated data collected in the CZ and CTZ off central-southern
Chile were used to tune and validate the three-component model of Brewin et al. [43]. Total and
size-fractionated Chl-a in the micro- (Cp, >20 um), nano- (Cy, 2 to 20 pm), and pico-phytoplankton
(Cp, <2 um) range were collected during different oceanographic campaigns in the region of study:
(i) FIP Bio-Bio monitoring cruises (35.30-38°S, 72.38-78.29°W), between November 2004 and January
2009; (ii) PHYTOFRONT cruise (36.50-36.75°S, 73.10-74.51°W) from 3 to 7 of February 2014; (iii) FIP
Seamounts cruise (33-34°S, 73.82-80°W), between 14 and 22 of September 2015; and (iv) COPAS
(Centro de Investigacion Oceanogréfica Pacifico Sur-Oriental) time series at a fixed coastal station
(St. 18; 36.50°5-73.13°W) from July 2004 to November 2009 (Figure 1).
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The procedure for Chl-a SFF consisted in the following steps for analyses before 2015: (i) filtration
(~250 mL) of water samples using GF/F glass fiber filters (<0.7 um pore diameter) for total Chl-a;
(ii) pre-filtration (~250 mL) through cellulose-ester filter (3 um pore diameter) and then by GF/F glass
fiber filters for the Cp; (iii) pre-filtration (~250 mL) through a NYTEX® type of mesh (20 um pore
diameter) and then by GF/F glass fiber filters to obtain a combined Cy and Cp fraction. After this,
the Cy and Cy fractions were obtained by subtracting Cp from the combined Cy and Cp fraction
and the latter from total Chl-a, respectively [60]. In 2015 (FIP Seamount cruise), sequential filtration
systems were used, consisting of three different sizes of polycarbonate filters: 20 pum, 2 pum, and 0.2 pm
allowing the derivation of Cyy, Cn, and Cp [61]. Pigment extraction was carried out in vials with
a known volume of 90% acetone and maintained at —20 °C for 24 h, after which the samples were
analyzed by fluorometry (Turner Design AU-10, Turner Design TD-700, or a Turner Design Trilogy).
Fluorometer calibration was done before and after each cruise using a pure Chl-a standard. In all
cases, duplicate or triplicate samples were taken at different depths within the upper 100 m depth;
samples collected within the first 10 m of the upper layer were used in this study. Total in situ Chl-a
concentration for the subsequent analyses was calculated as the sum of the Chl-a values contributed
by each PSC [41,43,44].
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Figure 1. Study area in central-southern Chile. An eight-day composite (25 January 2014-1 February 2014)
of surface total chlorophyll-a (Chl-a), obtained from version 3.0 of the Ocean Colour Climate Change
Initiative (OC-CCI; 4 km resolution) product, is represented in red-blue color scale. The geostrophic
velocity, obtained from Ssalto /Duacs multimission altimeter AVISO product (http:/ /www.aviso.altimetry.
fr), is shown in gray arrows. The blue star indicates the location of the COPAS coastal time series Station 18
and, together with the black dots, indicates the locations of the size-fractionated filtration (SFF) Chl-a in situ
data (< 10 m depth), during different campaigns (November 2004-September 2015). The red lines indicate
the offshore limit of the coastal zone (CZ; ~100 km from the coast) and the coastal transition zone (CTZ;
coast to ~800 km offshore), respectively.

2.2.2. Parameterization of the Three-Component Model

The two-component model of Sathyendranath et al. [62] was extended to a three-component model
by Brewin et al. [43] to estimate the Chl-a concentration contributed by three PSC (Cy, Cy, and Cp)
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as a function of total Chl-a. The model is abundance-based and assumes that (i) the micro-(pico-)
phytoplankton fraction increases (decreases) monotonically as a function of total Chl-a and (ii) smaller
cells achieve a given Chl-a concentration, beyond which total Chl-a increases only by the addition of
larger size cells. The model is based on the following relationships: (i) total Chl-a concentration (C) is
derived from the sum of the three PSC,

C=Cyq+Cn+Cp (1)

and (ii) two exponential functions are used to estimate the Chl-a concentration of the smaller PSC as
a function of total Chl-a (C) [62]: one which combines the nano- and picoplankton groups (Cnp, [63]),
and one for the picoplankton (Cp),

co-aif-on(-(22)9)

a-ci-m(-(3)9)

in which Cyp™ and C)," are the asymptotic maximum values for the associated size classes; Dyp and
Dp reflect the fraction contributed by each size-class to total Chl-a as total Chl-a tends to zero, and they
should take values in the range between 0 and 1 to ensure size-fractionated Chl-a does not increase
faster than total Chl-a [41]. Equations (2) and (3) can also be expressed in terms of the fractions of
each associated size class (Fyp and Fp), i.e., the size-specific fractional (relative) contributions to total
Chl-a, and can be calculated by dividing the size-specific Chl-a concentration (Cyp and Cp) by C [47,64].
Model parameters (Cnp™, Cp™, Dnp, and Dp) were derived from Equations (2) and (3) in terms of
the fractions fitted to C, Cnp, and Cp, using the in situ SFF Chl-a data. The fitting procedure used
a standard, nonlinear least-squares method of Levenberg-Marquardt [43].

In order to compute the uncertainties in the parameters and to validate the model, the in situ
SFF Chl-a data (227 samples) were randomly split, using 80% of the measurements (182 samples) for
parameterization and the remaining 20% (45 samples) as the validation dataset (see Section 2.2.3).
A bootstrapping method [65] was used to compute the model parameters and their uncertainties, so the
182 measurements were randomly sub-sampled with replacement (1000 times) and Equations (2) and
(3) were re-fitted for each sub-sample by minimizing the squared difference in the fractions (F). Then,
the median and 95% confidence intervals were calculated for the obtained parameter distribution [41].

2.2.3. Validation of the Model, Application to Satellite Data, and Match-Up between In Situ and
Satellite Size-Fractionated Chlorophyll-a Estimates

Total Chl-a from the parameterization dataset together with the model parameter values (Cnp”,
Cp™, Dnp, and Dp) were used as input variables in Equations (2) and (3) to calculate model estimates
of Cyp and Cp,, after which Cy and Cy; were derived from the following relationships Cyy = Cyp — Cp
and Cp; = C — Cnp [41,43,48]. Modelled and in situ size-fractionated Chl-a data were compared to
evaluate the PSC model performance [41,48]. The same procedure was carried out to calculate satellite
size-fractionated Chl-a based on daily satellite-derived total Chl-a (January 2004 to December 2015) for
the region of study. These data were obtained from version 3.0 of the Ocean Colour Climate Change
Initiative (OC-CCI, a merged product available at http://www.oceancolour.org/), at processing level
3 and spatial resolution of 4 km. The in situ size-fractionated Chl-a validation dataset (45 samples)
was compared with the obtained size-fractionated Chl-a satellite estimates [41,48]. Each in situ sample
was matched with a daily satellite dataset using the nine pixels closest to the location of the sample,
and only match-ups with a coefficient of variation <0.15 and 50% of valid data in the nine pixels were
considered. The median Chl-a concentration of these pixels was taken as the satellite estimate and
compared with in situ data [41,66]. Finally, the Pearson linear correlation coefficient (r), root mean
square (RMS) error, and bias (8) were calculated in logyg space as statistical metrics for model and
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satellite model validation following Brewin et al. [48], in order to compare them with those from
previous studies. Recently Seegers et al. [67] have queried the use of RMS as an error metric in the
case of Chl-a data and have instead recommended the use of the mean/median absolute error (MAE
and MdAE) and the median bias (). In addition, these authors recommend that these metrics be
back-transformed from the log;o space for interpretation. For this reason, we have also included the
metrics and procedures suggested by Seegers et al. [67].

2.3. Eddy Detection and Tracking

Eddy detection and tracking was based on the freely-available sea surface height (SSH) approach
of Mason et al. [68] (http:/ /imedea.uib-csic.es/users/emason/py-eddy-tracker), which is based in the
detection of closed contours of sea level anomaly (SLA), following the procedures described by Chelton
etal. [19], Kurian et al. [69], and Penven et al. [70]. Daily delayed-time “two-sat” SLA data from the
Ssalto/Duacs AVISO 2014 altimetry product (http:/ /www.aviso.altimetry.fr), from January 2014 to
December 2015, were used to represent the surface current in the study region, with the advantage that
these data offer homogeneous quality in space and time, and enhance the description of mesoscale
activity in coastal regions of EBCS [71].

Daily SLA fields were spatially high-pass filtered by removing a smooth field, obtained from
a Gaussian filter with a zonal (meridional) major (minor) radius of 10° (5°) or ~1000 km (~500 km).
SLA closed contours computed at 0.2 cm intervals and searched from 100 (—100) cm downward
(upward) were used to identified cyclonic (anticyclonic) eddies. To be selected as the effective perimeter
of an eddy, an identified closed contour should meet the following criteria: (i) the amplitude has
to be >0.1 cm, (ii) the number of local extreme limited to 1, and (iii) the radius of the eddy has to
range from 0.3° (~30 km) to 4.461° (~446 km) [68]. The lower value differs from that established
by Chelton et al. [19], where eddies with radius <0.4° (~40 km) were filtered out. In this sense,
the method of Mason et al. [68] has a natural tendency to identify more and smaller eddies than
that of Chelton et al. [19], presumably due to stricter identification criteria and sharper SLA gradients
in the version of the AVISO data (DT14) compared with the DT10 version used by Chelton et al. [19,71].
Moreover, we were interested in following specific eddies, including those subsurface-intensified but
with limited surface signature, which justifies our choice of a minimum valid radius of 0.3° (~30 km).
Also, in order to keep tracking an eddy even when punctually distorted, we chose not to use a shape
test that aimed to filter out highly irregular closed contours [68], so the position of an eddy center
and the speed-based eddy radius (the radius of the circle with the same area as the region within
the contour of SLA with maximum rotational speed) were then followed along the eddy-track path
of interest.

One cyclonic and three anticyclonic eddies were detected and tracked in the study region in
the period between January 2014 and December 2015. Two of the anticyclones were found to be
subsurface-intensified anticyclonic eddies, one of which interacted with an oceanic seamount at some
point, as revealed by satellite and CTD (conductivity, temperature and depth) data collected during
the FIP Seamount cruise [61], while the other interacted with an upwelling front, as observed in
CTD data during the PHYTOFRONT cruise [33]. Specifically, the studied eddies are composed of
(i) a subsurface anticyclone (ssAC1), which was born in the coastal region south of Point Lavapié
(~38.04°S, 74.30°W) and propagated westward to the Juan Fernandez Ridge (27 December 2014 to 13
August 2015; 7.5 months of tracking); (ii) a subsurface anticyclone (ssAC2), which was initially detected
off Point Nugurne (~36.21°S, 73.83°W; 1 January 2014 to 21 August 2014; 7.5 months of tracking);
(iii) a surface anticyclone (sAC), which was born off Lebu (~38.67°S, 74.45°W; 10 February 2014 to 1
November 2014; 8.5 months of tracking); and iv) a surface cyclone (sC) detected close to Constitucién
(~35.14°S, 72.83°W; 9 November 2014 to 8 October 2015; ~11 months of tracking; Figure 1).
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2.4. Size-Fractionated Chlorophyll-a Satellite Estimates in Mesoscale Eddies

Based on the spatial dimension of the study region (5° latitude x 8° longitude; 33-38°S,
72-80°W) and in order to remove unwanted small and large-scale features unrelated with mesoscale
variability [8,19,22], the following procedure was carried out: (i) the seasonal cycle of the satellite
estimates of size-fractionated Chl-a concentrations (Cy, Cn, and Cp) was removed by substracting
the monthly climatology (linearly interpolated to daily values) from the daily size-fractionated Chl-a
data and (ii) eight-day composites of the satellite estimates resulting from the previous step were
produced (for further details see Appendix A). For this purpose, the monthly climatology and
the averages were calculated in logjg space, considering that Chl-a concentration is approximately
log-normally distributed over the global ocean [72]. Also, an eight-day average of the radius (km) and
the displacement speed (km week™!) of eddies were calculated in order to have the same temporal
resolution as the Chl-a data.

The obtained mesoscale size-fractionated Chl-a fields, sampled on a square grid (longitude x
latitude), were placed in a framework of polar coordinates with a radial distance from the eddy center
defined by the eddy radius (R), so the associated size-fractionated Chl-a fields were projected into
an eddy frame and the Chl-a values at any distance r were projected to r/R. However, to be able to
construct a standard scale based on the eddy radius of each eddy, we normalized the Chl-a fields
by twice the radius (2R) in each case [8,22,73]. Then, we ensured that during the tracking period of
eddies, the size-fractionated Chl-a fields covered at least 50% of their spatial extension, screening out
the periods (weeks) when this was not achieved. Finally, the variability of PSC was evaluated from the
average fraction fields (Fpy, Fy, and Fp) in the eddy center (r/R < 1) and in the periphery (1 <r/R < 2),
and these values were compared with the mean of the fractions in the CZ when eddies were located
closer to the coast.

A flow-diagram of the methods described above and a list of symbols and abbreviations are
presented in Appendixs B and C, respectively.

3. Results

In situ data of total and size-fractionated Chl-a concentrations analyzed in this study were mainly
obtained in the CZ (77%), with total Chl-a values ranging between 0.20 and 17.76 mg m~3, while the
remaining (23%) correspond to the CTZ, with values between 0.15 and 1.66 mg m~2 (Figure 1). The ~90%
of the data were obtained during the spring-summer months, when the southwesterly winds favor the
coastal upwelling. For this dataset, the contribution of each PSC in the study region was 35.4% by the
microplankton fraction, with a mean (maximum) Chl-a concentration of 1.62 mg m~> (16.42 mg m~2);
53.7% by nanoplankton, with a mean (maximum) Chl-a concentration of 0.84 mg m~ (4.42 mg m~3);
and 10.9% by picoplankton, with mean (maximum) Chl-a values of 0.12 mg m~2 (0.87 mg m~?).

3.1. Satellite Model of Phytoplankton Size Classes

In situ Chl-a concentration by size (Cy, Cnp, Cn, and Cp), and by fractions (Fy;, Fnp, Fy,
and Fp), as a function of in situ total Chl-a, together with the re-tuned three-component model
of Brewin et al. [43], are shown in Figure 2. The general trends of these relationships were captured
by the model based on the calculated regional parameters (Table 1), according to which the nano-
and picoplankton reached asymptotic values of Cyp™ ~2.12 mg m~2 and Cp" ~0.19 mg m~2, while
Chl-a concentrations higher than these were only achieved by the micro-phytoplankton (Figure 2a-d).
In terms of fractions, the model also captured the trends of the in situ dataset, with large (small) cells
increasing (decreasing) their contribution to total Chl-a as its values became higher (Figure 2e-h).
The parameter D also reflects the higher contribution by the smaller fractions when total Chl-a tends
to zero (Dyp ~0.92 and Dp ~0.21; Table 1 and Figure 2f/h).
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Figure 2. In situ concentrations of size-fractionated Chl-a for micro- (Cp), nano- and pico- (Cyp), nano-
(Cn), and picoplankton (Cp) (upper panels: a-d), and their contribution to total in situ Chl-a (lower
panels: e-h) as a function of total in situ Chl-a concentration (C). The fitted three-component model of
Brewin et al. [43] is overlaid in each case (solid black line). The subscript ‘i’ indicates the different Chl-a
size classes. The location of the samples in the CZ and CTZ is differentiated by grey dots and black
triangles, respectively.

Table 1. Parameter values for the three-component model based on in situ size-fractionated
chlorophyll-a (Chl-a) concentrations off central-southern Chile and comparison with those derived
from previous studies in different systems.

