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RESUMEN GENERAL

El objetivo de este trabajo fue estudiar la composicion y abundancia de las
principales especies/géneros de las comunidades de cocolitéforos, su relacion
con las variables fisico-quimicas frente a la costa de Concepcion y su rol en la
exportacion de CaCOs hacia el fondo oceanico frente a las zonas de Coquimbo
(30°S) y Concepcion (36°S). Ademas, se evalud el posible impacto de los pellet
fecales de apendicularias (PFa) en la exportacion de carbono organico (POC) e
inorganico (carbonato de calcio) al océano profundo del Sistema de Corriente de
Humboldt (SCH). La hipétesis que el estudio sometid6 a prueba fue: i) La
distribucién y abundancia de cocolitoéforos frente a la costa de Concepcién varia
zonalmente debido principalmente a la presencia de un frente de surgencia
costero. Este frente delimita una zona costera dominada por AESS de aguas
oceanicas con caracteristicas principalmente de ASA vy ii) La exportacion de
carbono inorganico particulado (CaCOs) producido por la comunidad de
cocolitéforos (cocolitos sueltos, cocosferas o empaquetadas en el material fecal
0 agregados de fitodetritus) son un importante mecanismo de transporte de
calcita biogénica el cual se incrementa durante primavera-verano y representa

una fraccion significativa del carbonato total exportado.

Muestras discretas fueron obtenidas de la columna de agua a 0, 20 y 50 m frente
a Concepcidn y otras desde trampas de sedimento ubicadas a 1000 y 2300 m de

profundidad en la zona oceanica de Coquimbo y Concepcién. La abundancia y
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composicién de las comunidades de cocolitéforos frente a Concepcion fueron
analizadas y contrastadas con las variables fisicas-quimicas y biolégicas de la

zona costera y ocedanica de esta area de estudio.

La distribucion espacial de cocolitoforos fuera de la costa de Concepcion
presentd un claro patron costa-océano. Las diatomeas dominaron en una
estrecha banda costera frente a Concepcion, mientras que los cocolitéforos lo
hicieron en las regiones mas oceanicas. Los cocolitos sueltos y cocosferas fueron
dominantes en las trampas de sedimento de Coquimbo (2300 m) y Concepcion
(1000 y 2300 m), mientras que las especies menos abundantes pero mas
robustas dominaron los flujos de carbonato. Los PFa tuvieron un rol menor en la
exportacion de carbonato total, aunque en promedio fueron el segundo mayor
componente exportador de CaCOs de cocolitéforos en ambas regiones. El
tamafio de los PFa y su contenido de carbono/carbonato resulté en un modelo
no-linear e inverso cuando se estandarizo por el volumen (tamafio) de los PFa,
resultando en un impacto tamafio-dependiente en el marco de la bomba biolégica
de carbono.

El estudio concluye que la distibucion espacial de cocolitéforos frente a la costa
de Concepcidn presenta un patréon zonal, influenciado por un activo sistema de
surgencia costero, el cual crea cuatro zonas biogeograficas bien definidas, una
costera, una transicional y dos zonas oceanicas .

La diversidad y abundancia de cocolitéforos es minima en la zona costera,
alcanzando el maximo en la zona oceanica.
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Los cocolitos sueltos y cocosferas dominan los flujos de carbonato de
cocolitoforos en ambas regiones de estudio.

Los PFa fueron el segundo mayor exportador de CaCOs de cocolitoforos .

El contenido de carbono y carbonato de los de los PFa son tamafio-dependientes,

lo cual deriva en un modelo no lineal inverso.

Xvii



GENERAL ABSTRACT

The general goal of this thesis was the study of the composition and abundance
of the main species/genera of the live community of the coccolithophores, their
relationship with physical and chemical variables and their role in the CaCOs3 flux
towards the bottom of the ocean off Coquimbo (30°S) and Concepcion (36°S). In
addition, the possible impacts of the appendicularian fecal pellets (FP) upon the
particulate organic (POC) and inorganic (carbonate) carbon export to deep layers
of the Humboldt Current System was evaluated by using a non-linear relationship

between the FP-size and their carbon content.

The study stated the hypothesis that: i) The abundance and distribution of the
coccolithophores off Concepcion varies zonally due mainly to the presence of the
dominant coastal upwelling system during the spring-summer period. This front
delimits a coastal zone dominated by ESSW of ocean waters with characteristics
mainly of SAW and ii) The exportation of particulate inorganic carbon (CaCOz3)
produced by the community of coccolithophores (loose coccoliths, coccospheres
or packaged in the fecal material or phytodetritus aggregates) is an important
transport mechanism of biogenic calcite which increases during spring-summer

and represents a significant fraction of the total exported carbonate.

Discrete samples were obtained from 0, 20 and 50 m water column off
Concepcion and from sediment traps deployed at 1000 and 2300 m depth in the

oceanic zone of the study areas. The composition and abundance of

Xviii



cocolithophores were analyzed and contrasted with physical-chemical and

biological variables in coastal and oceanic zones off the study areas.

The spatial distribution of the coccolithophores off Concepcion presented a clear
coastal-oceanic pattern. Diatoms were dominants in the narrow coastal band off

Concepciodn, while the coccolithophores were dominant in the oceanic region.

The detached coccoliths and loose coccospheres were dominants in the sediment
traps at 1000 and 2300 m of depth off Coquimbo and Concepcion, where the less
abundant, albeit more robust in calcium carbonate, species dominated the
carbonate flux. The appendicularian FP played a minor role in the total carbonate
exportation, although were, on average, the second major component in driven
the CaCO3-coccolithophores flux to the deep sea in both zones. The size-
spectrum of the appendicularian FP and their carbon/carbonate contents,
resullted in an non-linear and inverse relationship when standarized by volume
(size) of the FP. This resulted in an size-dependent impact in the framework of

the biological carbon pump.

The study concludes that the spatial distribution of coccolithophores off the coast
of Concepcion presents a zonal pattern, influenced by an active coastal upwelling

system, which creates four well defined biogeographic zones.

The diversity and abundance of coccolithophores is minimal in the coastal zone

Z1, reaching the maximum in the oceanic zone Zs.
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Loose coccoliths and cocospheres dominate the carbonate fluxes of

coccolithophores in both study regions.

FPa were the second largest exporter of CaCOs cocolithophores.

The carbon and carbonate contents of the FPa are size-dependent, resulting in a

non-linear inverse model.
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CAPITULO 1. INTRODUCCION

Los cocolitéforos son organismos unicelulares que pertenecen a un grupo del
fitoplancton correspondiente filogenéticamente a la division Haptofitas, uno de los
mas importantes productores de carbonato marino en los sistemas pelagicos
(Young & Bown, 1997; Young et al., 2003). Los cocolitoforos varian entre 2,7 y
40 um en diametro, aunque debido a que la mayoria de ellos son menores a 20
um en didmetro, se clasifican como nanoplancton. A pesar de su tamafio
relativamente pequefo, son reconocidos de tener un rol importante en los ciclos
del carbono y carbonato, ya que puede alcanzar grandes densidades
(principalmente E.huxleyi y G. oceanica) las cuales incluso pueden ser percibidas
desde el espacio a través de sensores remotos usados en la tecnologia satelital
(Brown & Yoder, 1994; Balch et al., 2007; Okada & Mcintyre, 1979; Winter et al.,
1994). Varios estudios alrededor del mundo han mostrado que en muchos casos
las densidades pueden superar las 1000 células mL* (Mitchell-Innes & Winter
1987, Townsend et al., 1994, Ishimaru 1990, Tyrrell et al., 1999) lo cual puede
significar un impacto significativo en los flujos de carbono (Ziveri et al., 2004) y
energia tanto en las regiones fética y afética de la columna de agua. En la
actualidad los cocolitéforos son considerados uno de los principales
responsables de los depositos de calcita biogénica en el fondo del océano
(Baumann et al., 2004). Autores como Hay (2004), han reportado que estos

organismos contribuyeron fuertemente al ciclo del carbonato en los margenes



continentales durante el Jurasico, extendiéndose hacia las regiones oceanicas
durante el Cretacico. Los estudios de sedimentos de las regiones oligotréficas
han mostrado que estos son ricos en material calcareo y particularmente en
placas de cocolitéforos. De este modo, se ha estimado que en los depdsitos de
carbonato de sedimentos superficiales de las cordilleras meso-oceéanicas del
Atlantico Sur, estos pueden exceder el 70% del peso total, mientras que en los
margenes continentales de aguas mas fértiles estos organismos tienen un rol
menor, alcanzando una quinta parte de los sedimentos acumulados (Baumann et

al., 2004).