Model Parameters

Area Method Cnp™ (mg m3) Dnp Cp™ (mg m'?) Dp

Brotas et al. [50] ® EA HPLC 0.36 0.92 0.07 0.77

Linetal. [52] SCS HPLC 0.95 0.94 0.26 0.90

Brewin et al. [44] AO SFF 2.78(2.23-3.56) — 0.66 (0.55-0.80) —
Brewin et al. [41] Global HPLC 0.77 (0.72-0.84) 0.94 (0.93-0.95) 0.13 (0.12-0.14) 0.80 (0.78-0.82)

Brito etal. [51]$ NEA aphy HPLC 0.26-0.50 0.86 0.09 0.16

Ward [46] Global SFF 0.79 0.97 0.16 0.84
Brewin et al. [48] NA HPLC, SFF 0.82 (0.76-0.88) 0.87 (0.86-0.89) 0.13 (0.12-0.13) 0.73 (0.71-0.76)
This study CsC SFF 2.12(1.75-2.54) 0.92 (0.88-0.96) 0.19 (0.11-0.27) 0.21 (0.16-0.33)

C" indicates the asymptotic maximum of Chl-a for a given size class (P = pico-phytoplankton; NP = nano- +
pico-phytoplankton), and D reflects the fraction contributed by a given size class to total Chl-a as total Chl-a tends
to zero. In brackets are the 95% confidence intervals calculated for the obtained parameters distribution. In situ
methods to derive size-specific Chl-a concentrations: HPLC = High Performance Liquid Chromatography, SFF
= Size-Fractionated Filtration, and app = Phytoplankton Absorption spectra. Study areas: EA = Eastern Atlantic,
SCS = South China Sea, AO = Atlantic Ocean, NEA = North-East Atlantic, NA = North Atlantic, and CSC =
Central-Southern Chile. ® Studies that include coastal stations for in situ size-specific Chl-a measurements.

The PSC model validation with regard to in situ size-fractionated Chl-a concentrations was
assessed with statistical metrics (r, RMS error, MAAE, and MAE) without back-transformation
from logyg space, and the results are presented in Table 2 and compared with previous studies.
Higher correlation coefficients (r) were obtained for the micro-, nano-, and the combined nano- and
picoplankton groups (>0.80), while that of picoplankton was (<0.4). Low uncertainties values were
obtained for the nano- and the combined nano- and picoplankton groups, whereas those of the micro-
and picoplankton were moderate. Biases (5) were mostly low for the different PSC (0.04 for nano- and
pico, 0.17 for pico-, 0.05 for nano-, and 0.13 for microplankton). Our correlation and uncertainty values
are similar to those reported in previous studies (Table 2), except for the low r value in the case of
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the picoplankton. The latter value is, however, higher than that obtained by Ward [46]. In applying
the back-transformation procedure recommended by Seegers et al. [67], we considered the metrics
MAAE and bias for comparison (Table 3). In the interpretation of these metrics (MdAE(t) and 3(t)),
values closer to unity indicate lower relative errors and bias, with biases higher (lower) than unity
implying that the model overestimates (underestimates) in situ measurements [67]. In terms of the
MAAE(t) results, the highest uncertainties were associated with the micro- (~69%) and picoplankton
(~97%) size classes in comparison with the other PSC (<30%); bias values were close to unity, except
for picoplankton (Table 3).

Table 2. Statistical relations between modelled and in situ size-fractionated Chl-a concentrations and
comparison with those obtained in previous studies.

Metrics
r RMS MAE
Brotas et al. [50] ¥ — — 0.32
Lin et al. [52] 0.99 0.46 —
Micro Brewin et al. [41] 0.91 0.34 —_
Ward [46] 0.83 0.47 —
Brewin et al. [48] 0.93 0.32 —
This study 0.88 0.41 0.30 (0.23)
Brotas et al. [50] ® — — 0.19
Lin etal. [52] 094 017 —
Niss Brewin et al. [41] 0.93 0.24 —
Ward [46] 0.78 0.30 —
Brewin et al. [48] 0.88 0.30 —
This study 0.80 0.22 0.16 (0.11)
Brotas et al. [50] ® — — 0.18
Lin etal. [52] 0.89 0.39 0.04
Pico Brewin et al. [41] 0.64 0.26 —
Ward [46] 0.21 0.43 —
Brewin et al. [48] 0.56 0.34 —
This study 0.37 0.42 0.33 (0.29)
Brotas et al. [50] # — — 0.11
Lin et al. [52] — — 0.03
N Pice Brewin et al. [41] 0.94 0.13 -
Ward [46] 0.88 0.12 —
Brewin et al. [48] 0.90 0.19 —_
This study 0.81 0.20 0.14 (0.10)

r = Pearson linear correlation coefficient, RMS = root mean square error, MAE = mean absolute error, and MdAE =
median absolute error in brackets. Statistical test in logyy space. * Studies that include coastal stations for in situ
size-specific Chl-a measurements.

Table 3. Statistical relations between modelled and in situ size-fractionated Chl-a concentrations
back-transformed from log space.

Metrics
MJAE (t) 8 ()
Micro 1.69 1.07
Nano 1.30 0.98
Pico 1.97 1.36
Nano + Pico 1.27 0.97

MdALE(t) = median absolute error and 8(t) = median bias, both back-transformed from log;g space (t).
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Satellite total Chl-a and model PSC estimates against in situ Chl-a concentrations are displayed
in Figure 3. Together with this, the PSC satellite model validation with regard to in situ Chl-a
concentrations was assessed with statistical metrics (r and RMS error without back-transformation
from logyo space; MAAE and bias with and without back-transformation), and the results are presented
in Table 4 and compared with previous studies. Satellite and in situ total Chl-a displayed the highest
correlation and lowest uncertainties. Similar values were obtained for nano- and picoplankton groups
(r>0.70; RMS < 0.30; MAAE < 0.18; Figure 3c—e). In the case of the metrics without back-transformation,
the microplankton value for r was relatively high, but the uncertainty values were moderate compared
to the smaller PSC. The latter is in coherence with a higher data dispersion for this fraction when
Chl-a values are <0.1 mg m~3 (Figure 3b). Biases (5) were close to zero for total Chl-a and PSC.
In addition, the PSC satellite model validation was performed considering meridional (Northern,
Center, and Southern areas of the study region), zonal (CZ and CTZ), and seasonal (calendar seasons)
differences. However, no changes were detected in data dispersion (not shown). In comparison with
the statistical metrics from previous studies, similar values for r and uncertainty were observed for
total Chl-a and PSC; Brotas et al. [50] have reported a similar uncertainty value for the microplankton
(48%) compared to ours. In the case of the statistical back-transformed metrics (MdAE(t) and &(t)),
moderate uncertainties (~50%) were observed for total Chl-a and the smaller PSC, whereas those of
the microplankton were higher (>100%). The bias values were mostly low (<30%).
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Figure 3. Total satellite Chl-a concentration (OC-CCI product; 4 km resolution) and size-fractionated
Chl-a estimates obtained from the regional three-component model, as a function of in situ total and

size fractioned Chl-a concentration. The black dotted line represents the 1:1 line (perfect relationship
between in situ and satellite estimates).
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Table 4. Statistical relations between the satellite estimates of phytoplankton size classes (PSC) from
the regional re-tuned three-component model and in situ size-fractionated Chl-a concentrations and
comparison with those obtained in previous studies.

Brewin et al. [41] Brewin et al. [48] This Study
r RMS r RMS r RMS  MdAE 8 MdAE(®) &)
Total 0.88 0.25 0.86 0.29 0.87 0.22 0.15 -0.12 142 0.73
Micro 0.86 0.41 0.85 0.45 0.64 0.50 0.36 —0.01 2.34 0.92
Nano 0.80 0.38 0.76 0.43 079 0.22 0.17 —-0.09 1.49 0.79
Pico 0.57 0.28 0.49 0.35 072 0.28 0.18 0.06 1.54 1.14
Nano + Pico  0.79 0.27 0.76 0.30 0.76 0.24 0.16 -0.08 145 0.77

r = Pearson linear correlation coefficient, RMS = root mean square error. Median absolute error and bias without
back-transform from logyo space (MAdAE and ) and back-transformed (MdAE(t) and 3(t)).

An example of the spatial distribution of the satellite estimates for each PSC in the study region
is presented in Figure 4. The highest Chl-a concentrations (5.56 mg m~2) are contributed by the
microplankton fraction in accordance with the model, and they are mostly observed in the CZ
(Figure 4a,d). In contrast, intermediate and lower Chl-a values (< 5 mg m~?) are mainly achieved by
the nano- and picoplankton groups, which are widely distributed in the study region, but with a clear
spatial dominance of the nanoplankton (Figure 4b,ce,f).

a) Microplankton Nanoplankton Picoplankton

0.01

Latitude

W 81°W  79°W 77°W 75°W 73°W 71°W 81°W 79°W 77°W 75°W 73°W 71
Longitude

Figure 4. Spatial distribution of the satellite Chl-a estimates for size-fractionated concentrations (a—c;
mg m~?) obtained from the regional three-component model applied to the total Chl-a satellite data,
and their relative contribution to total Chl-a (d-f; dimensionless). The geostrophic velocity field is
shown (black arrows). Data in this figure are an example of an eight-day composite for the same dates
included in Figure 1.

3.2. Spatio-Temporal Evolution of Phytoplankton Size Classes within Mesoscale Eddies

The main features and trajectory of the studied eddies, such as the radius and the seaward
velocity of displacement, are shown in Figure 5. These eddies move offshore at mean speeds of
~20 km week ™! (~2.5 km d~!) and have mean radius of ~40-60 km (~80-120 km in diameter). For the
study period, the trajectories of the four eddies were independent of each other, except for ssAC2 and
sAC, which were found to interact with each other during 25 weeks (~6 months; 10 February 2014
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to 28 August 2014; data not shown). Also, the sAC eddy was detected and tracked farthest from the
coast (~75°W) in comparison with the other eddies (upper panels in Figure 5).
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Figure 5. The geostrophic velocity field (black arrows) and the trajectories of the tracked mesoscale
eddies (upper panels: a,d,g,j), together with radius (b,e h,k) and displacement velocity (c,f,i,1) through
time (in weeks). The red circles in the upper panels represent the eddies in a time step of their complete
trajectories (blue-yellow color scale). Four eddies were analyzed: subsurface anticyclone 1 (ssAC1;
27 December 2014 to 13 August 2015, 30 weeks), subsurface anticyclone 2 (ssAC2; 1 January 2014 to 21
August 2014, 30 weeks), surface anticyclone (sAC; 10 February 2014 to 1 November 2014, 34 weeks),
and surface cyclone (sC; 9 November 2014 to 8 October 2015, 43 weeks). Gaps in the data for some
periods (weeks) were created after screening out size-fractionated Chl-a fields that did not cover at
least 50% of the spatial extent of an eddy.

Eight-day composites of surface total Chl-a anomalies for three different time steps of the eddy
trajectories, together with the mean surface currents, are shown in Figure 6, in order to visualize and
compare total Chl-a anomalies within the eddies and those in the surrounding waters. High positive
Chl-a anomalies (>1 mg m~3) were mainly observed in ssAC1 and sC when they were located closer
to the coast (Figure 6a,j), while lower values were found in ssAC2 and sAC for the first evaluated
time step in comparison with those in the surrounding waters (Figure 6d,g). For the other time steps
(middle and bottom panels in Figure 6), positive values were observed within and outside the eddies,
except for the second evaluated time step in ssAC1, which showed negative anomalies (~—0.2 mg m~3;
Figure 6b) and for sC, where positive anomalies values were found (~0.6 mg m~3; Figure 6k).

The evolution of each phytoplankton size fraction (as fractions of total Chl-a) within the eddies
(center and periphery) is shown in Figure 7, along with the mean contribution by each fraction in
the CZ for the first week of the eddy tracking period (red dots). No major differences in PSC were
found between the center and the periphery of the eddies. The picoplankton fraction was in almost
constant proportion (~0.10-0.20) with respect to the other groups, and a clear dominance of the
nanoplankton was found in all the eddies (~0.50 to 0.70). For ssAC1 and sC eddies, the highest values
by the microplankton fraction were of ~0.50 within the first 5 to 10 weeks of tracking (Figure 7a,j),
in association with their closer proximity to the CZ (Figure 5a,j), while the nanoplankton display
values of ~0.50 and the picoplankton fraction reached values <0.1 (Figure 7b,c,k,1). Inside these
eddies, 20% more of the microplankton fraction is observed when compared with the CZ values
(~0.33 and 0.26, respectively). For the subsurface anticyclone ssAC2, the microplankton (nano- and
picoplankton) fraction showed a tendency to decrease (increase) along the tracking period (30 weeks;
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Figure 7d,f), while for the surface anticyclone sAC, a decrease (increase) of the microplankton (nano-
and picoplankton) fraction was detected during the first 10 weeks (Figure 7g—i).
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Figure 6. Eight-day composites of surface total Chl-a anomalies (green-blue color scale) for three
different time steps of eddies trajectories. The position and radius of the eddies in each composite
(red circles) and the geostrophic velocity field (gray/black arrows) are also shown. The dates of the
composites are ssAC1 (a—c) 9-16 January 2015, 14-21 March 2015 and 2-9 June 2015; ssAC2 (d-f)
25 January to 1 February 2014, 22-29 March 2014 and 10-17 June 2014; sAC (g-i) 14-21 March 2014,
17-24 May 2014 and 29 August to 5 September 2014; and sC (j-1) 1-8 January 2015, 26 February to
5 March 2015 and 29 August to 5 September 2015.

After the first week of eddy-tracking, a decrease (increase) of the microplankton (nano- and
picoplankton) fraction in the surface and subsurface anticyclones (ssAC1, ssAC2, and sAC) was found.
A decrease (~15%) in the contribution of larger cells was found at the end of the tracking period for
ssAC2 and sAC when compared with their initial CZ values (0.28-0.30; Figure 7d,g), and a larger
reduction (~40%) when compared with the highest contribution achieved by the microplankton fraction
(~0.50) in ssAC1 (Figure 7a). In terms of smaller fractions, an increase (~10%) was found between
the initial CZ values and their final contribution (Figure 7b,c,e,f,h,i). Moreover, in the sC a decrease
(increase) of the microplankton (nano- and picoplankton) fraction was also observed after the first
~10 weeks of tracking, but then the fractions were almost constant through the remaining period
(Figure 7j-1). Specifically, a ~10% reduction in the microplankton contribution was found at the end of
the 43 weeks when compared with the CZ value (0.26), and a ~40% decrease when compared with the
highest contribution achieved by the microplankton inside the sC eddy (~0.50; Figure 7j). As well as in
the anticyclones, the smaller fractions in the sC showed an increase (~10%) in comparison with the CZ
values (~0.60 for nano- and ~0.10 for picoplankton; Figure 7k,1).
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Figure 7. Temporal variability of phytoplankton size classes (PSC) in terms of the size-specific fractional
(relative) contributions to total Chl-a (dimensionless) in the four selected eddies (center: continuous
black line; periphery: dashed black line) during the period indicated in Figure 5. The mean contribution
by each fraction in the CZ for the first week of eddy tracking is denoted by the red dots. The vertical
dashed gray lines indicate the weeks of the composites of surface total Chl-a anomalies presented in
Figure 6. Gaps in the data are explained in Figure 5.

4. Discussion

4.1. Application of a Three-Component Abundance-Based Model to Retrieve Satellite Estimates of
Phytoplankton Size Classes in the Region off Central-Southern Chile

Most of the previous studies using the three-component model have been based on Chl-a data
from oceanic waters, e.g., [41,43,44,48,52] and very few have included data from coastal waters [50,51].
Total Chl-a values in this study (0.1 to 18 mg m~3) include coastal and coastal transition waters in the
Humboldt EBCS [74]. Our in situ dataset supports the model assumptions, i.e., that size-fractionated
Chl-a co-varies with total Chl-a and that smaller cells achieve a given Chl-a concentration beyond,
which total Chl-a increases only by the addition of larger size cells [43]. Differences between the
model parameters obtained in our study with those from previous ones are mainly explained by
regional characteristics (i.e., coastal vs oceanic) and/or the technique used to obtain size-fractionated
Chl-a concentrations.