1.1 Cocaolitéforos en el Pacifico Sur Oriental (PSO).

El Sistema de la Corriente de Humboldt (SCH) del PSO, es uno de los sistemas
mejor estudiados en los ultimos afios. Sin embargo, pese a la gran cantidad de
informacion disponible tanto biolégica como oceanogréfica, s6lo unos pocos
articulos han abordado el estudio de las comunidades vivas y exportadas de
cocolitoforos en el PSO (e.g. Beaufort et al., 2008; Gonzalez et al., 2004), o su
distribucion biogeogréfica (e.g. Saavedra-Pellitero et al., 2010, 2011, 2014).
Aunque los cocolitéforos estan presentes en una amplia variedad de
medioambientes marinos, desde los trépicos a regiones subpolares, su
distribucion y diversidad en la zona fética es afectada por la circulacion oceanica,

y por lo tanto, por diferentes parametros tales como la salinidad, temperatura y



disponibilidad de nutrientes (Winter et al., 1994; Ziveri et al., 2004). AUn no existe
claridad como los cocolitoforos pueden adaptarse a estos cambios de su entorno
(Saavedra-Pellitero et al., 2014), o como estos se distribuyen y adaptan en un
gradiente zonal entre sistemas oceanicos y costeros de regiones de surgencia,
las cuales pueden ser altamente variables (Daneri et al., 2000). Por ejemplo, los
eventos de surgencia costera del SCH “bombean” Agua Ecuatorial SubSuperficial
(AESS) las cuales son frias, pobremente oxigenadas (<1 ml L'1) y con una alta
carga de nutrientes (Brandhort, 1971; Silva, 1983), a la superficie del océano.
Ademas, las altas concentraciones de carbono inorganico disuelto de las AESS
(>1000 ppm, ver Friederich et al., 2008) puede favorecer un fuerte intercambio
océano-atmosfera (Gonzalez et al., 1998), llegando incluso a comportarse como
fuentes de CO: a la atmésfera (Torres et al., 2011). En efecto, estos cuerpos de
agua poseen cantidades significativas de CO2 el cual incrementa la
concentracion de iones hidrégeno (H*), disminuye el pH, altera el estado de
saturacion del CaCOs (Q) y conduce a la llamada “acidificacion del océano”
(Hofmann & Schellnhuber 2009). Segun Gruber et al. (2012) el Q es
particularmente relevante sobre todo para los organismos que construyen parte
de sus estructuras con formas minerales de CaCOs, tales como la calcita o
formas menos estables como la aragonita. Aguas subsaturadas (Q <1) y por ende
potencialmente mas corrosivas para los organismos calcareos (Feely et al., 2008,
Gruber et al., 2009) son usuales en regiones de surgencia con pH superficiales

relativamente bajos pudiendo afectar mas intensamente a organismos como los



cocolitoforos. Evidencia de esto ha sido reportado recientemente por Saavedra-
Pellitero et al. (2010), los cuales observaron que el incremento en la abundancia
relativa de ciertos taxa (e.g. Florisphaera profunda y Gephyrocapsa oceanica) en
las regiones de surgencia de Chile puede ser explicada por la mayor resistencia
de estas taxa a la disolucion, por lo que estos resultados obedecerian a una
preservacion selectiva. Diversas respuestas a la calcificacion y fijacion de
carbono organico particulado (COP) en cocolitéforos a elevadas concentraciones
de CO:z acuoso han sido observadas (Smith et al., 2012). Estudios
experimentales han mostrado que la razon CaCOs3:COP puede decrecer a
elevadas concentraciones de COz2, debido a que la produccion de CaCOs decrece
y el COP incrementa, sin embargo esta razon es dependiente de los niveles de

intensidad luminosa y concentracion de nutrientes (Zondervan et al., 2007).

Se ha reportado que un decrecimiento en el carbono inorganico particulado (CIP)
a una tasa de crecimiento y produccion de COP estable, puede reducir el peso
de las células, reduciendo sus tasas de hundimiento (Klaas & Archer 2002) y
afectando significativamente el efecto lastre producido por estas particulas sobre
los agregados y/o pellets fecales en la columna de agua (ver, Lombard et al.,
2013; Passow, 2004). Otros factores que afectan los patrones de distribucién
bioldgica son estructuras de mesoescala como giros y frentes (Owen 1981). En
regiones de surgencia activa, los frentes se ubican usualmente en el limite entre
aguas costeras y aguas ocednicas adyacentes (Acha et al., 2004). Letelier et al.,
(2009), reporté la presencia de un frente de surgencia a 105 km fuera de la costa

4



de Concepcion (35,5°S), el cual se ubico siguiendo la isoterma de los 14°C. Dado
gue el proyecto FIP-2004 es la base de esta tesis, se considerara la definicion de
frente de surgencia reportada por Letelier et al. (2009). De este modo, es evidente
gue las regiones de surgencia costeras pueden tener fuertes implicancias en la
modulacién de la distribucion, abundancia y la estructura de las comunidades de
cocolitoforos en el SCH. En el sistema de surgencia costera frente a Portugal,
Silva et al. (2009), reportaron que las diatomeas dominan bajo condiciones de
surgencia y disponibilidad de acido silicico, sin embargo, cuando la surgencia se
debilita y la temperatura superficial del océano se incrementa debido a la
adveccion de aguas calidas sobre la costa, dominan los cocolitoforos. Ademas,
Giraudeau & Bailey (1995) también reportaron que en el sistema de surgencia de
Benguela, procesos de divergencia costa afuera, asi como frentes de surgencia,
determinaron que se formaran “manchones” de comunidades de cocolitéforos
con distinta composicion especifica y diversidad. Ademas, estos autores
indicaron que el movimiento de las masas de agua también tuvo un rol importante
en la distribucion vertical de las comunidades de cocolitéforos. Estudios sobre la
distribucion y abundancia de comunidades vivas de cocolitéforos a lo largo del
SCH de la costa chilena, son escasos y realizados en zonas muy contrastantes
de nuestra costa, sin embargo, estos estudios han mostrado informacién
relevante respecto a la diversidad, magnitud de las abundancias de las
comunidades de cocolitéforos y su variabilidad en un gradiente vertical y

horizontal de la comuna de agua. Beaufort et al., (2008), reportaron la relevancia



que tuvo la familia Noelaerhabdaceae (Orden Isochrysidales) representado por
Emiliania huxleyi, Gephyrocapsa spp. y Crenalithus spp., durante el periodo de
estudio de primavera del afio 2004. Estos autores observaron que las densidades
promedio de cocolitéforos frente a Chile central (aprox. frente a Peralillo,
~34.5°S), hasta el Giro Central del Pacifico Sur alcanzaron las 4000 células L%,
sin embargo, estas aumentaban en las cercanias del sistema de surgencia de
Peru-Chile (80-100°W), donde especies de la familia Noelaerhabdaceae fueron
altamente abundantes alcanzando hasta las 350.000 células L™ entre los 30 y 60
m de profundidad. Por otro lado, también observaron que los representantes de
la familia Noelaerhabdaceae fueron mas robustas en sectores con mayor
concentracion de nutrientes como las Islas Marquesas y el sistema de corrientes
de Pera-Chile, transformandose en un componente importante del CIP.
Saavedra-Pellitero et al. (2014) también reportaron que la familia
Noelaerhabdaceae (principalmente E. huxleyi) fue dominante en regiones
australes aunque relativamente alejadas de los sistemas costeros frente a Chile.
Estos autores reportaron abundancias superiores a 50.000 células L sobre los
40 m de profundidad en 3 de las estaciones mas cercanas a la costa, distribuidas
entre 600-1600 km frente a Punta Arenas, Chile. Sin embargo, estas se
incrementan hacia el centro del Océano del Sur, alcanzando a 640.000 células L-
! cerca de Nueva Zelanda en el limite del Frente Subtropical. Una version mas
completa sobre la distribucién de cocolitéforos y sus preferencias ecolégicas es