The asymptotic maximum of Chl-a for the two smaller PSC in this study (Cyp™ ~2.12 mg m~3)
is similar to that found in the Atlantic Ocean by Brewin et al. [44] (Cnp™ ~2.78 mg m~?), both using
the in situ SFF method to derive size-specific Chl-a concentrations (Table 1). In contrast, Ward [46]
found a lower asymptotic value (Cyp”: 0.79 mg m~?) using the same technique, but the measurements
excluded eutrophic and coastal areas. In comparison with studies using HPLC, app,, or a combination
of both techniques, our Cyp™ value was almost twice as large as results from oceanic regions (Cnp™
~0.77-0.95 mg m~?) [41,48,52] and even larger than those from near-shore or upwelled coastal waters
in the North-East/Eastern Atlantic (Cyp" ~0.26-0.50 mg m~3) [50,51]. Our estimate of the asymptotic
maximum of Chl-a for the picoplankton (Cp™ ~0.19 mg m~?) is in the range of those in previous studies
(Cp™ ~0.07-0.26 mg m~?) [41,46,48,50-52], except for that of Brewin et al. [44] (Cp" ~0.66 mg m—?).
However, Brewin et al. [44] found higher asymptotic values for SFF data compared with HPLC data
in both smaller size fractions (Cyp™: ~2.78 mg m~3 with SFF and ~1.41 mg m~? with HPLC, Cp™:
~0.66 mg m~* with SFF and ~0.16 mg m~® with HPLC). Altogether, different techniques generate
changes in the computed parameters of the three-component model.
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The size-fractionated filtration (SFF) technique directly provides the size classes of phytoplankton,
but it has uncertainties associated with inaccurate pore sizes of filters, cell breakage during filtration,
and filter clogging, all errors that are very difficult to quantify [41,44,45,48]. In the case of the
HPLC technique, size-fractionated Chl-a is inferred indirectly from specific pigments. However,
most of these pigments are distributed in different phytoplankton size classes; therefore, a bias can be
created [41,43,50]. The biases associated with these two methodological approaches overestimates or
underestimates size-specific Chl-a concentrations, e.g., [44,45]. An alternative method, the ph, has the
advantage of being independent of total Chl-a concentration for distinguishing the PSC. However,
absorption coefficients that are considered specific to a given PSC may include other size classes
as a result of the package effect, which can modify the absorption spectrum, thereby generating
uncertainties in the discretization of PSC [75,76]. Future work should focus on intercomparisons
of the estimates of PSC in the region of study using different in situ methods and quantifying the
uncertainties associated with them, as to improve the accuracy of model parameters [45,77].

In terms of the fractional contribution of the two smaller PSC to total Chl-a when total Chl-a
tends to zero, the Dyp parameter value obtained in this study (~0.92) is very similar to those from
previous studies (~0.86-0.97) [41,44,46,48,50-52], without differences among techniques or regions
(Table 1). In contrast, the Dp parameter revealed regional differences. High Dp values (~0.80-0.90)
have been obtained in open ocean waters, e.g., [41,46,52], in consistency with the expected dominance
of the picoplankton fraction in these environments [78-80]. However, Brotas et al. [50] also obtained
a high Dp value (0.77) in waters of a wide range of trophic status (from eutrophic to oligotrophic).
Microscopic and flow cytometry analysis by these authors indicated that the picoplankton contributed
to 90% of total cell abundance, but with a low contribution to total Chl-a (C," ~0.07 mg m~3). Our
estimate of Dp (~0.21) is low and similar to that obtained in the coastal region off Portugal (D) of
0.16) [51]. Low Dp values imply a higher contribution by the nanoplankton fraction, i.e., high (Dyp-Dp)
values. In our study region, the nano- and microplankton fractions have been found to be dominant
during the upwelling season [81-84].

The modelled size estimates obtained from the application of the three-component model
tuned to the region off central-southern Chile show moderate uncertainty values with in situ Chl-a
concentrations for the micro- and picoplankton fractions compared with the other groups (Tables 2
and 3). This could be partially explained by a higher dispersion of the in situ measurements in both
PSC. In the case of picoplankton, this problem is detected in the whole range of total Chl-a, making
it difficult to adjust an accurate monotonic function for this fraction. This also implies an error in
the microplankton model estimates, since they are obtained by subtracting the picoplankton model
estimates from in situ total Chl-a measurements. The same problem in the adjustment of a monotonic
function for the picoplankton was reported by Ward [46], who used the SFF technique (as in this study)
to distinguish in situ PSC. This gives support to the issue that the different in situ methods used to
retrieve PSC could imply further uncertainties ([41,44,45,48], this study). Additionally, Ward [46] found
a better performance of the three-component model when temperature ranges were incorporated, but
reported that this factor is not important for tropical and sub-tropical regions, such as our study region.
Altogether, improvements are required in the application of the PSC models, including a wider range
of in situ total Chl-a concentrations or direct biomass estimates per size fractions in the region.

Regarding the satellite size model estimates, the moderate to high uncertainty values for the
microplankton could be related to a wider dispersion of the satellite estimates for this fraction when
total Chl-a reaches values <1 mg m~>. In coastal upwelling regions, such as in this study, total
Chl-a values reach up to 50 mg m~2 [85], implying that the range included here is very narrow.
The accuracy in the estimates for all PSC could be also related to (i) deviations in the relationship
between the PSC and total Chl-a previously reported for optically complex waters, often found in
coastal systems [48]; (ii) the spatial scale when comparing 4 km satellite pixels with specific in situ
value obtained from ~250-300 mL of water, involving an additional sub-pixel variability in PSC
estimates [48]; (iii) the estimation of total Chl-a concentrations from the ocean colour algorithms which
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are based on an assumed relationship between the total Chl-a and the remote sensing reflectance, both
of which could vary according to cell size [46,67]; and (iv) the optical depth [43,50], an aspect that
could be explored in future works.

Finally, the higher uncertainties associated with the microplankton satellite estimates obtained in
this and previous studies, which use the same PSC model, represent a limitation in the application of
this model. However, there are at least two aspects that support the application of such a model in
our case. The first one is that the satellite-derived spatial distribution of the PSC in CZ and CTZ in
the study region is consistent with previous reports using in situ data from the same region; that is,
nanoplankton dominates in the CTZ, whereas microplankton does so in the CZ, e.g., [30,60,81,84].
The second one is that previous in situ studies on PSC associated with mesoscale eddies have shown
that an important fraction of the coastal microplankton in this region appears to be advected by these
features during their early stages of development [32,33].

4.2. Shifts on Phytoplankton Size Classes within Mesoscale Eddies

The main features of eddies, mean seaward speed (~2.5 km d~!) and diameter (~80-120 km),
are in agreement with previous reports for mid-latitude eddies (62-128 km) [7,19] and for eddies
off central-southern Chile (~1-2 km d~! and 70-110 km) [30,32]. Regarding the PSC, the highest
contributions of the microplankton fraction during the first 5 to 10 weeks of tracking ssAC1 and sC
eddies are associated with their closer proximity to the CZ, characterized by upwelling waters rich
in nutrients and in situ high microplankton abundance and Chl-a concentrations [84]. During this
first period, the microplankton contribution inside these eddies was higher (about 0.2 difference) in
comparison with the surrounding waters in the CZ. This difference could be a response to trapping and
stirring of coastal waters within the eddies and /or by the vertical displacement of the isopycnals during
eddy formation promoting an influx of nutrients and high phytoplankton productivity rates [10,11,14].
The shift of the phytoplankton community structure towards smaller PSC when the eddies were
transiting through the CTZ is in agreement with in situ measurements off central-southern Chile,
which indicated that similar eddy types were mostly dominated by smaller cells in the CTZ [32]. In the
case of SAC and ssAC2, similar or lower microplankton fraction values were found in comparison
with those in the CZ during the first weeks of tracking. For sAC, this could be explained as a response
to the physical dynamics of this eddy type, usually characterized by a downward displacement of
isopycnals, which forces a flush of nutrients below the euphotic zone and the consequent decrease in
primary production [3,9-11]. In the case of ssAC2, Morales et al. [33] have previously described that
this eddy was interacting with a coastal front during a relaxation phase of upwelling, time at which
the nanoplankton made the largest contributions to total Chl-a.

The observed tendency of the PSC contributions throughout the complete follow-up period of
eddies might be explained by factors such as changes in nutrient availability and grazing pressure.
In the region off central-southern Chile, waters with high nitrate and silicate concentrations (~10 pM)
have been associated with the upwelling of the Equatorial Subsurface Waters (ESSW) in the CZ,
favoring the dominance of the microplankton fraction (e.g., diatoms) [85,86]. In contrast, waters in
the CTZ are often lower in silicate concentration leading to changes in the nitrate:silicate ratios [33].
Ratios close to 1:1 have favored the growth of large phytoplankton cells, whilst higher values (>3:1) can
produce shifts in the size of diatoms and/or changes towards other small functional groups [33,87,88].
Phytoplankton communities within eddies can also change as a result of predator-prey interactions.
Paterson et al. [89] found a lack of phytoplankton biomass accumulation within a surface anticyclone
eddy, which was attributed to zooplankton grazing, mostly upon diatoms. They also reported a higher
zooplankton biomass inside this type of eddy compared with surface cyclonic eddy. In the region of
study, however, it was not possible to test this aspect. Other processes, such as wind-eddy interactions,
could favor the transport of phytoplankton below the euphotic zone [11], together with a faster
sinking of microplankton cells when the nutrients are depleted [4], which can also generate shifts in
the PSC within mesoscale eddies. Future work could be done complementing the three-component
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model parameters here calculated together with regional biogeochemical models to better assess
the changes of the phytoplankton community structure associated with the mesoscale features off
central-southern Chile.

5. Conclusions

A three-component (micro-, nano-, and picoplankton) model for phytoplankton was tuned with
in situ Chl-a data from surface waters in CZ and CTZ off central-southern Chile in order to retrieve
the satellite estimates of PSC in this highly productive coastal upwelling region. The model was
found to capture the trend of in situ SFF Chl-a measurements, and the model assumptions were
met. The retrieved model PSC estimates showed the best agreement in the case of the nanoplankton
and the combined nano- and picoplankton groups. In contrast, moderate to high uncertainties were
found in the case of micro- and picoplankton, in concordance with a higher data dispersion of the
picoplankton Chl-a measurements, making it difficult to fit accurate model parameters. The application
of the estimated model parameters to total Chl-a satellite data show the best agreement between the
satellite estimates of smaller PSC and in situ data measurements. However, the microplankton fraction
displayed the highest uncertainty value, which was mainly associated with a larger data dispersion
of satellite estimates for this fraction when total Chl-a values were low. Our results show a shift of
the PSC from larger to smaller phytoplankton cells in the seaward transit of eddies, changes which
appear to be associated with the location of the eddies with regard to the coast, eddy type, nutrient
availability, and/ or zooplankton grazing upon phytoplankton cells.
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Appendix A

Removal of Chlorophyll-a Variability Other than the Mesoscale

In order to remove unwanted small and large-scale features unrelated to mesoscale variability of
the size-fractionated Chl-a concentrations, the following procedure was carried out.

Step1: The monthly climatology was linearly interpolated to daily values. For this purpose,
the monthly averages were centered on the 15th day of each month (e.g., MA;;1 and MA,;2); then,
the interpolated monthly average for a specific day (MA,) is given by the relationship:

MA; = MAu X Wi + MAyp X W 4)

in which Wy and W represent the percentage contribution of each monthly average to the date of
interest (i.e., Wy will be 100% if the date of interest corresponds to the 15th of month 1).
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Step 2: The daily interpolated climatology was subtracted from the daily size-fractionated Chl-a
time series.

Step 3: An eight-day composite of the satellite dataset resulting from the previous step is calculated
in logyo space.

Step 4: The spatial median of the whole study region (a box of ~800 km x 800 km; 32-39°S and
72-81°W) is estimated and removed at each time.

Appendix B
In situ Size-Fractionated Filtration Chi-a Daily satellite total Chl-a Daily “two-sat" Sea Level Anomaly data
data (227 surface samples) data from version 3.0 from Ssalto/Duacs AVISO 2014
- . OC-CCI product altimetry product
Random split l
Eddy detection and tracking of
| 20% of data as the 80% of data for mesoscale eddies using
} validation dataset parameterization of the the Mason et al. [67] approach
| (45 samples) three-component model of A
——— Brewin et al. [43]
(182 samples)
[ Match up | |Parameters derived for the,
2 study region usinga | @Pplied to
nonlinear least-squares projected into
method

| Satellite phytoplankton size]

Bootstrapping method to classes estimates

compute model parameters
and uncertainties

Converted from square grid

Filtered as to leave only
to polar coordinates

Mesoscale variability

Figure A1. Flow-Diagram of the Methodological Procedures Used in This Study.

Appendix C
Table A1. Symbols and Abbreviations.
Phytoplankton Size-Class Model
PSC Phytoplankton size classes
C Total chlorophyll-a concentration
Cum Chlorophyll-a concentration by the micro-phytoplankton (>20 um)
Cn Chlorophyll-a concentration by the nano-phytoplankton (2-20 um)
Cp Chlorophyll-a concentration by the pico-phytoplankton (<2 um)
Cnp Chlorophyll-a concentration by the combined nano- and pico-phytoplankton
Cpp™ Asymptotic maximum value of Cyp
cp" Asymptotic maximum value of Cp
D Fraction contribution by the combined nano- and pico-phytoplankton to total
NP chlorophyll-a as total tends to zero
Dp Fraction contribution by the pico-phytoplankton to total chlorophyll-a as total tends to zero
Fum Fraction of total chlorophyll-a for micro-phytoplankton
Fy Fraction of total chlorophyll-a for nano-phytoplankton
Fp Fraction of total chlorophyll-a for pico-phytoplankton
Fnp Fraction of total chlorophyll-a for the combined nano- and pico-phytoplankton
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Table Al. Cont.

In situ methods to characterize the phytoplankton size-classes

SFF Size-fractionated filtration
aph Phytoplankton absorption spectra
HPLC High performance liquid chromatography

Statistical metrics

r Pearson linear correlation coefficient
RMS Root mean square error
MAE Mean absolute error
MdAE Median absolute error
5 Bias
Regional abbreviations
EBCS Eastern Boundary Current Systems
cZ Coastal zone
C1Z Coastal transition zone
EA Eastern Atlantic
SCS Southern China Sea
AO Atlantic Ocean
NEA North-East Atlantic
NA North Atlantic
CSC Central-Southern Chile
Mesoscale features (eddies)
sC Surface cyclone
ssAC Subsurface anticyclone
sAC Surface anticyclone
ITE Intrathermocline eddy
R Eddy radius
r/R A distance r from eddy center projected to eddy radius
SLA Sea level anomaly
SSH Sea surface height
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4.2. Capitulo 2: Flujo diapicno de nutrientes y distribucion de fitoplancton en un area de
interaccion entre un remolino intratermoclina de mesoescala y el frente de surgencia
costera

Andrea Corredor-Acosta, Carmen E. Morales, Angel Rodriguez-Santana, Valeria Anabalon,
Luis P. Valencia y Samuel Hormazabal.

Resumen

Las estructuras de sub- y mesoescala en los Sistemas de Surgencia de Borde Oriental
promueven el intercambio de propiedades fisico-quimicas y de organismos plancténicos entre
aguas costeras y oceanicas, promoviendo ademas inestabilidades en la columna de agua que
resultan en procesos turbulentos de pequefia escala. En este estudio, datos in situ de Clo-a total
y fraccionada por tamafo, nutrientes y propiedades fisicas de la columna de agua fueron
colectados durante un crucero corto (3-7 febrero 2014) en un area de interaccion entre un
remolino intratermoclina (ITE) y el frente de surgencia de costera (FSC) en Concepcién (36-
37°S). Los datos fueron usados para caracterizar la estructura de la comunidad fitoplanctonica
por tamafios y para calcular el flujo diapicno de nutrientes mediante una estimacion indirecta
del coeficiente de difusividad vertical turbulenta usando el método de la escala de Thorpe. Los
resultados muestran un méaximo flujo de nutrientes hacia arriba en la capa superficial (10-20
m) y subsuperficial (30-60 m) en las areas del FSC y del ITE, respectivamente, asociados con
la distribucion espacial de los nutrientes y altos valores de difusividad vertical, es decir, alta
mezcla turbulenta en ambas areas. Los maximos flujos diapicnos de nutrientes mostraron estar
asociados con las concentraciones maximas de Clo-a por las fracciones micro- vy
nanoplanctonica, y con las maximas abundancias de especies costeras de microdiatomeas en el
FSC y de especies oceanicas en el ITE. Los resultados sugieren que el suministro diapicno de
nutrientes en areas de interaccion ITE-FSC, ademéas de otros mecanismos (ej. adveccion
horizontal), promueve la presencia de células fitoplanctonicas grandes en la zona costera y de

transicion costera en la region centro-sur de Chile.
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Abstract

Mesoscale and submesoscale activity in Eastern Boundary Upwelling Systems (EBUSs) promote the
exchange of physical and chemical properties, and of planktonic organisms between coastal and
oceanic waters. Such activity generates water column instabilities resulting in small-scale turbulent
processes. In this study, in situ data on size-fractionated chlorophyll-a (Chl-a), nutrients and physical
properties of the water column were collected during a short cruise (3-7 February 2014) in an area of
interaction between a mesoscale intrathermocline eddy (ITE) and a coastal upwelling front (CUF) in
the area off Concepcion (36-37°S). These data were used to characterize phytoplankton size structure
and to assess diapycnal nutrient fluxes through indirect estimates of vertical eddy diffusivity using the
Thorpe scale method. The results show a maximum surface (10-20 m) and subsurface (30-60 m)
upward injection of nutrients in the CUF and ITE areas, respectively, in association with the underlying
nutrient field and high vertical eddy diffusivity values which indicated high turbulent mixing in these
two areas. Maxima in diapycnal nutrient fluxes were associated with Chl-a maxima in the micro- and
nano-phytoplankton fractions, as well as with maxima in microplankton diatom abundance dominated
by coastal (oceanic) species in the CUF (ITE) area. These findings suggest that diapycnal nutrient
supply in areas of ITE-CUF interaction, besides other mechanisms (i.e. horizontal advection and
stirring), contributes to promote the presence of large phytoplankton cells in the coastal transition zone
(CTZ) of the central-southern Chile EBUS.

44



33

34
35
36
37
38
39
40
41
42
43
44

Running Title

1 Introduction

Phytoplankton can be classified by cell size, taxonomic composition and/or functional groups related
to their role in the biogeochemical cycles (Le Queré et al., 2005; Finkel et al., 2010). Cell size has been
associated with nutrient uptake, metabolic rates, light absorption and food web structure, making
phytoplankton size structure an important aspect to evaluate energy flow pathways and the efficiency
of ecosystems to export carbon into the deep ocean (Legendre and Le Févre, 1989; Bricaud et al., 2004;
Guidi et al., 2009; Karl et al., 2012). Large cells have been associated with eutrophic regions
characterized by a higher mixing and large vertical nutrient fluxes, higher exported production and
even with low light availability in the pycnocline (Bruland et al., 2001; Goldman and McGillicuddy,
2003). In contrast, small cells have been usually associated with oligotrophic, stratified and high light
exposure in oceanic waters, in which regenerated production dominates (Eppley and Peterson, 1979;
Chisholm, 1992; Agusti, 2004; Platt et al., 2005).

Phytoplankton size structure can also be influenced by sub- and mesoscale structures and dynamics,
such as fronts and eddies (Semina, 1968; Rodriguez et al., 2001; Macias et al., 2013). Surface
cyclonic/anticyclonic and subsurface or mode-water type mesoscale eddies have been related to the
trapping and stirring of phytoplankton cells, together with vertical variations in nutrient availability
due to eddy pumping and eddy-Ekman pumping dynamics (Chelton et al., 2011; Gaube et al., 2014;
McGillicuddy, 2016; Mahadevan, 2016). Eddy pumping has been reported as a transient vertical
process with intense upward pulses of nutrient during eddy intensification, while eddy-Ekman pumping
has been associated with a persistent nutrient upwelling or downwelling into the euphotic zone during
eddies lifetime (O’Neill et al., 2010; Gaube et al., 2014, 2015). These changes in the vertical nutrient
supply could alter phytoplankton size structure. For example, Brown et al. (2008), based on in sifu data
from a mesoscale eddy in the subtropical North Pacific, reported the dominance of large cells in the
eddy center, where an intense vertical pulse of nutrient was found, in contrast with the dominance of
smaller cells in the eddy edges, which were mainly subjected to isopycnal mixing and a continuous
low nutrient supply.

Frontal structures are also involved in the distribution of phytoplankton size fractions. At fronts,
Ekman transport driven by wind stress is balanced by an upward water flux, leading to the elevation of
the pycnocline in the nearshore, separating cold and nutrient-rich coastal waters from warm and
nutrient-poor oceanic waters (Brink and Cowles, 1991; Franks and Walstad, 1997; Johnston et al.,
2011). The lateral gradients of buoyancy resulting from the baroclinic instabilities at the front have
been reported to promote diapycnal mixing and nutrient fluxes (Boccaletti et al., 2007; Mahadevan and
Archer, 2000; Mahadevan, 2016). Previous studies have shown diatoms on the coastal side of a front
and smaller cells on the oceanic side, in accordance with the efficiency for nutrient uptake (Furnas,
1990; Marafién and Fernandez, 1995). However, increases of large phytoplankton have been recently
reported at the front and around the pycnocline, associated with a higher gradient in diapycnal mixing
and nutrient concentrations (Sangra et al., 2014; Landeira et al., 2014; Zhang et al., 2015).

Eastern Boundary Upwelling Systems (EBUSs) are regions of intense sub- and mesoscale dynamics,
where eddies, filaments, jets, and fronts are typical features in the area extending from the coastal zone
(CZ) to oceanic limits of the coastal transition zone (CTZ) (Stramma et al., 2013; Hormazabal et al.,
2013; Sabarros, et al., 2014; Pegliasco et al., 2015; Barceld-Llull et al., 2017). In the Humboldt Current
System (HCS) EBUS off central-southern Chile, an intensified coastal upwelling front (CUF) has been
reported during the summer season, when winds are favorable to upwelling in the CZ; at specific areas,
this front is usually flanked on the oceanic side by an intrathermocline eddy (ITE) (Letelier et al.,
2009). The intensity of the upwelling-favorable winds constrain the magnitude and width of the
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upwelling front during the seasonal cycle, and in the long-term trend; in addition, the front position is
highly variable, going from being close to a coastal jet when it is nearshore (~25-75 km from coast) to
being not co-located with the jet when it is further offshore (>125 km from coast; Oerder et al., 2018).
This EBUS region has been also characterized by high mesoscale activity, with surface and
intrathermocline type mesoscale eddies reported to be generated near the coast (Hormazabal et al.,
2004; Chaigneau and Pizarro, 2005; Vergara et al., 2016). In terms of its effect on phytoplankton
biomass, the CUF has been identified as a barrier for the offshore spreading of high chlorophyll-a (Chl-
a) values in coastal waters, while mesoscale eddies have been reported as a possible amplifier of the
Chl-a annual cycle and as a vehicle for the offshore advection of Chl-a to the CTZ (Morales et al.,
2007; Correa-Ramirez et al., 2007, 2012; Letelier et al., 2009).

Regarding phytoplankton size structure, the CUF of the central-southern Chile EBUS has been
reported to act as a barrier to cross-shelf exchanges of phytoplankton, with the dominance of different
groups in the coastal and oceanic sides of it, based on microscopy analyses (Morales et al., 2012;
Menschel et al., 2016). In the same area, microscopic analyses within two mesoscale eddies (2 months
old) have revealed a dominance of small cells (pico- and nanoplankton), in contrast with a dominance
of microplankton cells in the CZ (Morales et al., 2012). Recently, using a satellite approach of
phytoplankton size classes, Corredor-Acosta et al. (2018) found a dominance of the microplankton
fraction during the early stages of eddy development closer to the coast, and of smaller size fractions
as eddies move offshore. In an event of ITE-CUF interaction, in the early stages of ITE formation,
Morales et al. (2017) reported that this dynamics favored the cross-shelf exchange of different species
of micro-phytoplanktonic diatoms from and towards the CZ, in association with intense submesoscale
variability in nutrients, which was probably caused by localized vertical injections of nutrients.

Sub- and mesoscale features have been reported to lead to changes in nutrient distributions and in
nutrient supply to the euphotic zone through several physical processes, such as, upwelling, subduction,
mixing and/or exchange of coastal upwelled waters with oceanic offshore waters (Mooers and
Robinson, 1984; Lévy et al., 2001). Ascribing nutrient supply to an individual physical mechanism is
a challenging task because of the interdependence among their spatial and temporal scales. However,
nutrient supply depends of the underlying nutrient field, which is mostly correlated with the density
field and the presence of different water masses (Mahadevan and Tandon, 2006; Mahadevan, 2016;
José et al., 2017). Changes in density configuration and in water column stratification could lead to
mixing by the vertical movement of isopycnals, promoting an advective flux of nutrients along the
isopycnal surfaces (isopycnal mixing), or by turbulent diffusion across them (diapycnal mixing)
(Ledwell et al., 1998; Ascani et al., 2013). Fluxes of a property associated with diapycnal mixing are
not limited to molecular diffusion and could be applied to a turbulent field in order to estimate vertical
input of nutrients into the euphotic zone (King and Devol, 1979; Law et al., 2003; Lund-Hansen et al.,
2006; Girault et al., 2015; Zhang et al., 2017).

The influence of physical mixing processes on phytoplankton community composition are
particularly relevant at the submesoscale level (~0.1-10 km and few days), the same timescale of
phytoplankton growth (Mahadevan, 2016). For example, in an area of an oceanic front off southern
California, observations from autonomous gliders, field data and diagnostic ecosystem models
indicated that the vertical displacement of density fields together with an enhanced diapycnal flux of
nutrients by small-scale turbulent forcing could be stimulating net growth of phytoplankton, mainly of
diatoms in the frontal zone (Davies et al., 2008; Li et al., 2012). More recently, through observations
and modelling approaches, Lévy et al. (2018) found that submesoscale physical forcing can provide
nutrient-flux pathways to the euphotic zone leading to changes in the phytoplankton community
composition and enhancing phytoplankton growth rates.
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Changes in phytoplankton size structure in association with nutrient fluxes induced by diapycnal
mixing in areas of EBUSs with moderate to high sub- and mesoscale activity remain mostly unknown.
In this study, we used in situ (the PHYTO-FRONT cruise, 3-7 February 2014) and satellite data to
analyze phytoplankton community structure, nutrient distribution, and diapycnal mixing in an area of
interaction between a mesoscale intrathermocline eddy (ITE) and a coastal upwelling front (CUF) off
Concepcién (Chile). For this purpose, the vertical eddy diffusivity, as an indicator of turbulent mixing,
was calculated using the Thorpe scale method to estimate diapycnal nutrient fluxes and to compare
these results with phytoplankton distribution and composition in terms of size fractions. These are the
first results of this nature and, therefore, we have compared them with other few estimates available
on diapycnal mixing and its impact on phytoplankton structure.

2 Data and methods

The study area off Concepcion (~36-37°S, 73-74.5°W; Figure 1) in the Eastern South Pacific is
characterized by a highly seasonal coastal upwelling during the austral spring-summer months in
response to the intensification of southwesterly winds (Shaffer et al., 1999; Sobarzo et al., 2007).
Coastal upwelling promotes the generation of an upwelling front with a vertical extension up to ~100
m depth and a variable offshore location (~50-150 km from the coast), strongly related to a coastal jet
circulation (Letelier et al., 2009; Oerder et al., 2018). Additionally, this region is characterized by the
presence of filaments and surface/subsurface mesoscale eddies regularly generated during the
upwelling season, favored by the Peru-Chile Undercurrent (PCUC) variability and the formation of
offshore meanders from the coastal equatorward jet of the upwelling center off Point Lavapié (37°15°S)
(Hormazabal et al., 2004, 2013; Correa-Ramirez et al., 2007; Morales et al., 2012).

2.1 Satellite Sea Surface Temperature, total Chl-a and surface circulation field

The mean sea surface temperature (SST) distribution during the cruise time was obtained from the
daily ~ Multi-scale  Ultra-high ~ Resolution ~ Sea  Surface  Temperature ~ (MUR-SST;
https://mur.jpl.nasa.gov/) product with a spatial resolution of 1 km. The mean surface geostrophic
velocity field and sea level anomaly (SLA) were obtained from the Copernicus Marine and
Environment Monitoring Service (CMEMS; http:/marine.copernicus.eu/) product with a spatial
resolution of 0.25° (~25 km). Finally, the mean surface total Chl-a was obtained from version 3.0 of
the Ocean Colour Climate Change Initiative (OC-CCI, a merged product available at
http://www.oceancolour.org/), at processing level 3 and spatial resolution of 4 km.

2.2 Size-fractionated Chl-a and nutrient in situ data

Total and size-fractionated Chl-a samples in the micro-, nano-, and pico-phytoplankton range were
collected using Niskin Bottles during the PHY TO-FRONT cruise in the upper layer (<100 m depth)
and filtered (~250 mL) using GF/F glass fiber filters (3 to 20 pm pore diameter). All measurements
were taken in triplicate and frozen (-20°C) until later analysis by fluorometry (Turner Design AU-10)
following standard procedures (Anabalén et al., 2007, 2016). In parallel, nutrient samples were also
taken and stored frozen (-20°C) in aseptic high-density polyethylene flasks (60 mL) for subsequent
analysis following standard protocols (Atlas et al., 1971). Plankton samples were also collected from
the same bottles for composition and abundance analysis in the micro-phytoplankton fraction (detailed
procedures in Morales et al., 2017).

2.3 Thorpe scale, vertical eddy diffusivity and diapycnal nutrient fluxes
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Conductivity, temperature and depth (CTD) casts (0-300 m depth) were performed during the
PHYTO-FRONT cruise using a Sea-Bird SBE 911plus CTD equipment providing 24 Hz sampling.
Dissolved oxygen and Wetstar fluorescence sensors were also attached to this instrument.

To estimate the Thorpe scale, which is an energy-containing vertical overtuning scale, the overturns
generated by turbulence in the stratified part of the water column were detected through inversions in
fine scale vertical density profiles. To do this using CTD data, a minimization in measurement errors
and instrument noise is needed. Therefore, to obtain a fine scale density data, the following steps were
done based on the procedure described by Park et al. (2014). Based on the Sea-Bird processing
software: i) The “Cell Thermal Mass” module was performed to minimize the thermal lag arising,
using the recommended values (o= 0.03, 1/B = 7.0) for the SBE 911plus CTD, ii) the “Align” module
was not executed because the CTD includes a deck unit which advances conductivity by 0.073 s
regarding to temperature, removing the salinity spiking caused by the misalignment between these
measurements, and iii) the “Loop Edit” module was performed in order to avoid pressure reversals due
to the effect of the ship while the CTD was falling down. Then, temperature and salinity data were
used to calculate potential density with the TEOS-10 subroutines for matlab of the Gibbs-SeaWater
(GSW) oceanographic toolbox (McDougall and Barker, 2011). The final vertical density profiles were
subsampled at regular depth intervals of 10 cm, each one containing on average three scans, consistent
with a mean fall speed of ~1 m s and the 24 Hz CTD sampling. For all profiles, the first 20 m depth
were removed to avoid surface turbulence generated by the ship.