reportada por Saavedra-Pellitero et al. (2014). Aqui estos autores hacen un



estudio de la distribucion biogeografica de los cocolitoforos basados en muestras
de sedimento superficiales recolectados entre la region Ecuatorial del PSO hasta
los 50°S de la costa chilena. Los resultados obtenidos revelaron que de las 14
taxa mas importantes observadas en este estudio, los analisis estadisticos
multivariados mostraron una dominancia de F. profunda y G. oceanica (factor 1)
al norte de los 25°S, el cual fue relacionado estrechamente con las condiciones
de aguas mas calidas. Sin embargo, este factor también fue dominante entre los
33°Sy 38°S, aunque segun estos autores este resultado estaria mas relacionado
con una preservacion selectiva, producto del aumento de la disolucion dada las
intensas surgencias de esta region. Al sur de los 25°S y hasta los 33°S se observa
una dominancia de H. carteri y C. leptoporus (factor 3). Se ha sugerido que H.
carteri esta adaptada a aguas mesotroficas con una deébil preferencia por la alta
salinidad y bajo contenido de nutrientes. Calcidiscus leptoporus tiene una
distribucion similar a H. carteri sugiriéndose como dominante en regiones de
surgenciay al sur del area de estudio. Finalmente, al sur de los 33°S se presenta
una dominancia del factor 1, seguido de una dominancia de Gephyrocapsa sp.
<3 um, E. huxleyi, G. muellerae y C. pelagicus (factor 2) entre los 38°S y 45°S, el
cual tuvo una correlacion inversa con la temperatura y salinidad superficial del

océano y en menor medida con el contenido de silicatos.

Por otro lado, el Unico reporte de la importancia de los flujos de cocolitéforos
frente a la costa de Coquimbo fue realizado por Gonzalez et al. (2004). Los
resultados presentados en este estudio mostraron que las cocosferas+cocolitos
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fueron la segunda mayor contribucion al flujo de carbonato (después de los
foraminiferos). Asi, los cocolitéforos alcanzaron en promedio 7 mg m2d? o 11%
del carbonato total exportado en una trampa de sedimento ubicada a 2300 m de
profundidad en la zona oceanica frente a Coquimbo (30°S) entre los afios 1993 y
1995. Segun este estudio, la mayoria de los cocolitos retenidos en las trampas
de sedimento correspondieron a E. huxleyi y C. pelagicus y una menor
contribucion de otras especies como G. oceanica, Pontosphaera siracusanay C.
leptoporus. Ademas, observaron que los cocolitos libres encontrados en las
muestras de trampas de sedimento podria tener una de sus fuentes de origen los
pellet de apendicularias, debido a que los analisis de microscopia electronica
demostraron que estaban cargados de cocolitos, o incluso desde tintinidos, los
cuales aglutinan cocolitos en sus loricas. Finalmente, estos autores concluyen
gue los cocolitéforos (coccosferas y cocolitos sueltos), aportan una fraccion
significativa del carbonato total exportado, lo que los transforma en un
componente exportador de carbono importante hacia el océano profundo en el
SCH. Finalmente, podemos sugerir que las regiones de surgencia costeras
pueden tener fuertes implicancias en la modulacion de la distribucién, abundancia
y la estructura de las comunidades de cocolitéforos en el SCH. Por lo tanto, la
importancia del estudio de los cocolitéforos en sistemas de surgencia del PSO es
multiple, por una parte radica en conocer sus comunidades, especies claves y su
relacion con las variables ambientales o el impacto de los procesos fisicos (e.g.

surgencia, giros, frentes), su exportacion al océano profundo y sus implicancias



en los ciclos biogeoquimicos del carbono, azufre entre otros. Ademas, se
requiere obtener informacién previa para futuros estudios en sistemas que
podrian constituir un buen escenario natural de los efectos de un posible
incremento de la acidificacion de los océanos producto del cambio climatico sobre
estos organismos calcareos, ya que se estima que el efecto corrosivo de estas
aguas puede potencialmente aumentar su disolucion en las regiones neriticas y
bentonicas del PSO. En congresos internacionales como IMBIZO 1l realizado el
2014 en Bergen, Noruega, se indicé en ponencias plenarias (i. e. J.-P. Gattuso)
que las areas de surgencia son altamente vulnerables pues la lisoclina de
aragonita (que en zonas oceanicas puede ubicarse a >2000 m de profundidad),
se ubica a profundidades < 50 m en el norte de Chile y Peru, lo que ha
determinado que proyectos internacionales acudan a esas regiones donde tienen
poblaciones de cocolitéforos “naturalmente” viviendo en masas de agua con
diversos regimenes de pH y nivel de “corrosion”. El objetivo general del presente
proyecto de tesis considera estudiar la distribucion y abundancia de las especies
claves de cocolitéforos y su relacidon con las variables fisico-quimicas y/o
procesos fisicos de mesoescala (e.g. surgencia) en un gradiente costa-océano
frente al sistema de surgencia de Concepcion. Los datos de abundancia de las
especies claves por su abundancia y/o tamafio serviran para determinar su
contribucion a la fuente del carbonato de calcio suspendido y su exportacién
hacia zonas profundas del océano. Por otro lado, los datos de los flujos de

cocosferas y cocolitos obtenidos desde trampas de sedimento ubicadas frente a



la costa de Concepcién y Coquimbo permitiran determinar las variaciones intra-
e inter-anuales, latitudinales y las implicancias de posibles efectos remotos como
El Nifio sobre la composicion de las especies claves y su impacto en la

exportacion total de CaCOs hacia el fondo del océano del PSO.
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1.2 Hipdtesis de Trabajo

H1: La distribucién y abundancia de cocolitéforos frente a la costa de Concepcion
varia zonalmente debido principalmente a la presencia de un frente de surgencia
costero. Este frente delimita una zona costera dominada por AESS de aguas

oceanicas con caracteristicas principalmente de ASA.

H2: La exportacion de carbono inorganico particulado (CaCO3) producido por la
comunidad de cocolitéforos (cocolitos sueltos, cocosferas o empaquetadas en el
material fecal o agregados de fitodetritus) en Coquimbo y Concepcion son un
importante mecanismo de transporte de calcita biogénica el cual se incrementa
durante primavera-verano y representa una fraccion significativa del carbonato

total exportado.

1.3 Objetivos especificos:

1. Estudiar la composicién y abundancia de las principales especies y/o
géneros de cocolitéforos, frente a la costa de Concepcioén y analizar su relaciéon
con las variables oceanograficas (fisicas, quimicas y biolégicas) vy
procesos/discontinuidades de mesoescala (i. e. transporte de Ekman, frente de

surgencia).

11



2. Determinar la magnitud y variabilidad estacional de los flujos de
cocolitoforos y su contribucién al flujo total de CaCOs hacia el océano profundo

del SCH frente a la costa de Coquimbo y Concepcion, Chile.

3. Estimar y discutir el posible rol de los pellet fecales de apendicularia
(tamafios, contenidos, razén COP/CaCO3) como mecanismo de exportacion
dominante y su contribucion a los flujos verticales de carbonato total, frente a la

costa de Coquimbo y Concepcion, Chile.
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CAPITULO 2. MATERIALES Y METODOS

Muestreo general

Las muestras de fitoplancton (diatomeas y cocolitoforos), fueron obtenidas a
bordo del BC AGOR ‘Vidal Gormaz’ desde una grilla de 30 estaciones (35.5 - 38°
Sy 72.7-77.7° W) entre el 14-24 Noviembre 2004 frente a la costa de Concepcion,
en el marco del proyecto del Fondo de Investigacion Pesquera (FIP-2004-20).
Mientras que los flujos de carbonato (e.g. cocolitos, cocolitéforos, pellet fecales)
se obtuvieron desde 2 trampas de sedimento autométicas (SMT 230, Salzgitter
Electronic, Kiel) que fueron instaladas en dos anclajes ubicados a 100 mn frente
a las costas de Concepcion (a 1000 y 2300 m de profundidad, entre diciembre
2005- Marzo 2009) y Coquimbo (2300 m de profundidad, entre febrero 1999-julio
2004) bajo el proyecto Centro de Investigacion Oceanografica en el Pacifico Sur

Austral (FONDAP-COPAS Grant 150100007).

La informacion Hidrogréafica fue obtenida usando un CTD (Sea Bird SBE-25)
equipado con sensores de fluorescencia. Las muestras de agua para el oxigeno
disuelto, nutrientes vy fitoplancton fueron obtenidas a tres profundidades (0, 20,
50 m) con una roseta equipada con 24 botellas Niskin de 10L de capacidad. El
oxigeno fue medido usando el método de Winkler (Carpenter, 1965), mientras

gue la concentracibn de nutrientes (fosfato, acido silicico, nitrato) fueron
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analizados con un auto analizador (Alpkem Flow solution 1V) de acuerdo a

Strickland & Parson (1972).

El transporte de Ekman fue estimado de acuerdo a WU (1982) usando promedios
diarios de datos de viento de noviembre del afio 2004, obtenidos de la Estacién

Meteoroldgica del Aeropuerto Carriel Sur.

2.1 Andlisis de la compaosicion fitoplanctonica en la columna de agua.

Las muestras de fitoplancton (diatomeas y cocolitéforos) fueron obtenidas desde
3 profundidades (0, 20 y 50 m) por medio de botellas Niskin. Posteriormente, las
muestras fueron depositadas en frascos de plasticos de 250 mL, preservadas al
3% con formaldehido neutralizado con tetraborato de sodio en saturacion y
almacenado en oscuridad y a temperatura ambiente. El analisis de las muestras
de fitoplancton se realizé por medio de la metodologia de Utermohl (1958).
Submuestras de 50 mL fueron depositadas en camaras de sedimentacion
Hydrobios y examinadas con un microscopio invertido Carl Zeiss (Axiovert 200)
con una magnificacion de 200-400X (diatomeas) y 400-1000X (cocolitoféridos).
Para la identificacion de las taxa se utilizaron claves taxonémicas y literatura de
apoyo pertinente (Cupp, 1943; Tomas, 1997; Bown, 1998; Cros & Fortuiio, 2002;

Young et al., 2003).
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La cuantificacién de cocolitéforos fue realizada con un analisis preliminar a 400X
para las especies de cocolitoforos mas grandes (~10-30 um) y menos
abundantes (e.g. Helicospharea, Calcidiscus), para los cuales se examino la
mitad o toda la camara de sedimentacion. Los cocolitoforos mas pequefio (<10
um de diametro; e.g. Emiliania y Gephyrocapsa) fueron cuantificados observando
500-1500 campos visuales distribuidos aleatoriamente sobre toda la camara de

sedimentacion a una magnificacion de 1000X.

Para apoyar la identificacion de las especies observadas, se filtraron 50 mL de la
muestra a través de un filtro de 0.2 pm de poro y lavado con agua mineral
desgasificada para eliminar las sales del agua de mar (L. Cros, pers. com). Las
muestras fueron secadas y montadas en placas para su posterior analisis bajo
microscopio electronico de barrido (MEB, LEO-420). La identificacién de especies
de cocolitoforos fueron realizadas mediante el uso de claves taxonomicas de
Young et al., (2003); Cros & Fortufio (2002); Cros (2001); Bown (1998). Las
densidades fitoplancténicas fueron expresadas, en células L* o aplicando una
integracion trapezoidal de las abundancias en los primeros 50 m de la columna

de agua (células m-).
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2.2 Flujos de carbonato de cocolitéforos, pellet de apendicularias y tintinidos.

Las muestras de trampas de sedimento fueron analizadas siguiendo la
metodologia descrita anteriormente para la columna de agua. Sin embargo,
debido a que este tipo de muestras presentan mayor concentracion de material

de anadlisis, solo una fraccion entre 1-1.5 mL fue analizada.

El contenido de CaCOs de los cocolitos de cada especie fue obtenida mediante
los factores de conversion descritos por Young & Ziveri (2000), mientras que la
determinacién del carbonato por cocosfera fue obtenido basandose en lo descrito

por Broerse et al. (2000) y Ziveri et al. (2000).

Un total de 65 pellet fecales intactos de apendicularias de diferentes tamafos
(70-340 um de didmetro) fueron separados (usando pipetas Pasteur y una lupa
estereoscopica Leica MZ6) desde las muestras de trampas de sedimentos y
lavados de 5 a 8 veces con agua desgasificada para evitar la disolucion de las
placas de cocolitéforos inmersos en la matriz del pellet fecal. Luego los pellet
fueron fotografiados con una cadmara digital (Nikon model Coopix 4500) y las
imagenes procesadas utilizando Image pro Plus para la posteriormente medir los
pellet fecales y obtener su biovolumen. Para analizar el contenido de los pellet
fecales de apendicularias (de cocosferas y cocolitos), entre 1 a 10 pellet fecales
fueron extraidos desde las placas Petri y suavemente depositados en viales de
2.5 mL de capacidad conteniendo 2 mL de agua mineral descarbonatada. Los

viales fueron sonicados (Aquasonic model 75T) siguiendo la metodologia descrita
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por (Bairbakhish et al., 1999), a 50/60 Hz por periodos de 30 segundos hasta la
desintegracion total de los pellet fecales. Finalmente, el contenido de los viales
fueron colocados en camaras de sedimentacién y las muestras analizadas
utilizando un microscopio invertido con 1.000X de magnificacion, utilizando el
mismo criterio aplicado para las muestras de la columna de agua. El contenido
de CaCOs de los cocolitos inmersos en las loricas de los tres géneros mas
frecuentes de tintinidos y a los cuales se les ha observado placas adosadas en
sus loricas (Tintinnopsis, Codonellopsis, Dictyocysta), fueron calculados usando
los factores de conversion descritos anteriormente y multiplicando el resultado
por dos, asumiendo que la cara no visible de la lorica contiene la misma cantidad

de CaCO:s.

2.3 Andlisis de datos

Las abundancias de cocolit6foros de 0, 20 y 50 m de profundidad de la columna
de agua fueron analizadas para determinar diferencias espaciales en su
distribucién usando el andlisis estadistico Kruskal-Wallis. Ademés, un analisis de
cluster fue realizado para determinar la similitud en la composicion de
cocolitoforos entre las estaciones a través del coeficiente de similitud de Bray-
Curtis transformando los datos a raiz cuadrada (Clarke & Warwick, 1994).
Posteriormente una rutina SIMPER sera usada para determinar el porcentaje de

similitud con cada uno de los grupos identificados por el analisis de cluster y la
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disimilitud entre estos grupos. La abundancia de cocolitoforos sera relacionada
con las variables fisico-quimicas usando el paquete estadistico BIO-ENV para
determinar que variables, o combinacion de ellas, mejor explican el agrupamiento
de estaciones. La rutina BIO-ENV incluye una prueba de permutacién siguiendo
la metodologia propuesta por Clarke et al. (2008). Para la determinacion de la
biodiversidad se utilizara el indice de Shannon-Wiener de acuerdo a Brower et
al. (1977) para las cinco transectas en un gradiente longitudinal y latitudinal. La
determinacién de diferencias en la distribucion latitudinal y vertical de los
cocolitoforos de columna de agua se utilizara el test Mann-Whitney Test (U-Test).
Las trampas de sedimento seran analizadas utilizando un test no paramétrico (U-
Test), para determinar diferencias significativas (p<0.05) intra-interanuales,
estacionales y latitudinales para los sets de datos recolectados en las estaciones

de Coquimbo y Concepcion.