Subsequently, in order to calculate the overturns in the water column for each sampling station, the
vertical density profiles were sorted to obtain a stable monotonic sequence. To do this, an intermediate
density profile was obtained by averaging a downward (top to bottom) and an upward (bottom to top)
constructed profile, maintaining a constant density until it changed over a threshold value (Gargett and
Garner, 2008). Therefore, differences in the intermediate density profile above that threshold level
were considered as real overturns. In this study, the threshold noise value was 5x10™* kg m™, calculated
as the median of the density differences inside the “well-mixed” layer in all sampling profiles. Finally,
the Thorpe scale (Lt) was estimated by the root-mean-square of an ensemble of vertical displacements
(in meters) necessary to generate the stable vertical density profiles, computed at successive non-zero
Thorpe displacements (Park et al., 2014; Sangra et al., 2014).

Vertical eddy diffusivities (K.) were then estimated using the Thorpe scale following Ozmidov
(1965) and Dillon (1982), which according to the Osborn parameterization (Osborn, 1980) is obtained
as

K, =0.128L4N (1)

where N is the Brunt-Vaisala frequency or buoyancy frequency at which a fluid parcel oscillates when
it is displaced from the stable state, and was calculated from the relation

—go
N2 = —428 (2)
po 0z
where g is the gravitational acceleration, po is the mean seawater density and dp/dz is the vertical
density gradient. Maximum frequency values in the water column are expected where the stratification
is strongest.
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Diapycnal nutrient (nitrate, phosphate and silicate or silic acid) fluxes (Fyuwient) Were calculated
through the relation

ONutrient
Fyutrient = _KZT 3

where K; is the vertical eddy diffusivity obtained in each sampling station and oNutrient/0z is the
vertical nutrient concentration gradient (Girault et al., 2015).

The flux of a property in the ocean under turbulent conditions is a useful empirical extension of the
Fickian diffusion equation for molecular diffusivity (Okubo, 1971; King and Devol, 1979). Therefore,
several studies have applied this approximation to calculate nutrient fluxes into the euphotic zone and
have estimated the vertical eddy diffusivity coefficient indirectly through the Thorpe scale method or
directly with microstructure measurements in the water column. However, independent of the method
to estimate this coefficient, it is an important measurement to interpret turbulence dissipation rates and
small-scale mixing processes (Park et al., 2014; Ledwell et al., 2008). This coefficient have been called
in different ways in the literature, for example, vertical diffusivity (Law et al., 2003; Park et al., 2014),
vertical turbulent diffusivity (Girault et al., 2015), diapycnal diffusivity (Ledwell et al., 2008; Li et al.,
2012; Zhang et al., 2017), eddy diffusion coefficient (Lund-Hansen et al., 2006), eddy diffusivity
(Rippeth et al., 2009) and vertical eddy diffusivity (Arcos-Pulido et al., 2014; Doubell et al., 2018;
Henley et al., 2018; Hsu et al., 2019).

2.4 Meridional geostrophic velocity and mixed layer depth

Previously obtained temperature and absolute salinity profiles were used to calculate potential
density anomaly and meridional geostrophic velocity (Pond and Pickard, 2013). The geostrophic
velocity (Vg) was computed every three stations along each transect and was obtained from the balance
between planetary vorticity and the pressure gradient force as follows

1 opP

fpo ox
where fis the Coriolis parameter, po is the mean seawater density and 0P/0x is the pressure horizontal

gradient from the geopotential anomaly relative to the sea surface. Additionally, the mixed layer depth
was evaluated for each sampling station using a threshold value in temperature (AT=0.2°C) and density
(Ap=0.03 kg m®) from a near-surface depth of 10 m, following the procedures of Kara et al. (2000)
and de Boyer Montégut et al. (2004).

Vg =

3 Results and Discussion

3.1 Surface bio-physical features and water column structure

The mean satellite surface conditions in temperature, geostrophic circulation and total Chl-a during
the PHYTO-FRONT cruise are shown in Figure 1 and have previously been described in detail by
Morales et al (2017). Colder waters (<15°C) were observed near the coast, followed by a strong SST
gradient or thermal front characterized by the 16-17°C isotherms (Sts. 6-7 and 16-18, ~70-100 km from
coast), after which warmer waters (>17°C) in the CTZ were found (Figure la). The geostrophic
currents and SLA clearly indicated the presence of an anticyclonic mesoscale eddy (diameter of ~150
km) in the sampling area, with the northern transect involving stations closer to eddy center and its east
edge and the southern transect including stations located on the south-east edge of the eddy (Figure
1b). In terms of surface total Chl-a, the highest values (>3 mg m™) were observed near the coast, while
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moderate (~1-2 mg m™~) and lower Chl-a values (<1 mg m™) were found in the CTZ (Figure lc).
Additionally, an abrupt change from moderate to low surface Chl-a concentrations was observed
westward from the thermal front (Sts. 7-8 and 18-19), together with an offshore plume of moderate
Chl-a strongly associated with a cold filament in the northern part of the identified eddy, and an inshore
intrusion towards the coast of low Chl-a and warm waters in the southern part of it (Figures la, lc).
These surface SST and Chl-a distributions have been previously reported for the frontal zone off
central-southern Chile in summer, together with a lateral advection (stirring) of Chl-a by mesoscale
structures, such as eddies and filaments (Correa-Ramirez et al., 2007, Letelier et al., 2009; Morales et
al., 2012).

Regarding the water column structure, the distribution of temperature, salinity and potential density
in the first 100 m depth are shown in Figure 2 and have previously been described in detail by Morales
et al. (2017). A strong uplift of isolines towards the coast (up to 80 m) was detected in both transects
(Figures 2a-b, 2d-e), with colder (<16°C) and higher salinity (>34) waters reaching the upper layer in
the coastal band, creating a coastal upwelling front (CUF) area (Sts. 5-7 and 16-18), also characterized
by a strong horizontal density gradient (0.5-1 kg m™ in 10 km; Figures 2c, 2f). In addition, a deepening
of isolines associated with the westward side of the frontal area (Sts. 8-9 and 18-19), contributed to
clearly separate coastal and CTZ waters. In EBUSs, coastal upwelling fronts are usually defined by
strong cross-shore SST and density gradients (Austin and Barth, 2002; Peliz et al., 2002). In the study
region, coastal upwelling has been described to induce a surface density gradient which contributes to
separate cold upwelled coastal waters and warm open oceanic waters, also with a strong signature in
the upper water column (~0-50 m depth) over the shelf-break zone (Hormazabal et al., 2004; Letelier
et al., 2009). In the offshore stations (Sts. 10-11 and 21-24), a dome shape subsurface uplifting of the
25.7-26.2 isopycnals, together with an intrusion of high salinity waters (>34.4; Figures 2b-c, 2e-f),
signaled the presence of an intrathermocline eddy (ITE), which is a mode-water type of eddy
recurrently generated in the survey area during the summer, characterized by trapping high salinity,
low oxygen subsurface waters from coastal origin (Morales et al., 2012; Hormazabal et al., 2013).
Overall, the satellite data and water column configuration indicated the occurrence of an ITE-CUF
interaction area during the cruise time (Figure 2a-f). In addition, Morales et al. (2017) reported that
this cruise took place during a wind-relaxation event after a strong upwelling episode.

The distribution of the Equatorial Subsurface (ESSW) and Subantartic (SAAW) water masses in the
CUEF area (Sts. 5-7 and 16-18), and in the stations nearest to it in the coastal (Sts. 4 and 15) and oceanic
(Sts. 8 and 19) direction are represented in Figure 3. In the coastal stations, the ESSW was found to
dominate in the subsurface layer (~30 to 100 m depth), whereas the contribution of the SAAW was
limited to the upper layer (<30 m). In the CUF area, the contribution of the SAAW was slightly higher
and reached deeper (0-40 m), while at the subsurface the contribution of the ESSW was dominant (>40
m depth). In contrast, the oceanic stations showed a higher contribution of the SAAW, with a minimum
contribution of the ESSW at depth (>80 m). In addition, a shallow (<20 m) salinity minimum (<34.1)
was observed in the westward side of the CUF area and in the oceanic stations (Sts. 17-19 and 7-8). In
the HCS, the ESSW is a high salinity, nutrient-rich and oxygen depleted water mass, transported along
the continental slope by the poleward Peru-Chile Undercurrent (PCUC), and is the main source of
upwelling waters in the region. In contrast, the SAAW is a fresh and well oxygenated water mass
transported northward by the coastal Humboldt Current (HC), which could be slightly modified in
summer by mixing with a fresher water from the intensified runoff and summer melting from the fjord
region, originating a shallow salinity minimum (Leth et al., 2004; Silva et al., 2009; Letelier et al.,
2009; Llanillo et al., 2012).
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The vertical structure (0-300 m depth) of the meridional geostrophic circulation during the cruise is
shown in Figure 4. In the area immediately beyond the shelf-break zone (~100 km from the coast), a
predominantly southward flow was registered, with values of 0.2 m s! in the CUF area of the northern
transect (St. 17; Figure 4a) and maximum values (~0.4 m s) in the oceanic side of the CUF in the
southern transect (Sts. 7-8; Figure 4b). This coastal flow configuration is consistent with the observed
and modelled PCUC current in summer, reaching values close to ~0-0.5 m s! in central Chile (Aguirre
et al., 2012; Vergara et al., 2016). Immediately offshore of this flow, in the area of the ITE-CUF
interaction, a change to a northward flow was detected in both transects (Sts. 9-10 and 19-21). This
flow reached values of 0-0.1 m s™' in the stations closer to the ITE center in the northern transect (Sts.
21-23; Figure 4a), and higher intensity (0.1-0.2 m s™') was observed in the southern transect in the
stations associated with the south-east edge of the eddy (St. 9-10; Figure 4b). These values are similar
in pattern to those measured in an ITE in the Eddy Canary Corridor, in which the vertical velocity
section across the eddy showed values of ~0-0.45 m s™, reaching the lowest velocities in the eddy
center compared with the edges (Barcelo-Llull et al., 2017).

3.2 Nutrient distributions, vertical eddy diffusivity and diapycnal nutrient fluxes

The vertical sections (0-100 m depth) of nutrient distributions during the cruise are shown in Figure
5 and have previously been described by Morales et al. (2017). In the CZ of both transects, maximum
nutrient concentrations were located at the subsurface (~20-100 m depth) for nitrate (>20 uM; Figures
5a, 5d), phosphate (>2 pM; Figures 5b, 5e), and silicate (>15 uM; Figures Sc, 5f), associated with the
ESSW nutrient-rich water mass (Llanillo et al., 2012). In the CUF and ITE-CUF interaction areas (Sts.
6-10 and 16-20), a decrease in nutrient concentrations was observed, with maximum values of nitrate
(>10 uM; Figures 5a, 5d) and phosphate (1-2 pM; Figures 5b, 5e) between ~40 and 100 m depth,
whereas silicate values were relatively low along the whole column (Figures 5c, 5f), accordingly with
the presence of the SAAW water mass in central Chile (i.e. high nitrate content but depleted in silicate;
Silva et al., 2009; Llanillo et al., 2012). Moreover, this silicate deficit was more intense in the southern
transect than in the northern one, suggesting a mixing of ESSW and SAAW water masses toward the
north (Morales et al., 2017). In the ITE area (Sts. 10-11 and 20-24), increases in nitrate and phosphate
concentrations were found at shallow depth (=30 m), reaching maxima between ~40 and 100 m depth
(nitrate >15 uM, phosphate >1.5 pM; Figures Sa-b, 5d-e), while higher silicate values (~10 pM) were
restricted to the ~60-100 m layer (Figures Sc, 5f). At these stations, nutrient distribution is associated
with the trapping of ESSW waters inside the ITE, and with the offshore displacement of SAAW waters
by the ESSW during upwelling periods (Hormazabal et al., 2013; Morales et al., 2017). Associated
with these nutrient distributions, the maximum nutrient gradients were found at a shallower depth (~10-
20 m) in the CZ and CUF areas, and deeper towards the oceanic side, i.e. ~20-60 m in the ITE-CUF
interaction and ITE areas (Table 1).

Estimates of the diapycnal nutrient fluxes for nitrate and silicate are shown in Figure 6. The patterns
of the nitrate and phosphate fluxes were similar, therefore, the latter are not shown. In addition, the
maximum values of the three nutrient fluxes at each station and the depth of these maxima are presented
in Table 2, together with the estimates of vertical eddy diffusivity (K.) used to obtain the fluxes. Since
there was not direct measurements of turbulence dissipation rates via a microstructure profiler during
the survey, the Thorpe scale method was used to estimate K, values from CTD profiles. The
performance of the Thorpe scale method compared with microstructure estimates has been reported to
overestimate K, by one to two orders of magnitude in the Eastern South Pacific (Frants et al., 2013).
However, in a previous oceanographic campaign off central Chile, using CTD and micro-profiler
measurements, both methods matched in the areas of maximum and minimum K, with values
oscillating between ~10°° and 10 m? s! (Barahona et al., in prep.). The higher values are in the order
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of magnitude compared to our estimates (1x10* to 16x10* m? s). In both transects, the highest K,
values were found in the CUF and ITE areas (~4x10™ m? s™! in the northern and ~5-7x10* m> " in the
southern); however, in the southern transect, K, was also high (~4x10* m? s) in the CZ (St. 1), in
addition to a maximum (~16x10** m? ') in the ITE-CUF interaction area (St. 9). These values are also
consistent with diapycnal diffusivities reported for other coastal regions (e.g. Hales et al., 2005;
Thompson et al. 2007; Li et al., 2012).

The highest nitrate fluxes (>16 mmol m™ d"') were found in the CZ (Sts. 1 and 26), the CUF (Sts. 5,
7 and 16), and ITE (Sts. 10 and 22) areas in both transects, and in the ITE-CUF interaction area (St. 9)
in the southern transect (Figures 6a, 6¢, and Table 2). Regarding silicate fluxes, the highest values were
found in the CUF (Sts. 5-6 and 16) and ITE (Sts. 10 and 22) areas, and higher in the southern transect
(>20 mmol m? d'!) compared with the northern one (>11 mmol m™ d'; Figures 6b, 6d, and Table 2).
These flux estimates are in the range of ~1 to 40 mmol m2 d"!, which are in the same order of magnitude
as those previously reported in North Atlantic coastal waters (Zhang et al., 2018), in mesoscale eddies
(Law et al., 2001), and in frontal zones of the southern California Current system (Li et al., 2012). To
our knowledge, this is the first report of diapycnal nutrient fluxes associated with the interaction of a
CUF and an ITE in the Eastern South Pacific. In order to analyze the location, depth and direction of
these flux estimates, some important aspects should be considered: i) the diapycnal nutrient fluxes
strongly depend on the distribution of the underlying nutrient content, typically increasing with depth
(Garside, 1985; Mahadevan, 2016), and ii) diapycnal mixing can be caused by several small-scale
turbulent processes associated with instabilities in the water column due to the shear of the geostrophic
circulation field, internal wave breaking, ageostrophic instability, among others (Franks and Walstad,
1997, Siegel et al., 1999; Gargett and Garner, 2008; Li et al., 2012).

A maximum in nitrate flux in the CZ (St. 26) of the northern transect is associated with a high nitrate
gradient (>1 uM m™"), whereas in the CZ (St. 1) of the southern one it appears to be related to a higher
diapycnal mixing value (K,: ~4x10* m? s™') since the gradient is smaller (~0.4 pM m’'; Tables 1 and
2). Moreover, in the CZ (St. 25 and 26) of the northern transect, the intense uplift of isopycnals towards
the coast could also bring nutrients into the upper layer along isopycnal surfaces (Figure 2¢), an
advective flux not quantified in this study due to the poor resolution in the velocity field in all directions
(zonal, meridional, and vertical). Maximum nutrient fluxes in the east side of the CUF (Sts. 5 and 16)
and in the ITE (Sts. 10 and 22) areas are associated with maximum in surface (~10-20 m) and
subsurface (~20-60 m) nutrient gradients (~0.6-0.8 uM m™! for nitrate and ~0.3-0.7 uM m! for silicate),
but also with high Kz values (~4-7x10"* m? s™'), suggesting a more intense diapycnal mixing in these
areas (Figure 6a-d, Tables 1 and 2). However, differences between nitrate and silicate fluxes were
found on the west side of the CUF area (Sts. 6-7) in the southern transect, with a maximum in the
nitrate flux at St. 7 and in the silicate flux at St. 6 (Figure 6¢-d, Table 2). These differences are mainly
associated with: 1) water masses distribution, with a higher contribution of the SAAW in St. 7 and of
ESSW in St. 6 (Figures 2d-f, 3b), involving a higher nitrate gradient at the surface layer (15-20 m
depth) in St. 7 compared with that in St. 6 (1.43 pM m™' and 0.23 uM m’!, respectively), but a similar
silicate gradient (0.59 uM m™ and 0.51 uM m™, respectively; data not shown); and ii) a higher
diapycnal mixing at St. 6, where the K, value was almost twice that at St. 7 (~6x10* m? 5" and ~3x10-
4 m? s, respectively; Table 2). Finally, the nitrate flux in ITE-CUF interaction area (St. 9) of the
northern transect is more related to the highest estimated value of K, (~16x10* m? s°!; Table 2) than to
the nitrate gradient (~0.1 uM m™'; Table 1). This pattern is expected from a relatively higher shear of
the geostrophic circulation field in that area (Figure 4b). However, the upward direction of the flux at
this station is in disagreement with the deepening direction of isopycnals (Figure 2f), implying that a
careful interpretation of diapycnal fluxes is required since these fluxes are strongly related to the
nutrient field, which increases with depth.
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Previous studies based on the impact of physical mixing dynamics on biogeochemical processes in
marine ecosystems have shown that instabilities in the water column may lead to small-scale vertical
turbulent motions of nutrients at the base of the mixed layer or the euphotic zone, with major
implications for the productivity of phytoplankton because the timescales on which nutrients change
are similar to those of phytoplankton growth (Lévy et al., 2001; Mahadevan and Tandon, 2006; Li et
al., 2012; Mahadevan, 2016). The turbulent energy cascade in the ocean implies an energy flow from
large-scale motion fields to smaller-scales, for example, the influence of the wind to promote velocity
differences (shear) through the water column or the relative movement between mesoscale structures,
which could enhanced turbulent mixing at submesoscale level (~0.1-10 km, few days) or lesser,
eroding the stability of the water column and bringing nutrients to the upper layer. This kind of nutrient
supply and turbulent mixing is still an area of active research, however, it has been suggested to be a
most important issue because it can directly affect phytoplankton growth rates, biomass and the
community structure (Falkowski and Oliver, 2007; Mahadevan, 2016; Lévy et al., 2018).

3.3 Total and size-fractionated Chl-a, and phytoplankton cross-shore distribution

Regarding phytoplankton size structure during the survey (data not shown), the proportion of the
micro-phytoplankton fraction was highest (~40-70% of total Chl-a) in the CUF and ITE areas, whereas
that of the nano-phytoplankton fraction was dominant (~30-80%) in both transects, and that of the pico-
phytoplankton fraction was lowest (<20%). However, the latter was unusually higher in the CZ
compared with the CTZ (Figure 7 in Morales et al., 2017) and, overall, the size distribution pattern
differs from that previously reported for waters off central Chile, where the contribution of the micro-
phytoplankton fraction is highest in the CZ and that of the smaller cells (nano- and pico-) is higher in
the CTZ and/or in mesoscale eddies (Morales et al., 2012; Anabalon et al., 2016).

In order to evaluate how the phytoplankton size distribution compared with the estimated diapycnal
nutrient fluxes, the depth of Chl-a maxima in each size fraction and the spatial distribution of total and
micro-phytoplankton Chl-a concentrations obtained from fluorometric measurements are displayed in
Figure 7. In addition, the maxima in micro-, nano- and pico-phytoplankton Chl-a concentrations are
detailed in Table 3. Related to the depth of the maximum Chl-a values in each size fraction, those in
the micro- and nano-phytoplankton fractions displayed a similar pattern to that of the nutrient fluxes,
1.e. maxima in the upper layer closer to the coast and deeper towards the oceanic area (Figures 7a, 7d).
Regarding total Chl-a, maximum values (>5 mg m~) were detected in the surface layer (<20 m depth)
of the CUF area (Sts. 5 and 16), whereas moderate total Chl-a values (~1-3 mg m™) were found in the
upper layer of the CZ and at the subsurface (~20-30 m depth) in the ITE area (Sts. 10-11 and 20-24;
Figures 7b, 7e).

Among the three Chl-a size fractions, only the maxima in the micro-phytoplankton fraction co-occur
with the highest values in the diapycnal nutrient fluxes observed in the CUF (Sts. 5 and 16) and ITE
areas (Sts. 10 and 22) (Figures 7c, 7f, Tables 2 and 3). This is consistent with previous studies that
have reported the presence of microdiatoms in frontal zones, oceanic intrathermocline eddies and
around the pycnocline, associated with higher turbulent mixing and nutrient content, which locally
contribute to enhance micro-phytoplankton growth and to biomass accumulation (e.g. Lund-Hansen et
al., 2006; Ledwell et al., 2008; Li et al., 2012; Landeira et al., 2014; Zhang et al., 2015). Considering
that there are two main factors modulating phytoplankton primary production and growth in the oceans,
light and nutrients (Mahadevan, 2016), we assume that there was no light limitation during our survey,
since the in situ climatological values of the photic layer depth oscillate between ~10 and 30 m depth
during February in the region of study (Testa et al., 2018). In addition, the maxima in diapycnal nutrient
fluxes (thin black lines; Figures 7b-c, 7e-f) are located below the mixed layer, which was between ~10-
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20 m depth during the survey (yellow lines; Figures 7b-c, 7e-f), suggesting that diapycnal mixing is an
important mechanism in controlling the vertical nutrient fluxes to the euphotic zone through turbulent
inversions in the stratified parts of the water column (Park et al., 2014) and, in turn, these fluxes would
contribute to the development of Chl-a maxima (Richardson et al., 2000; Lund-Hansen et al., 2006).

In order to evaluate in further detail the observed spatial coincidence between high diapycnal nutrient
fluxes and Chl-a maxima in the micro-phytoplankton fraction, we analyzed the spatial distribution of
dominant microdiatom species in Figure 8. As total diatom abundance, the highest values were detected
in the CUF and ITE areas (Figures 8a, 8e). In the CUF area of the northern transect (St. 16), a maximum
in abundance of the coastal taxa Skeletonema sp. and Chaetoceros debilis was observed (Figures 8b-
c). These species are usually found in the CZ off central-southern Chile, where nitrate:silicate (N:Si)
ratios close to 1:1 are favorable to them since they have high nutrient requirements, specially of silicate
(Gomez et al., 2007; Gonzalez et al., 2007; Anabalon et al., 2016). The observed maxima of these
species in the CUF area may be favored by moderate nitrate concentrations in the surface layer and a
relatively higher silicate flux (Figures 6a-b and Table 2). The lower abundance of these species in the
CUF area of the southern transect (Figures 8f-g) compared with the northern one (Figures 8b-c) could
be the combined result of a northward advection of waters (including nutrients and phytoplankton) in
association with the south-east edge portion of the ITE (Figure 1), a stronger frontal gradient of
isopycnals, and a higher area of maxima in diapycnal nutrient fluxes compared to the northern sector
(Figure 6), implying a potential delay in the phytoplankton response to nutrient injections in the
southern transect.

In the case of the ITE area (Sts. 10-11 and 20-24), the dominant oceanic diatom species was Pseudo-
nitzschia pseudo-delicatissima (Figures 8d, 8h), which has been reported to have lower silicate
requirements (Sommer, 1994). This distribution is consistent with the occurrence of a relatively higher
nitrate flux in the ITE area but weaker in the case of the silicate in both transects (Figure 6 and Table
2), implying a deficiency of the latter. These diatoms were more abundant in the northern transect than
in the southern one, probably as a response to the nutrient fluxes being maximum at a shallower depth
(~30-40 m depth) in the first compared to the second case (~40-60 m depth). In the CTZ off central-
southern Chile, the presence of this species has been associated with waters having relatively high N:Si
ratios (>3:1) (Gomez et al., 2007; Menschel et al., 2016), as reported previously for the ITE area during
the present survey (Figure 5 in Morales et al., 2017). Moreover, the coastal diatom species described
above were also found in the ITE area (Sts. 10-11, 20-24; Figures 8b-c, 8f-g) and the oceanic species
was abundant in the CUF area (Sts. 7, 16-18; Figures 8d, 8h), suggesting an exchange of diatoms taxa
by the mesoscale ITE-CUF interaction, as previously reported in Morales et al. (2017).

Quantifying the physical mechanisms responsible for bringing nutrients into the upper euphotic layer
is important in terms of the oceanic biological production and nutrient cycles (Arrigo, 2004; Muller-
Karger et al., 2005). Previous studies using a modelling approach have shown that diapycnal nutrient
fluxes exert a bottom-up control on phytoplankton community structure, locally controlling primary
production and carbon export towards deep waters (Allen et al., 2004; Kelly-Gerreyn et al., 2004), but
there is still scarce evidence of this aspect. For example, the influence of diapycnal nitrate fluxes and
new primary production at a frontal zone in the southern California current system was estimated by
Li et al. (2012), using field measurements and a modelling approach. They estimated that new
production at the frontal zone was ~0.28 g C m™? d™! and it was associated with a high carbon biomass
from diatoms (>50%) and an upward diapycnal nitrate flux of ~4 mmol m? d™! at the base of the
euphotic zone, suggesting this flux supported the observed new production values. In another case for
coastal waters in the Baltic Sea, a maximum in subsurface Chl-a (7.5 mg m®) dominated by diatoms
(~90%) was associated with a diapycnal nitrate flux ranging from ~7 to 17 mmol m? d*!, sustaining a

11

54



472
473

474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

509
510

514
515
516
517

Running Title

primary production of ~1.36 g C m d*!, this value accounting for 17% of new production during the
spring bloom (Lund-Hansen et al., 2006).

Our results are the first ones of this nature in the Humboldt EBUS to provide evidence of diapycnal
mixing, associated with a CUF and an ITE, as an additional mechanism contributing to modulate
phytoplankton size structure and, potentially, to influence primary production in the CZ and CTZ off
central-southern Chile. During the PHYTO-FRONT survey no direct measurements of primary
production were taken, but we used the above reported values as a response to diapycnal fluxes to
indirectly estimate it. Based on this, the maximum diapycnal nitrate fluxes (~20 to 37 mmol m™ d';
Table 2) in the CUF and ITE areas could support a primary production ranging from ~1.4 to 2.9 g C
m? d" in the area of study. These estimates are similar to those previously reported from in situ
measurements (~1 and 3 g C m™ d) in the CZ off central-southern Chile during February, which have
been mainly associated with the phase of upwelling events (relaxation and active phases, respectively)
(Testa et al., 2018). Since the PHY TO-FRONT survey took place during a relaxation upwelling phase
(Morales et al., 2017), we suggest that ITE-CUF interactions off central-southern Chile would locally
enhance diapycnal nutrient fluxes and with it, enhance primary production in the CTZ waters. Under
this scenario, we expect large phytoplankton cells, such as diatoms, to make a higher contribution to
the total primary production due to their competitive advantage under turbulent mixing conditions
(Reynolds, 1997; Falkowski and Oliver, 2007). Similarly, Pérez-Santos et al. (2018) found a strong
relation between turbulent mixing and macro-zooplankton aggregations, favored by local increases in
primary production in response to enhanced diapycnal mixing in fjord waters of the southern
Patagonian region off Chile.

Small-scale turbulent mixing, mesoscale activity, primary production, and phytoplankton size
structure in the region off central-southern Chile might be influenced by temporal variability in their
forcing processes, however, little is known about their patterns of variability at the lower frequencies.
At the interannual scale, El Nifio Southern Oscillation (ENSO) events are regular (every ~2-8 years)
remote equatorial processes (Torrence and Compo, 1998) in the Pacific Ocean. In the region off
central-southern Chile, phytoplankton phenology, total Chl-a, and primary production in the CZ have
been shown to have a weak association with warm (EI Nifio) and cold (La Nifia) ENSO phases during
the 2002-2016 period (Corredor-Acosta et al., 2015; Testa et al., 2018). At the same time, Combes et
al. (2015) found, through a modelling approach, a significant correlation between ITEs variability and
ENSO, with a lower number of ITEs during strong El Nifio events. Inversely, during La Nifia events,
an increase in the number of ITEs was related to a higher zonal density gradient, which implies a
stronger uplifting of isopycnals towards the coast. In the context of our results, these findings would
imply a potential increase (decrease) of small-scale turbulent mixing and of diapycnal nutrient fluxes
into the upper layer under La Nifa (El Nifio) conditions, leading to an increase in diatom abundance
and in the Chl-a values of the micro-phytoplankton fraction, at least in the areas associated with the
early stages of ITEs lifetime.

Finally, under a climate change scenario, the expected increase of alongshore coastal winds off
central-southern Chile will enhance coastal upwelling and, with it, stronger zonal temperature and
density gradients may develop a stronger coastal upwelling front (Sydeman et al., 2014; Oerder et al.,
2018). Associated with this pattern, higher baroclinic instabilities and turbulent mixing, and increases
in microplanktonic primary production in the frontal zone would be expected. In areas of ITE-CUF
interaction, we expect more intense small-scale turbulence to favor the efficiency of the biological
pump in the region. However, larger efforts are required to resolve processes and interactions at the
mesoscale-submesoscale level, since small scale processes, such as diapycnal mixing, are frequently
avoided in modelling regions closer to the coastal zone (e.g. Marchesiello et al., 2009; Combes et al.,
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2015). In perspective, climate-driven and turbulent mixing processes are important factors shaping
phytoplankton community structure and functioning, and investigating their links in highly productive
EBUS systems are a priority in the prediction the impacts of regional and global climate change.

4 Conclusions

EBUS systems are regions of intense mesoscale and submesoscale activities, such as coastal
upwelling fronts, filaments, surface and intrathermocline eddies, which have been shown to have an
important impact on phytoplankton distribution and community structure. This study focuses on the
role of small-scale turbulent diapycnal mixing in phytoplankton size distribution in an area of ITE-
CUF interaction off central-southern Chile. Our results suggest that maximum values in vertical
nutrient fluxes took place in the CUF and ITE areas in association with higher nutrient gradients and
diapycnal mixing, favoring the competitive advantage of larger phytoplankton cells (diatoms). In the
CUF area, maximum abundance of coastal diatoms taxa were found in association with their higher
nutrient requirements (especially silicate) and higher diapycnal fluxes of nitrate and silicate. In the ITE
area, oceanic diatoms species were dominant according to their lower silicate requirements and a higher
diapycnal nitrate fluxes compared to that of silicate. These findings suggest that turbulent diapycnal
mixing in areas of ITE-CUF interaction can promote the presence of large phytoplankton cells and
could be an important mechanism to support primary productivity in coastal and coastal transition
zones of EBUSs.
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Table legends

Table 1. Vertical gradients for nitrate, phosphate and silicate at specific stations across both transects.
Gradient units are in pM m™'.

Table 2. Maximum diapycnal nutrient fluxes and vertical eddy diffusivity coefficients across both
transects. Flux units are in mmol m™ d' and vertical eddy diffusivity (K.) units in m? s, The depth
(m) of the maxima in these fluxes is in parentheses.

Table 3. Maximum values of size-fractionated (micro-, nano- and pico-phytoplankton) Chl-a values
across both transects. Chl-a units are in mg m™. The depth (m) of the maxima is in parentheses.