2.4 Caracteristicas del area de estudio

El 4rea de Coquimbo y Concepcion estan ubicadas en una regién altamente
dinamica del SCH, con un flujo hacia el norte el cual se origina entre los 40 o
45°S, donde la corriente de deriva del oeste se aproxima al continente
sudamericano. Aqui, esta corriente se bifurca formando la Corriente del cabo de
Hornos con direccion al sur y la Corriente de Humboldt (corriente de Peru-Chile

o PCC) que fluye hacia el norte la cual ocasionalmente se dividen en dos lenguas,
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una oceanica y otra costera la cual es separada por la contracorriente Pera-Chile
que fluye hacia el sur. Bajo estas masas de agua superficiales fluye de Norte a
Sur la corriente de Gunther, la cual se ubica entre los 100 y 400 m de profundidad
sobre la plataforma y el talud continental (Hebbeln et al., 2000). Segun Silva et
al. (2009), la regidn superficial de nuestras areas de estudio, estdn dominadas
por ASA, las cuales se extienden espacialmente hacia el oeste hasta los ~700
km con una profundidad de 150 m. Por debajo de los 150 m y hasta los 300-400
m de profundidad, se ubica el agua ecuatorial subsuperficial AESS, que se
extiende mas alla de los 1000 km desde la costa (Silva et al., 2009). Estas AESS
son ricas en nutrientes (e.g. nitrato y fosfato) pero con bajos niveles de oxigeno
(<1 mL/L) y bajas temperaturas (< 10°C). Por debajo de los 400 m, hasta los 1000
m de profundidad domina el agua intermedia antartica, mientras que por debajo
se encuentra el Agua Profunda del Pacifico. La dinamica fisica entre los 30 y
36°S ha sido descrita como una zona de transicion, caracterizada por una amplia
banda paralela a la costa, de alta energia cinética (>40 cm? s2) y que se extiende
desde el borde costero hasta los 600-800 km costa afuera. Entre los 20 y 30°S la
magnitud del estrés del viento y el transporte de Ekman se incrementan,
alcanzando un méaximo cerca de los 30°S decreciendo linealmente hacia los 40°S
(Hormazabal et al., 2004). El estrés del viento favorable a las surgencias,
predominan entre septiembre y abril en la regién de estudio, alcanzando su
maximo entre diciembre y enero. En contraste, en invierno la magnitud vy

frecuencia de los vientos del norte se incrementan rapidamente hacia los polos
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favoreciendo la subsidencia (Letelier et al., 2009). Por otro lado, para el area de
estudio (Coquimbo) se han reportado que entre 2300-3400 m de profundidad, en
la region de anclaje de la trampa de sedimento, las corrientes son de baja
velocidad (0.3-0.6 cm s) y la energia cinética de los giros son de las mas bajas

observadas en el océano (1 cm? s?) (Shaffer et al., 1995).
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CAPITULO 3. PUBLICACIONES

3.1 Manuscrito 1.

Distribucién costa-océano de cocolitéforos y su rol en los flujos de carbonato en

el sistema de surgencia de Concepcion (36°).

Resumen

El rol de los cocolitéforos en el ciclo del carbonato fue estudiado en la zona de
surgencia costera frente a Concepcion, Chile (36°S) y aguas oceéanicas
adyacentes durante primavera del afio 2004. La abundancia y diversidad de
cocolitoéforos se incrementan desde la costa hacia las regiones oceénicas. La
presencia de un activo centro de surgencia costera claramente dividio el area de
estudio dentro de una zona costera, de transicion y dos zonas oceanicas. Los
cocolitéforos y diatomeas mostraron un patrén inverso donde los cocolitéforos
fueron mas abundantes en las regiones oceanicas, mientras que las diatomeas
lo hicieron en una banda estrechamente ligada a la costa. El carbonato
suspendido de cocolitéforos alcanzé su maxima abundancia en la zona oceénica.
Emiliania huxleyi dominé las comunidades vivas de cocolitoforos en toda el area
de estudio, alcanzando hasta un 100% de dominancia a 0 y 20 m de profundidad
en la zona costera la cual estuvo influenciada por las surgencias costeras de la

region. La exportacion vertical de carbonato de cocolitoforos frente a la costa de
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Concepcion (trampa desplegada entre Diciembre 2005 y Octubre 2006) fue
altamente variable. Los flujos fueron mas intensos durante verano, dominado por
cocolitos y cocosferas de especies de cocolitoforos de mayor tamafo
(Calcidiscus leptoporus, Helicosphaera carteri). La contribucién de los flujos de
cocolitos y cocosferas transportados dentro de la matriz de pellet fecales de
apendicularia fue bajo (1%), sin embargo, ellos pueden contribuir en promedio
hasta el 27% del secuestro de carbonato de cocolitéforos. Nuestros resultados
muestran la relevancia de los mas grandes y menos abundantes cocolitéforos y
sus cocolitos al flujo de carbonato de cocolitéforos hacia el océano profundo

frente a la zona de Concepcion, Chile.
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Coastal-oceanic distribution gradient of coccolithophores and their role in the

carbonate flux of the upwelling system off Concepcion, Chile (36°S)

Abstract

The role of coccolithophores in the biogenic carbonate cycle was studied in the
coastal upwelling zone off Concepcion, Chile (36°S), and in adjacent oceanic
waters during spring 2004. Coccolithophore abundance and diversity increased
steadily from coastal to oceanic regions. The presence of an active coastal
upwelling center clearly partitioned the study area into coastal, transition and two
oceanic zones. Coccolithophores and diatoms showed an inverse relationship:
coccolithophores with higher abundances in oceanic zones and diatoms more
abundant in coastal zones. The suspended coccolithophore carbonate reached
maximum values in the oceanic zones. Emiliania huxleyi was the only
coccolithophore species observed in the coastal, upwelling-influenced region. The
vertical export of coccolithophore carbonate offshore from Concepcion (traps
deployed between December 2005 and October 2006) was highly variable, with
greatest flux during summer, dominated by coccoliths and coccospheres of large
species: Calcidiscus leptoporus and Helicosphaera carteri. The contribution of
coccoliths and coccospheres carried downward in appendicularian fecal pellets to
total carbonate flux was low (1%); however, they contributed a major fraction to

the coccolithophore carbonate export (mean of 27%). Our results highlight the
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relevance of large and less abundant coccolithophores and their coccoliths to the

vertical flux of coccolithophore carbonate to the deep sea off Concepcion.
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region. The vertical export of coccolithophore carbonate offshore from Concepcion (traps deployed between
December 2005 and October 2006) was highly variable, with greatest flux during summer, dominated by cocco-
liths and coccospheres of large species: Caleidiscus leploporus and Helicosphaera carteri. The contribution of cocco-
liths and coccospheres carried downward in appendicularian fecal pellets to total carbonate flux was low (1%);
however, they contributed a major fraction to the coccolithophore carbonate export (mean of 27%). Our results
highlight the relevance of large and less abundant coccolithophores and their coccoliths to the vertical flux of
coccolithophore carbonate to the deep sea.
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INTRODUCTION

Coccolithophores represent ~10% of the global phyto-
plankton biomass (Tyrrell and Young, 2009). They play
an important role in climate and biogeochemical cycles
(Westbrock ¢t al., 1993; Winter ¢ al., 2002), including those
of sulfur (Malin and Steinke, 2004), carbon (Zondervan,
2007; O’Brien ¢ al., 2013) and carbonate (Sprengel ¢ al.,
2002). In several oceanic regions, coccolithophores contrib-
ute between 60 and 80% of the vertical carbonate flux at
depths below 1000m (Honjo, 1977; Deuser and Ross,
1989; Fabry, 1989). They represent up to 70% of the bur-
ied carbonate in the oligotrophic gyres of the South
Atlantic and up to 20% along the continental margins of
that ocean (Baumann ¢ al., 2004). Coccolithophores can
be found in the photic zones of all the oceans (Jordan and
Chamberlain, 1997), and large-scale abundance is com-
mon in mid to high latitudes in both hemispheres (Brown
and Yoder, 1994; Moore ¢ al., 2012).

Coccolith plates detached from cells and suspended
in near-surface waters cause light to scatter, making
blooms visible in ocean color satellite imagery (Moore
et al., 2012). These blooms are usually dominated by
Enmuliania huxleyi and Gephyrocapsa spp. (Rhodes et al., 1995;
Yang ¢l al., 2001; Gravalosa e al., 2008), and E. huxleyi often
constitutes 40-90% of the total population (Mitchell-Innes
and Winter, 1987; Chen ¢ al., 2007).

The physical and chemical characteristics of seawater
controlling the distribution and abundance of coccolitho-
phores in the ocean have been widely discussed, although
no consensus has been reached. Many reports indicate
that these organisms are more successful in stratified,
oligotrophic (including low silicic acid and N:P ratio ~20),
warm oceanic regions (Winter and Siesser, 1994; Hagino
et al., 2000). However, other authors highlight the occur-
rence of coccolithophores in more turbulent, nutrient-rich
areas (Moita ¢ al., 2010; Guerreiro e al., 2013).

In oceanic regions of the Humboldt Current System
(HCS) off Chile, the calcite flux to the deep sea consider-
ably exceeds the organic carbon flux, with coccolitho-
phores the second most important taxon after foraminifera
(Gonzalez et al, 2004). In coastal sediments off Chile
between 22 and 45°S, the orders Isochrysidales and
Coccolithales are dominant (Saavedra-Pellitero ¢ al., 2010,
2013).

The objectives of this study were (i) to determine
the abundance, community structure and key species
of coccolithophores in the coastal and oceanic arcas
off Concepcion; (ii) to analyze the physical and chem-
ical variables that best explain the distribution and
abundance of these organisms; (iii) to assess the contri-
bution of coccolithophores to the total vertical flux
of biogenic carbonate and to elucidate the potential

processes/factors involved in coccolithophore export
to the deep regions of the ocean.

Regional setting

The study area is located offshore of Concepcion (36.5°S),
one of the most biologically productive regions within the
central HCS off Chile (Fossing ¢/ al., 1995; Montero ¢/ al.,
2007). This active upwelling area contributes up to 50%
of Chile’s (and 3% of the world’s) annual fishery landings
(Mathiesen, 2012; Sernapesca, 2014). It experiences
conditions favorable for upwelling during spring and
summer, bringing to the surface Equatorial Subsurface
Waters (ESSW) characterized by low dissolved oxygen
concentrations and high nutrient loads (Strub e al.,
1998; Silva et al., 2009). Off Concepcion, the continental
platform is at its widest (40km) and experiences
numerous cyclonic (36°S-75°W) and anticyclonic (37.5°S—
77.5°W) eddies and filaments that propagate from the coast,
expanding the productive coastal zone (Hormazabal
et al., 2004).

In the coastal system, the freshwater discharge of two
large rivers (Itata: 240 m®s™" and Bio-Bio: 1000 m®s™)
(Supplementary Fig. 1) affect the water stratification,
silicate and organic/inorganic matter inputs (Saldias
et al., 2012). The outflows modify the biogeochemical
fluxes and trophic state of these coastal waters (Iriarte
and Gonzalez, 2004; Sanchez ¢l al., 2008).

During spring/summer, high levels of photosynthetic-
ally active radiation at 100-400 Wm™2s~" (Hernandez
et al., 2012) result from relatively reduced cloud cover
(<50%) (Supplementary Fig. 2) and promote high
phytoplankton biomass as estimated from chlorophyll-a
(Chl-a) (>5mg mfg). That stock is dominated by large
diatom  genera, particularly  Skeletonema, ~ Chaetoceros,
Thalassiosira and Detonula in the study area (Gonzalez
e al., 2007). During winter, lower biomass (<2 mg m™)
is dominated by pico- and nano-autotrophic fractions
(Anabalon e al., 2007; Botger and Morales, 2007).
Information on coccolithophores in the study area is
limited, only based on data from surface sediments
(Saavedra-Pellitero et al., 2010, 2013).

METHODS

General sampling

Sampling was carried out off Concepcién from 14 to 24
November 2004, onboard the R/V AGOR Vidal
Gormaz on a 3l-station grid between 35.5 and 38°S
and 72.7 and 77.7°W (Fig. 1). In addition, a sediment
trap was deployed from December 2005 to October
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Fig. 1. Grid showing the stations sampled during the oceanographic cruise (November 2004) off the coast of Concepeion, Chile. The dots indi-
cate water-sampling sites and the circle with the triangle marks the location of the sediment trap. Six transects (T'1-T6) were carried out from the
coast westward, Fach transect (T'1-°T6) is represented by a line on the dots,

2006 in the central part of the grid (see below and
Fig. 1). Hydrographic information was obtained using a
Seca Bird SBE-25 CTD, equipped with fluorescence sen-
sors. Water samples for dissolved oxygen, nutrients and
phytoplankton were taken at three depth levels (0, 20,
50 m) with a rosctte equipped with 24 10-L Niskin bot-
tles. Oxygen was measured using the Winkler method
(Carpenter, 1965), while nutrient concentrations (PO,
Si(OH);, NO3) were analyzed with an auto analyzer
(Alpkem flow solution IV) according to Strickland and
Parsons (1972).

Fkman transport was estimated according to Wu
(1982) using daily average wind data from November
2004, obtained from the meteorological Station of
Carriel Sur Airport. We used the weekly AVISO+ data
products of absolute geostrophic velocities from  the
study area (http://las.aviso.occanobs.com/), and surface
wind data were obtained from monthly mean scatterom-
cter data products for November 2014 (25 km reso-
lution, QuikSCAT output).

Phytoplankton community composition
in the upper water column

The study focused on phytoplankton composition, and
fluorescence data from a CTD were used to define
Chl-a profiles. As most phytoplankton was distributed in
the upper 50m of the water column, water samples
(250 mL) were obtained from 0, 20 and 50 m, preserved
in 3% sodium tetraborate-buffered formaldchyde sca-
water and stored in the dark at room temperature.
Subsamples (50 mL) were settled in Hydrobios chambers
and examined with inverted microscopy  following

standard methods (Utermaohl, 1958; Zeiss Axiovert 200).
Phytoplankton taxa were counted and identified at mag-
nifications of x200-400 for diatoms and x400-1000 for
coccolithophores. Diatoms were quantified by observing
the entire sedimentation chamber, or a fraction of it at
high abundance (c.g. transects or half the chamber).
The taxa were identified with taxonomic keys and rele-
vant supporting literature (Rivera, 1973; Tomas, 1997,
Bown, 1998; Cros and Fortuio, 2002; Young e al.,
2003). For coccolithophores, the same sample was eval-
uated using a Scanning Electron Microscope (SEM,
LEO-420) and Light Microscopy; the morphology and
appearance of the species observed with these two methods
were compared (Supplementary Fig. 3). Phytoplankton
densities were integrated by trapezoidal integration of the
three estimates from the upper 50 m to compare cell dens-
ities among stations.

To calculate the number of cells per liter (C), we
applied the following formula:

_ [G X Fx1000]

G ;

) (M

where C, is the count of phytoplankton in the settling
chamber (e.g. number of coccospheres or diatoms
observed), Fis the ratio between the total arca and the
observed area of the settling chamber and V; is the vol-
ume of the analyzed sample (mL).

The quantification of coccolithophores was per-
formed with preliminary observation at X400 magnifica-
tion to identify large (~10-30 um) and less abundant
coccospheres (e.g. genera Helicosphaera, Calcidiscus) by
examining half or all of the sedimentation chamber.

27

910 ‘9 A[nf U0 21YD) 2p [ENSNY PEPISIAALUN 18 /F10°sewnolpioyxoryueld/ dny woiy papeojumoq



Small coccospheres (<10 um in diameter; e.g. genera
Emiliania and Gephyrocapsa) were quantified by observing
500-1500 visual fields distributed randomly over the
entire sedimentation chamber at X1000 magnification.
After collection, some subsamples were prepared for
observation in the SEM by gentle filtration (0.2-um
filter). These subsamples were then washed with degassed
mineral water to eliminate salts (L. Cros, personal
communication), dried and analyzed by SEM. The cal-
cium carbonate contents of the coccoliths and cocco-
spheres (CarC) for each species of coccolithophore
were determined using conversion factors according to
Young and Ziveri (2000), Broerse e al. (2000) and
Ziveri el al. (2000).