Figure legends

Figure 1. Study area and satellite mean surface conditions during the PHYTO-FRONT cruise (3-7
February 2014). (A) Sea Surface Temperature (MUR-SST), (B) surface geostrophic circulation and
Sea Level Anomaly (SLA; CEMS), and (C) total chlorophyll-a (Chl-a) concentration (ESA OC-CCI).
The dots represents the sampling stations in the northern (36.5°S, 73.1-74.5°W) and southern transect
(36.75°S, 73.3-74.5°W). The magenta dots indicate the coastal upwelling front (CUF) area (Sts. 5-7
and 16-18, respectively).

Figure 2. Spatial vertical distribution of the oceanographic properties in the first 100 m depth during
the PHYTO-FRONT cruise. Temperature, salinity and potential density for the northern (A-C), and
southern transects (D-F). The dots represents the sampling stations as indicated in Figure 1.

Figure 3. T-S diagrams in the first 100 m depth for the coastal upwelling front (CUF) area (Sts. 5-7
and 16-18), and for the stations nearest to it in the coastal (Sts. 4 and 15) and oceanic (Sts. 8 and 19)
direction, in the northern (A) and southern (B) transect of the PHYTO-FRONT cruise. The colors
represent depth. The blue and red rectangles indicate the typical temperature — salinity features of the
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Equatorial Subsurface Water (ESSW) and Subantartic Water (SAAW) masses, respectively. The
rectangles displayed the values reported by Vergara et al. (2016), ESSW: 8.5-10.5°C, 34.4-34.9;
SAAW: 11.5-14.5°C, 34.1-34.8.

Figure 4. Meridional geostrophic velocity derived from conductivity, temperature and depth (CTD) of
situ casts in the upper 300 m depth water column for the northern (A) and southern (B) transects of the
PHYTO-FRONT cruise. Positive (negative) velocity values represent a northward (southward) flow.
The thick black line represents the zero velocity contour. The gray lines correspond to isopycnals. Dots
represent the sampling stations detailed in Figure 1.

Figure 5. Vertical distribution of nitrate, phosphate and silicate concentrations (M) in the first 100 m
depth for the northern (A-C) and southern (D-F) transects of the PHYTO-FRONT cruise. The black
lines correspond to isopycnals.

Figure 6. Vertical distribution of the upward diapycnal fluxes (mmol m™ d!) for nitrate (left panel)
and silicate (right panel) in the northern (A-B), and southern (C-D) transects of the PHYTO-FRONT
cruise. Dashed black lines indicate the maxima in nitrate and silicate fluxes in each sampling station.
The gray lines correspond to isopycnals. Triangles are the sampling stations detailed in Figure 1.

Figure 7. Depth of the maxima in each Chl-a size fraction and distribution of total and micro-
phytoplankton Chl-a values in the first 50 m depth in the northern (A-C) and southern (D-F) transects
of the PHYTO-FRONT cruise. The yellow line indicates the mixed layer depth obtained by using two
different methods (AT=0.2°C and Ap=0.03 kg m™), following the procedures of Kara et al. (2000) and
de Boyer Montégut et al. (2004). The gray lines correspond to isopycnals. Triangles are the sampling
stations detailed in Figure 1.

Figure 8. Spatial distribution of micro-phytoplankton abundance (cells x10° m™) in the upper 50 m
depth for the northern (top panel) and southern (bottom panel) transects of the PHYTO-FRONT cruise.
(A and E) Total diatom abundance; (B and F) Skeletonema sp.; (C and G) Chaetoceros debilis; (D and
H) Pseudonitzschia pseudodelicatissima. The dashed black line indicates the maximum nitrate flux in
each sampling station. The gray lines correspond to isopycnals. Triangles are the sampling stations
detailed in Figure 1.
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Table 1. Vertical gradients for nitrate, phosphate and silicate at specific stations across both transects. Gradient units are in uM m*'.

North Transect CZ (St. 26) CUF (St. 16) ITE-CUF (St. 20) ITE (St. 22)
Layer(m) GradN GradP  GradSi Grad N Grad P Grad Si Grad N Grad P Grad Si Grad N Grad P Grad Si
0-5 0.034 0,008 0.056 0.116 0,006 0,006 0.010 0.000 0,020 0,009 0,002 0,044
5-10 0,034 0,008 0,056 0,214 0,042 0,032 0,034 0,006 0,016 0,009 0,002 0,003
10-15 0,635 0,046 0,493 0,533 0,069 0,278 0,036 0,003 0,063 0,148 0,024 0,003
15-20 1,236 0,084 0,252 0,852 0,096 0,524 0,036 0,003 0,063 0,304 0,030 0,017
20-30 0,146 0,025 0,010 0,082 0,015 0,063 0,710 0,055 0,087 0,561 0,034 0,009
30-40 0,010 0,005 0,081 0,113 0,008 0,112 0,256 0,010 0,023 0,591 0,030 0,292
40-60 0,010 0,002 0,069 0,056 0,004 0,056 0,128 0,005 0,023 0,237 0,026 0,255
South Transect CZ (St. 1) CUF (St. 5) ITE-CUF (St. 9) ITE (St. 10)
Layer(m) GradN GradP  GradSi Grad N Grad P Grad Si Grad N Grad P Grad Si Grad N Grad P Grad Si
0-5 0,018 0,004 0,090 0,062 0,002 0,002 0,000 0,002 0,000 0,061 0,002 0,020
5-10 0,018 0.004 0,186 0,544 0,056 0,496 0,000 0,010 0,000 0,061 0,000 0,008
10-15 0,274 0,030 0,150 0,578 0,068 0,698 0,000 0,008 0,000 0,062 0,018 0,003
15-20 0,460 0,037 0,354 0,282 0,026 0.184 0,042 0,008 0,000 0,020 0,002 0,003
20-30 0,367 0,034 0,252 0,108 0,015 0,484 0,132 0,001 0,000 0,243 0,015 0,028
30-40 0,087 0,003 0.056 0,108 0,036 0.016 0,136 0,035 0,112 0,665 0.040 0,072
40-60 0,000 0,001 0,156 0,128 0,008 0,008 0,128 0,019 0,038 0,467 0,033 0,423
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922 Table 2. Maximum diapycnal nutrient fluxes and vertical eddy diffusivity coefficients across both transects. Flux units are in mmol m? d'
923 and vertical eddy diffusivity (K) units in m? s™'. The depth (m) of the maxima in these fluxes is in parentheses.
Longitude (*W) -73.1 73.2 733 734 735 -73.6 -73.7 -73.8 -73.9 -74.0 -74.1 743 745
cz CUF ITE
North Transect St.25 St. 26 st 12 st. 14 st. 16 st.18 St. 20 St 22 st. 24
Nitrate  7.83(15) 1651 (20) 13.86 (30) 8.91 (20) 30.20 (20) 5.48 (40) 11.44(30) 22.62 (40) 4.96 (40)
Phosphate  0.65(15)  1.12(20)  1.10 (30) 0.62 (20) 3.40 (20) 0.42 (40) 0.88(30) 1.30(30)  0.35 (40)
Silicate  4.68(30)  6.58(15)  10.76 (30) 5.44 (15) 18.57 (20) 1.60 (40) 139(30) 1117 (40)  1.42 (40)
Kz 15le4  155e-4  2.4le-d 3.00e-4 4.10e-4 0.73e-4 1.87e-4  443e4  0.80e-4
cz CUF ITE
South Transect st. 1 st.2 st.3 st.4 StL5 St.6 st.7 st.8 st.9 st. 10 st 11
Nitrate 1653 (20) 2.04(20) 7.04(20) 2.62(30) 34.70(15) 13.20(30) 36.81(20) 4.43(40) 19.34(40) 31.90(40) 15.09 (30)
Phosphate 1.33(20) 020(20) 265(10) 048(15) 4.08(15) 4.43(30) 2.05(20) 035(40) 4.97(40) 191(40) 1.25(30)
Silicate 1272(20) 1.60(20) 15.39(15) 2.15(60) 41.90(15) 29.53(30) 15.28(60) 0.70(60) 15.93(40) 20.29(60) 3.06 (30)
Kz 4.16e-4  050e-4  326e-4  0.88e-4 6954  6.59e-4  298e-4  057e4  16de-d  555e-4  2.3ded
924
925
926
927
928
929
930
931
932
933
934

25

68



Running Title

935  Table 3. Maximum values of size-fractionated (micro-, nano- and pico-phytoplankton) Chl-a values across both transects. Chl-a units are in
936  mg m™. The depth (m) of the maxima is in parentheses.

Longitude (°W) -73.1 -73.2 -73.3 -73.4 -73.5 -73.6 -73.7 -73.8 -73.9 -74.0 -74.1 -74.3 -74.5
CZ CUF ITE
North Transect St. 25 St. 26 St. 12 St. 14 St. 16 St. 18 St. 20 St. 22 St. 24
Micro 0.30 (5) 1.63(5) 1.34(5) 0.58 (20) 13.74 (10) 1.30 (30) 1.23 (30) 1.99 (30) 0.90 (30)
Nano 0.67 (0) 0.58 (5) 1.44 (20) 1.19(15) 2.89(10) 0.35(10) 1.36(30)  0.66 (30)  0.55(30)
Pico 0.38 (5) 0.24 (0) 0.69 (15) 0.53 (10) 0.28 (10) 0.08 (10) 0.08 (5) 0.31(20)  0.05(10)
Ccz CUF ITE
South Transect St. 1 St. 2 St.3 St. 4 St.5 St. 6 St. 7 St. 8 St.9 St. 10 St 11
Micro 0.26 (10) 0.54 (5) 0.15(15) 0.62(20) 2.25(10) 0.25(10) 0.24(10) 0.10(30) 0.16(30) 1.01 (20) 1.09 (30)
Nano 0.97 (5) 0.94 (5) 137 (5) 0.94 (5) 1.23 (10) 1.64 (10) 0.95(30) 0.95(30) 0.48(30) 1.10 (20) 1.09 (30)
Pico 0.68 (10) 1.05 (0) 1.02 (0) 0.40 (0) 0.59 (5) 0.48 (5) 0.29(20)  0.09(10)  0.06 (10) 0.06 (5) 0.31(5)
937
26
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5. DISCUSION

En la ultima década, se ha dado mayor éenfasis al desarrollo de aproximaciones que permitan
usar los productos satelitales de color del océano (ej. Clo-a total) para obtener datos con alta
resolucion espacio-temporal del fitoplancton por tamafio, debido a la importancia de la
estructura de la comunidad fitoplanctonica como indicador del estado del ecosistema pelégico,
su influencia en los ciclos biogeoguimicos marinos, las tasas de utilizacion de los nutrientes, la
produccidn primaria y la transferencia de energia a los niveles troficos superiores (Guidi et al.,
2009; Finkel et al., 2009; Ward et al., 2012; Marafién, 2015). La mayoria de estas
aproximaciones han sido implementadas en aguas oceénicas abiertas, siendo este estudio el
primero en parametrizar un modelo de tres componentes (micro-, nano- y picoplancton) en
aguas costeras (ZC) y de transicion costera (ZTC) para un sistema altamente productivo, como
es el caso de la region centro-sur de Chile.

Las diferencias en la parametrizacion obtenida en este estudio y aquellas previamente
reportadas para otras zonas, se basaron principalmente en las caracteristicas regionales (costa
vs. océano) y/o en la técnica utilizada para obtener los datos in situ de Clo-a total y
fraccionada por tamafio. De acuerdo a esto, las diferencias en los parametros de concentracion
maxima asintotica alcanzada por las células fitoplancténicas pequefias (Cne™ y Cp™) estuvieron
mas influenciadas por el sesgo en las mediciones in situ debido a las incertidumbres de la
técnica utilizada (filtracion, HPCL y/o espectros de absorcion). Por otra parte, las diferencias
en los parametros de porcentaje de contribucion de las clases de tamafio mas pequefias a la
Clo-a total cuando ésta ultima tiende a cero (Dne y Dp), fueron asociadas con las
caracteristicas regionales debido a la dominancia de la fraccion picoplancténica en aguas
oceanicas y de las fracciones nano- y microplancténica en aguas costeras.

En términos de los estimados satelitales y su comparacién con los datos in situ en la region
centro-sur de Chile, los valores de Clo-a para la fraccion microplancténica mostraron valores
de incertidumbre moderados, los cuales pueden estar relacionados con: i) la alta dispersion de
las mediciones de concentracion de Clo-a por el picoplancton a lo largo del rango completo de

Clo-a total, siendo dificil ajustar una funcién monotonica para esta fraccion; ii) los errores en
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los estimados satelitales para el picoplancton afectan directamente a la fraccion
microplancténica dado que esta Ultima se obtiene al sustraer la concentracion de Clo-a por las
fracciones nano- y picoplancton de la Clo-a total; iii) la alta dispersion en los valores de Clo-a
por el microplancton cuando la Clo-a total es <1 mg m™; iv) mayores desviaciones en la
relacion de la Clo-a por tamafios y la Clo-a total en aguas costeras dépticamente complejas; v)
la incertidumbre al comparar datos con diferente escala espacial (pixeles satelitales de 4 km
vs. muestras in situ de ~250-300 ml de agua); vi) algoritmos regionales de Clo-a total que se
basan en mediciones de reflectancias las cuales varian con el tamafio celular; y vii) la
profundidad dptica.

Si bien los valores de incertidumbre para este estudio son similares a los reportados en otros
estudios al usar el mismo modelo (ej. Brotas et al., 2013; Lin et al., 2014; Brewin et al., 2015;
2017; Ward, 2015), la incertidumbre asociada a la fracciobn microplancténica podria
representar una limitacion para la aplicacion de este modelo en la region centro-sur de Chile.
Sin embargo, la distribucion espacial del fitoplancton por tamafio en la ZC y ZTC es
consistente con estudios previos para esta region, en donde a través de mediciones in situ han
reportado la dominancia del microplancton en la ZC y del nanoplancton en la ZTC (gj.
Anabalon et al., 2007; Morales et al., 2007; Morales y Anabal6n, 2012). No obstante, al ser
esta la primera aproximacion para un sistema de surgencia altamente productivo, futuras
investigaciones podrian enfocarse en la implementacién de diferentes técnicas en las
mediciones in situ de Clo-a total y fraccionada que conlleven a un menor sesgo al momento de
discretizar el fitoplancton por tamafio, ademas de campafias oceanograficas que permitan
incluir un mayor rango de Clo-a tanto en el tiempo (estacionalidad) como en el espacio (eje

costa-océano).

5.1. Estructura de la comunidad fitoplancténica por tamafios al interior de los remolinos

de mesoescala

De acuerdo con los resultados presentados en el capitulo 4.1, se acepta la Hipdtesis I: La

variabilidad temporal de la comunidad fitoplanctonica por clases de tamafio al interior de los
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remolinos de mesoescala depende de las fases de éstos durante su periodo de vida, las que
implican cambios en la concentracion de nutrientes en la capa superficial.

Dos fases han sido propuestas para el periodo de vida y desarrollo de los remolinos las
cuales son la fase de formacion e intensificacion y la fase de decaimiento o relajacion. A nivel
de Clo-a total superficial se ha propuesto que durante la fase de formacidn-intensificacion, los
procesos fisicos dominantes que modulan la biomasa fitoplanctonica al interior de los
remolinos son: i) los procesos de adveccion horizontal desde y hacia la ZC, vy ii) el
desplazamiento vertical de las isopicnas por el bombeo segun el tipo de remolino (Gaube et
al., 2014). En términos de la variabilidad temporal de la estructura de la comunidad
fitoplanctonica o ECF en los remolinos evaluados en este estudio (ciclon superficial (sC),
anticiclon superficial (SAC) y anticiclones intratermoclina (sSAC1 y ssAC2)), los cambios
parecen estar asociados en mayor medida a procesos de surgencia/subsidencia local durante la
fase de formacion-intensificacion (~10 primeras semanas) dependiendo de la naturaleza del
remolino, y a los procesos de adveccion y atrapamiento de nutrientes y plancton durante todo
el periodo de vida de estas estructuras de mesoescala.