Sediment trap

Coccolithophore fluxes

An automated, cone-shaped sediment trap (SMT 230;
Salzgitter Electronic, Kiel, Germany) was deployed at
1000m depth on a mooring located 150km off
Concepcion, over the open abyssal plain (37° 05'S, 74°
50'W) where the maximum depth was 4500 m (Fig. 1).
The trap was located far from the continental slope to
reduce the possible collection of sediment transported lat-
erally from the continental shelf. Sample collection cups
were changed every 18 days from December 2005 to
October 2006. Before deployment, each collection cup
was filled with a hypersaline NaCl-seawater solution (38—
40gkg™", prepared with water collected at 2000 m with
1% (v/v) saturated HgCly) (Lee e al, 1992). Aliquots of
1.5 mL were poured into a settling chamber and ana-
lyzed by light microscopy. All coccospheres and coccoliths
were quantified on 20 to 200 visual fields, following the
procedure described for phytoplankton samples. The
total coccosphere and coccolith counts were converted to
flux rates (number m™2 d_l) according to:

COC: = V. X B x (N/Va) X A
T

(&)

where COC, represents the flux rate of coccospheres or
coccoliths exported (number m™? d™"); N, the number of
coccospheres or coccoliths counted in a fraction of the
settling chamber; F, the fraction of the chamber area
analyzed; V, the total sample volume (mL); V, the sub-
sample volume (mL) in the settling chamber; 4, the par-
ticle collection area of the automatic sediment trap
(m~2); and T the collecting interval (days). Fluxes of coc-
cospheres and coccoliths (COC,) were reported as
species-specific contributions to carbonate flux of cocco-
lithophores by applying factors from the literature
(Young and Ziveri, 2000).

POC analyses were done after removal of CaCOs
(with HCI 2 N), while for total particulate carbon (TPC)
a fraction of the sample was filtered and dried at 50°C.
Later, these samples were analyzed in a Carlo Erba
C/N-analyzer using acetanilide as a standard. We applied
a stoichiometric balance formula (Eq. 3) for the final
determination of the total particulate carbonate (TCar,,)
in the sediment trap samples, according to Hebbeln ¢ al.
(2000):

TCar,, = [TPC- POC] x 8.333 3)

where TPC is the total flux of particulate carbon (ug
C m™2 d™"); POC is the flux of particulate organic car-
bon (ug C m™2 d7") and 8.333 is (molar mass of
CaCOs)/(atomic mass of carbon).

CaCO; from appendicularian fecal pellets and tintinnids

A total of 65 undamaged appendicularian fecal pellets
(70-340 pm in diameter) were removed from the sedi-
ment trap samples using a stereomicroscope (Leica model
MZ6) at X15 magnification and placed in a Petri dish
with 0.2 um pre-filtered de-carbonated mineral water to
prevent coccolith dissolution. Fecal pellets were washed
five to eight times with filtered de-carbonated water and
photographed. Photographs were processed using Image]
software to estimate the fecal pellet volume.

In order to analyze the composition of coccospheres
and coccoliths in the appendicularian fecal pellets, 1-10
pellets (number depending on their size) were removed
from the Petri dish and gently placed in 2.5-mL vials
containing 2mL of de-carbonated mineral water and
sonicated at 50/60Hz for 30seconds following
Bairbakhish ¢ al. (1999). The contents of the vials were
placed in sedimentation chambers and analyzed using
an inverted light microscope (X1000 magnification).
Other samples were analyzed by SEM to corroborate
the light microscopy species identifications. Numbers of
coccoliths per fecal pellet were estimated as follows:

= (29100 < 2] @
Vy

where C; represents the total number of coccoliths per
cubic millimeter, Sp;,41y the number of coccoliths of dif-
ferent species observed in the analyzed chamber area; F,
the ratio of the total chamber area to the analyzed area
and Vr the total volume (in mm® of analyzed fecal
pellets.

All coccoliths and coccospheres removed from feces
were observed and counted at species-level and con-
verted into CaCOs using factors from Young and Ziveri
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(2000). Thus, an average concentration of 0.056 mg
CaCO; per mm® was determined for appendicularian
fecal pellets (E. Menschel, unpublished data), and used to
estimate the amount of CaCOj in fecal pellets collected
by the sediment trap. The calcium carbonate contributed
by coccoliths attached to the loricae of the three most
common tintinnid genera (Tintinnopsis, Codonellopsis and
Dictyogysta) was estimated using SEM by direct quantifica-
tion of coccoliths according to Young and Ziveri (2000)
and multiplied by 2, assuming that the faces of the loricae
against the cell membrane contained the same quantity
of CaCOs.

The carbonate of coccolithophores exported (CarC.y)
and collected in the sediment trap was defined as the
sum of coccoliths and coccospheres detached, adhered

to loricae of tintinnids and inside the fecal pellets of

appendicularians.

Statistical analyses

Phytoplankton abundances at 0, 20 and 50 m were
tested to determine significant differences in vertical dis-
tribution using Kruskal - Wallis analysis. In addition, a
cluster analysis was carried out to explore similarities in
coccolithophore compositions among stations using the
Bray-Curtis similarity cocfficient calculated for root-
transformed data (Clarke and Warwick, 2001). The
SIMPER routine (PRIMER v.6) was used to determine
both the percentages of similarity within cach of the
groups identified by the cluster analysis and the dissimi-
laritics among those groups. The coccolithophore abun-
dance was related to the physical-chemical variables
using the statistical package BIO-ENV to determine
which variable, or combination of variables, best explains
the grouping of the stations. The BIOENV routine
included a permutation test following the methodology
proposed by Clarke ¢ al. (2008). The Shannon-Wiener
diversity index was calculated following Brower and Zar
(1977) for the five longitudinal and latitudinal transects.
Maps of the spatial distribution of physical (temperature),
chemical (nutrients, salinity) and biological (coccolitho-
phore and diatom abundances) data were plotted using
kriging interpolation. Possible latitudinal and vertical dif-
ferences among coccolithophore distributions were tested
using the Mann-Whitney U test.

RESULTS
Hydrography

Offshore Ekman transport was highest at the beginning of
the study (1520 November 2004) due to meridional,

upwelling-favorable winds, which decrcased toward the
end of the campaign (21-24 November 2004) (Fig. 2A).
In November, the wind pattern was predominantly north-
ward, with maximum intensities (7.6-8.2ms™") in a

November (days)
1 (3 s |7 /9] m 13 us p7 9 21 23 s 27 9
Do v N L 5 0 0 0 B O 0 O

100

=100

Ekman transport

=200

L 7 s )

Latitude (°S)

77 76 75 74 3
Longitude (°W)

Fig. 2. (A) Ekman wansport (kg m™" s™") during November 2004.
Negative values represent active seaward transport and, thus,
upwelling-favorable events during the sampling period (dashed
square). (B) to (G) show the averaged distribution (0-50 m) of physical
and chemical parameters in the study area and the dotted line indi-
cates the 13°C isotherm and the oceanic border of the Coastal
Upwelling Front (CUF). Temperature (B), salinity (C), dissolved oxy-
gen (D) and macronutrient (E, F and G) off Concepcion, Chile.
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narrow band extending from the outer margin of the con-
tinental slope scaward to 75.5°W (Supplementary Fig. 4).

The physicochemical variables of the upper 50 m water
column (Fig. 2) were defined by a strong CUF bounded
offshore by the 13°C isotherm. This isotherm followed the
edge of the continental shelf, roughly marked by the
1000-m isobath (Fig. 1), but weakened to the south near
the Lebu River (Fig. 2; see also Letelier e/ al, 2009).
Average temperature and dissolved oxygen values were
low in the coastal region (11.9°C and 4.1 mLL™") and
high in the oceanic region (~15°C and >6mLL™).
Nutrient concentrations (NO3, PO, and SiOH),) and sal-
inity showed a pattern inverse to temperature, with higher
values in the coastal regions (25uM L™, 2.7uM L™,
24uM L™ and 34.6 gkg™") than well offshore (0.6 uM L™,
0.3uML™, 27yML™" and 33.3 gkg™").