De acuerdo con el sentido de giro, se espera que los remolinos ciclénicos (anticiclonicos)
advecten y atrapen aguas costeras (oceanicas) con alto (bajo) contenido de nutrientes y alta
(baja) biomasa fitoplancténica durante la fase de formacion-intensificacién del remolino.
Ademas, se espera que estos procesos de adveccion sean similares en los anticiclones
superficiales e intratermoclina, dada su similitud en el sentido de giro (Gaube et al., 2014). Sin
embargo, durante esta primera fase y en comparacion con los valores encontrados en la ZC, no
se observé un aumento de la fraccion microplanctonica en el sAC, pero si en los
intratermoclina sSAC1 y ssAC2; a pesar de la similitud en el sentido de giro. Por tanto, el
aumento del microplancton en ssSAC1 y sSAC2, estaria asociado en mayor medida con el
desplazamiento local de las isopicnas hacia la capa superficial, promoviendo el flujo de
nutrientes y crecimiento de células fitoplanctonicas grandes, similar a lo observado en sC;
mientras que, la disminucion del microplancton en el SAC estaria asociada con el
desplazamiento vertical hacia abajo de las isopicnas, transportando nutrientes y plancton hacia

afuera de la capa fotica (Sweeney et al., 2003; Mourifio-Carballido y McGillicuddy, 2006;
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McGillicuddy, 2016). Adicionalmente, las proporciones nitrato:silicato (N:Si) cercanas a 1:1
tipicas de la ZC para la region de estudio, estarian favoreciendo el crecimiento de
microdiatomeas y por tanto el aumento de la fraccion microplancténica cuando los remolinos
se encuentran mas cerca de la costa (Anabalon et al., 2016).

No obstante, dos criterios permiten también sugerir que los procesos de adveccion horizontal
y atrapamiento de nutrientes y plancton estarian sucediendo a lo largo del periodo de vida
completo de los distintos remolinos: i) no se observaron mayores diferencias en la
contribucion de las distintas fracciones de tamafio a la Clo-a total entre la periferia y el centro
de los remolinos, y ii) no se observaron mayores diferencias en ECF durante la fase de
relajacion-decaimiento (posterior a las primeras ~10 semanas) entre los distintos tipos de
remolinos evaluados, es decir, en todos los casos la fraccidn microplancténica tiende a
disminuir, mientras que, las fracciones nano- y picoplanctonica tienden al aumento y/o a
mantenerse casi constante. En relacion al primer criterio, para que los remolinos puedan
atrapar fluido en su interior se espera que las velocidades rotacionales (periferia) sean mayores
que su velocidad de propagacion (Flierl, 1981), una condicion que ha sido generalmente
reportada para los remolinos de mesoescala subtropicales (Chelton et al., 2011). Esta
condicion implicaria un rapido intercambio de nutrientes y plancton entre la periferia del
remolino y las aguas circundantes, facilitando un rapido atrapamiento de estos nutrientes y
plancton en el interior del remolino, y por tanto, disminuyendo las diferencias en ECF entre la
periferia y el centro de éstos. De igual forma, es importante considerar que los criterios
escogidos para delimitar el centro y la periferia de los remolinos pueden implicar que se vean
o0 no diferencias en ECF o que no se aisle completamente la sefial del remolino de las aguas
circundantes, y por tanto, futuras aproximaciones podrian basarse en distintos radios de
muestreo y/o en contornos de velocidad.

En relacién al segundo criterio, debido a la naturaleza diferente de los tipos de remolinos
evaluados, se espera que durante la fase de relajacion-decaimiento el sentido de las isopicnas
hacia subduccion (surgencia) local en los remolinos ciclonicos e intratermoclina
(anticiclonico) generen diferencias en la ECF. En contraste, la similitud observada estaria

asociada a la adveccion y atrapamiento de aguas de la ZTC caracterizadas por bajas
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concentraciones de silicato, razones N:Si mayores (>3:1) y células fitoplanctdnicas pequefias
principalmente nanoplancton (Morales et al., 2012; 2017), independientemente del sentido de
giro de los remolinos. Si bien en este estudio los mecanismos fisicos no fueron evaluados, la
adveccion y atrapamiento como mecanismo constante de variabilidad temporal de la Clo-a
total al interior de los remolinos ha sido previamente reportado en otros SSBO (Gaube et al.,
2014) y recientemente en aguas subtropicales del Pacifico Sur (Frenger et al., 2018).

Dado que esta es la primera aproximacion en seguir los cambios temporales en la estructura
de la comunidad fitoplancténica al interior de los remolinos de mesoescala en la region centro-
sur de Chile, futuras investigaciones deben enfocarse en: i) evaluar los mecanismos por los
cuales los distintos tipos de remolinos influencian la variabilidad temporal de la ECF y cémo
se relaciona dicha variabilidad con la estacionalidad climatica de la regién principalmente
durante la fase de formacidn-intensificacion de los remolinos, ii) incluir analisis de
comparacion entre las velocidades de rotacion y traslacion de los remolinos que permitan
inferir cuanto material bioldgico (plancton) es advectado y transportado al interior de éstos, a
qué distancia y por cuanto tiempo, iii) analizar otros mecanismos por los cuales los remolinos
permiten sostener un determinado grupo de fitoplancton principalmente a mayores distancias
de la ZC y que facilitan el acceso de nutrientes a la capa superficial, por ejemplo por mezcla
vertical de acuerdo al desplazamiento de estas estructuras de mesoescala. Adicionalmente, es
importante tener en cuenta que dado que el modelo satelital utilizado asocia la Clo-a
fraccionada con un rango de valores en la Clo-a total, esto podria generar un sesgo en la
discretizacién de la ECF a nivel superficial y por tanto es necesario complementar las
observaciones satelitales superficiales con mediciones in situ y modelos fisicos-

biogeoquimicos regionales.

5.2. Distribucion del fitoplancton en un area de interaccion entre un remolino

intratermoclina y el frente de surgencia costera

De acuerdo con los resultados presentados en el capitulo 4.2, se acepta la Hipotesis I1: La

variabilidad espacial de la comunidad fitoplanctdnica en la zona costera y de transicion costera
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depende de la magnitud del flujo vertical de nutrientes por procesos de mezcla diapicna
turbulenta, lo que implica una ventaja competitiva para las células fitoplancténicas grandes
cuando estos flujos son maximos hacia la capa fética.

Las condiciones de temperatura superficial del mar, circulacion geostrofica y Clo-a total, en
conjunto con la distribucion del fitoplancton por tamarfio, nutrientes (nitrato, fosfato y silicato)
y propiedades fisicas (temperatura, salinidad y densidad) de la columna de agua durante un
crucero corto en la ZC y ZTC frente a Concepcién (36-37°S), indicaron la ocurrencia de un
evento de interaccion entre un remolino intratermoclina (ITE) y el frente de surgencia costera
(FSC). En ambas éareas, en el ITE y en el FSC, se encontrd una alta proporcion (~40-70%) de
la fraccién microplanctdnica en respuesta a valores maximos de flujo diapicno (es decir entre
isopicnas) de nutrientes hacia la capa fotica. Estos flujos fueron maximos por debajo de la
capa de mezcla, producto de las inversiones turbulentas en la parte estratificada de la columna
de agua (Park et al., 2014). Estos procesos turbulentos facilitan la mezcla diapicna y pueden
ser generados por multiples mecanismos fisicos, tales como el cizalle vertical del flujo
geostréfico, el rompimiento de ondas internas, inestabilidades ageostréficas y/o por
inestabilidades baroclinicas asociadas a los gradientes laterales caracteristicos de las zonas
frontales, entre otros (Boccaletti et al., 2007; Gargett y Garner, 2008; Mahadevan y Archer,
2000; Li et al., 2012; Mahadevan, 2016). Adicionalmente, la elevacion de las isopicnhas por
accion del viento en el FSC y por accion de la dinamica fisica del ITE, facilitan el transporte
de masas de agua con alto contenido de nutrientes a la capa superficial, siendo esta
distribucion un factor clave para la mezcla diapicna dado que esta Ultima depende del
gradiente vertical de los nutrientes en la columna de agua.

Considerando que hay dos factores importantes que modulan en mayor medida el
crecimiento y la produccion primaria del fitoplancton a nivel de sub- y mesoescala en la ZC y
ZTC, los cuales son luz y nutrientes, las células fitoplanctdnicas en el caso estudiado no
habrian estado limitadas por luz. Aunque no se tuvieron datos de este tipo durante el crucero,
Testa et al. (2018) reportaron que la profundidad de la capa fotica para la region de estudio
durante febrero (periodo del crucero) oscila entre los primeros ~10-30 m de la columna de

agua, profundidad en la cual se encontraron los méximos de Clo-a por el microplancton. Estos
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resultados son consistentes con estudios que en otras regiones han reportado la presencia de
microdiatomeas en zonas frontales, ITEs y alrededor de la picnoclina, en relacion con la
mezcla turbulenta y el contenido de nutrientes, favoreciendo el crecimiento del microplancton
y la acumulacién de biomasa (ej. Ledwell et al., 2008; Li et al., 2012; Zhang et al., 2015). No
obstante, son pocos los estudios que evaltan la distribucion y cambios en la comunidad
fitoplanctonica cuando este tipo de estructuras fisicas interactian en los SSBO (ej. Morales et
al., 2017).

Dado que la dinamica del océano implica una cascada de energia que fluye desde la
circulacién de gran escala a escalas mas pequefias, la interaccion ITE-FSC puede aumentar la
mezcla diapicna turbulenta a nivel de submesoescala, erosionando la estabilidad de la columna
de agua y llevando nutrientes a la capa superficial. Recientemente, Lévy et al. (2018) mediante
observaciones y modelacion numérica, indican que el forzamiento fisico de submesoescala
afecta directamente las tasas de crecimiento del fitoplancton y la estructura de la comunidad
fitoplanctdnica. Sin embargo, este es un tema de investigacion actual debido a: i) la dificultad
de adscribir un unico mecanismo fisico a los cambios en la estructura del fitoplancton por
tamafo; ii) la interrelacion de distintos procesos fisicos con escalas espacio-temporales
similares; y iii) la limitacion de mediciones continuas de alta resolucion para procesos de
submesoescala y pequefia escala (ej. mediciones de microperfilador). Por tanto, esta tesis
doctoral es un aporte en este sentido, al asociar la distribucion del fitoplancton por tamafio con
la variabilidad de submesoescala y el flujo diapicno de nutrientes en la ZC y ZTC durante un
evento de interaccion ITE-FSC en el SSBO en la region centro-sur de Chile.

Los resultados aqui obtenidos ademas implican: (i) que en el escenario de cambio climatico
donde se prevé la intensificacion de los vientos favorables a la surgencia en la regidn centro-
sur de Chile y con esto la intensificacion del FSC (Garreaud y Falvey, 2008; Oerder et al.,
2018), la mezcla turbulenta en la zona frontal estaria favoreciendo el incremento en la
produccion primaria local por la fraccion microplanctonica y la eficiencia de la bomba
bioldgica para esta region en relacion con los procesos turbulentos de pequefa escala, y (ii)
que si bien a escala interanual se ha visto una débil asociacion entre las fases calida (EI Nifio)

y fria (La Nifa) de El Nifio Oscilacion del Sur (ENSO) con la Clo-a total y la produccion
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primaria a nivel superficial para esta region (ej. Corredor-Acosta et al., 2015; Testa et al.,
2018), el incremento en el nimero de ITEs durante la fase fria de ENSO propuesto por
Combes et al. (2015) implicaria el aumento de Clo-a por la fraccion microplancténica a nivel
subsuperficial durante afios con eventos La Nifia, en respuesta al potencial incremento del
flujo diapicno de nutrientes por procesos de mezcla turbulentos en la fase de formacion e

intensificacion de los ITEs cerca de la ZC.
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6. CONCLUSIONES

Esta tesis doctoral es una contribucion al entendimiento del impacto de la dindmica fisica de
sub- y mesoescala en la distribucion del fitoplancton en la region centro-sur de Chile. Los
resultados muestran un cambio en la estructura de tamafos de la comunidad fitoplancténica al
interior de los remolinos de mesoescala a medida que éstos se desplazan entre la zona costera
y de transicion costera. Estos cambios fueron mayores durante los primeros ~2 meses de
formacion e intensificacion de los remolinos, en donde una mayor (menor) contribucién de la
fraccion microplanctonica fue asociada con los remolinos tipo ciclénico e intratermoclina (tipo
anticicldnico), en relacion con la elevacion (hundimiento) de las isopicnas y la entrada (salida)
de nutrientes a la capa superficial. Sin embargo, los procesos de adveccion y atrapamiento de
nutrientes y plancton al interior de los remolinos evaluados, estarian sucediendo a lo largo del
periodo de vida completo de los distintos remolinos dado que no se observaron mayores
diferencias en la contribucion de las distintas fracciones de tamafio a la Clo-a total entre la
periferia y el centro de los remolinos, ni tampoco mayores diferencias en ECF durante la fase
de relajacion-decaimiento (posterior a las primeras ~10 semanas) entre los distintos tipos de
remolinos evaluados. En consecuencia, los cambios en ECF durante la fase de formacion-
intensificacion de los remolinos, estaria influenciada en mayor medida por la entrada o salida
de nutrientes de la capa fética de acuerdo al bombeo tipo remolino, mientras que los procesos
de adveccion y atrapamiento de nutrientes y plancton seria un mecanismo constante durante el
periodo de vida completo de los remolinos, principalmente durante la fase de relajacion-
decaimiento de éstos.

No obstante, los cambios en ECF durante la fase de formacion-intensificacion cuando los
remolinos se encuentran cerca de la ZC, también estan influenciados por la interacciéon de
éstos con otras estructuras fisicas tales como el frente de surgencia costera. En este sentido, los
resultados obtenidos en un caso de interaccion entre un remolino intratermoclina (ITE) y el
frente de surgencia costera (FSC) frente a Concepcion (36-37°S), muestran flujos verticales
maximos de nutrientes en ambas areas, en respuesta al gradiente vertical de nutrientes en la

columna de agua y la alta mezcla diapicna (entre isopicnas) por procesos turbulentos de
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pequefia escala. Estos flujos méximos estuvieron correlacionados con valores méximos de
Clo-a por parte del microplancton y maxima abundancia de microdiatomeas, demostrando la
importancia de la variabilidad de submesoescala en los nutrientes y de los procesos de mezcla
diapicna turbulenta en la configuracion de la ECF, al favorecer la entrada de nutrientes a la
capa fética y por ende la ventaja competitiva de las células fitoplanctonicas grandes.
Adicionalmente, esta tesis presenta la aplicacion de un modelo de tres componentes (micro-,
nano- y picoplancton) para obtener estimados satelitales superficiales de Clo-a por tamafio
para la region de estudio. Si bien se encontraron valores de incertidumbre moderados en los
estimados satelitales para la fraccion microplanctonica, asociados con la alta dispersion de las
mediciones in situ de Clo-a por el picoplancton para el rango completo de la Clo-a total y del
microplancton cuando la Clo-a total tiende a cero, lo resultados muestran que el modelo logra
capturar la tendencia de las observaciones in situ y que los supuestos del modelo se ajustan
para esta region altamente productiva. En este sentido, futuras investigaciones deben enfocarse
en colectar datos in situ de Clo-a total y fraccionada por tamafio incluyendo un mayor rango
de Clo-a y preferiblemente sin dependencia de las fracciones con la Clo-a total de forma tal
gue se puedan mejorar este tipo de herramientas de observacion satelital, y que puedan ser

utilizadas para el forzamiento y validacion de modelos biogeoquimicos regionales.
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