Phytoplankton community structure

The phytoplankton distribution indicated that diatoms
were mostly concentrated in the coastal region, east of
the CUF, ranging from 4 x 10° to 2.2 x 10'* and aver-
aging 1.6 X 10° cells m™> (Gonzélez et al., 2007).
Diatoms were closely associated with the coastal region
adjacent to the core of the upwelling, where nutrient
concentrations were highest and temperature and oxygen
concentrations lowest. Thalassiosira spp., Pseudo-nitzschia
Spp., Skelelonema spp., Chaeloceros spp., Leplocylindrus spp.
and  Corethron spp. constituted 80% of the specimens
observed. More than 90% of the diatoms quantified were
collected in the coastal zone, and the remainder (<10%)
were found in the oceanic region. Coccolithophores were
predominantly recorded west of the CUF (84%), with the
remaining 16% (mostly E. huxleyr) found east of it. No dif-
ferences were noted with latitude in the vertically inte-
grated abundances of coccolithophores or among the

discrete depths (0, 20 and 50 m) (U-Test, P> 0.05).

Coccolithophore abundance and distribution

We identified 18 coccolithophore species (Table I), which
showed abundance gradients from coastal to oceanic sta-
tions as well as among depths (Supplementary Table 1).
Emiliania huxleyi (on average, 62%) and Gephyrocapsa muel-
lerae (18%) were the dominant forms within the study
area. Less abundant taxa, including Coronosphaera mediterra-
nea, Syracosphaera spp., Calcidiscus leptoporus, Syracosphaera pul-
chra and Helicosphaera carter;, made up 14%, and the
remaining 6% of specimens were rare.

Total integrated coccolithophore abundances averaged
1.98 x 107 cells m™2, highest at occanic Stations 7 and
53 and lowest at coastal Stations 1 and 31 (Table II; Figs
3 and 4). Slightly higher mean abundances were found at

Table I: Taxonomic lst of coccolithophore
species observed in coastal and oceanic regions,
off Concepeion, Chile.

Species

. Calcidiscus leptoporus (Murray & Blackman, 1898) Loeblich & Tappan,
1978

Calciosolenia murrayi Gran, 1912

Coccolithus pelagicus Kamptner, 1941

Coronosphaera mediterranea (Lohmann, 1902) Gaarder & Heimdal,
1977

Discosphaera tubifera (Murray & Blackman, 1898) Ostenfeld, 1900
Emiliania huxleyi (Lohmann, 1902) Hay & Mohler, 1967 var. huxleyi
. Florisphaera profunda Okada & Honjo, 1973

Gephyrocapsa muellerae Kamptner, 1943

Gephyrocapsa oceanica Kamptner, 1943

10. Helicosphaera carteri Wallich, 1877) Kamptner, 1954

11. Pontosphaera syracusana Lohmann,1902

12. Palusphaera vandeli Lecal 1965 emend. Norris 1984

13. Rhabdosphaera clavigera Murray & Blackman, 1898

14. Scyphosphaera apsteinii Lohmann, 1902

15. Syracosphaera anthos (Lohmann, 1912) Jordan & Young, 1990

16. Syracosphaera pulchra Lohmann, 1902

17. Syracosphaera prolongata Gran ex Lohmann,1913

18. Umbilicosphaera sibogae (Weber-van Bosse, 1901) Gaarder, 1970
var. sibogae

HwN

o~ o

©

The taxa Papposphaera sp. and Syracosphaera spp. were included in the
Supplementary Table 1.

20m depth (46 x 10 cells L™") than at the surface
(80 x 10” cells L™") or 50m depth (34 x 10° cells L™,
with increased numbers at the oceanic stations (Stations
7, 17,18, 25, 30 and 37).

Coastal-oceanic biogeographic zones

The coccolithophore community structure varied signifi-
cantly along the coastal-ocean gradient, with increasing
species diversity towards the oceanic regions (Fig. 5A). A
cluster analysis of stations was performed based on the
stock estimates for the most abundant coccolithophore
species (>95% of the whole community). The resulting
four groups were named according to their coastal-
oceanic positions: Z; (east of the CUF), Zo-CUF (asso-
ciated with the CUF), Zs (west of the CUF), and
Z9-Oceanic (west of Zs) (Fig. 6).

(i) Z; consisted mostly of the coastal border off
Concepcion. Emiliania huxleyt was the most import-
ant species in the coastal zone and the only cocco-
lithophore found at the surface. That dominance
remained with depth to 50m, but other species
(probably from the genus Papposphaera, but not
clearly identifiable) were observed in low abun-
dance. Z; showed an average similarity, per the
SIMPER test, of 67%; E. huxleyt contributed 100%
of this similarity. This zone was characterized by
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Table II: General information of the oceanographic stations (date, position, distance to the coast and bottom depth).

Coccolithophores

Distance to
Date Latitude  Longitude  the coast Bottom depth  cells ™' cells L™ cells L' Diatoms Temperature  Salinity Oxygen Mitrate Phosphate  Silicic acid
Station  ddmmyy S W {lkm) im) oml 2om)  50m w10t mEt g PSU  miLT M it M
1 211104 =365 =726 200 108 330 835 nd 24 7178 13 346 27 203 22 217
3 211104 =365  -73.06 4520 1056 3632 2000 727 97 6575 120 342 47 157 14 82
5 221104 =365  -7367 10080 4500 17089 19306 6318 748 35 139 340 56 93 08 97
7 221104 =365  -7470  197.40 4334 134096 162521 31457 5876 338 143 334 63 07 05 79
10 231104 =365  -7675  3g21 3977 43436 85636 132268 4559 8 153 338 60 07 04 63
n 241104 =360  -7289 a0 155 1531 1315 30z 53 4400 119 304 42 143 17 13
12 241104 =360  -7288 1961 201 3848 1348 9835 621 638 120 341 47 141 15 73
13 241104 =360 -7320 3921 264 19655 11700 357 494 22 124 30 45 17716 137
14 241104 =360  -73.40 54.90 295 33329 17358 2898 811 8 122 341 44 205 22 218
15 201104 =360 -73B1 9411 2827 14256 11208 B342 557 87 121 300 55 106 15 13
17 241104 =360  -74B5 18430 4300 62048 B3166 76563 3648 461 150 338 60 10 04 54
18 231104  -360  -7536 23136 4225 42300 30855 240579 4803 3| 152 38 60 07 06 57
19 231104 =360  -7587 27842 4180 53869 64334 183954 4906 0 152 338 60 0B 08 68
20 20.11.04 =360 -7699 380,37 4055 38 056 1406 74547 1534 4 148 34.0 6.2 43 0.7 37
21 181104 -365  -7302 1153 3 4466 854 nd 66 21918 108 346 08 242 27 285
23 181104 385  -7334 33.42 139 4726 3123 2251 174 574 111 33 29 25 20 170
25 200104 365 -7362 6532 714 61101 72964 67109 3442 53 142 35 59 27 04 68
27 200104 365 -7499 18827 4200 47736 67130 42203 2789 W 148 339 60 13 04 43
30 191104 385  -77.07 37270 4100 46410 109656 41983 3843 12 148 300 62 39 05 74
3 170104 =370 -7324 398 % [ 217 nd 7 4862 112 344 32 147 18 19.7
33 181104 370  -7367 4377 435 15656 10208 2738 453 82 107 U3 26 256 23 19.7
35 1B11.04 =370  -7425 9551 4150 37792 133040  nd. 3704 3 144 338 nd. nd.  nd nd
37 191104 370 -7529  187.03 4086 66665 115920 4089 18 148 337 62 30 03 104
40 1911.04 =370 -7738 37408 4100 39920 32947 9289 1362 128 143 339 62 64 07 84
a 170104 =375 7371 1142 310 14054 20038 412 648 43107 342 28 254 28 19.2
50 1811.04 =375 7781 37256 4088 12513 10791 4722 468 887 143 339 62 41 08 34
51 141104 -380  -7359 764 17446 43374 7295 1388 n7 e 336 49 143 14 121
53 141104 =380  -7391 3820 388 21791 190265 3000 5019 213 128 334 68 41 07 7.9
55 141104 =380 7454 9168 4552 12750 40344 20078 1437 49 138 334 70 29 07 67
57 151104 380 -7562 18718 4070 52020 57522 23356 2309 9 138 338 68 33 05 45
80 1511.04 -380 -7772 37054 4130 20752 19728 42310 1335 547 141 339 62 62 08 33
¢ depths (0, 20 and 50 m, as cells L™') and integrated in the upper 50-m water column (cells m~2 107, diatom integrated abundances and, average physical (tempera-

ture} and chamical salnty, dsolved cxygen, nitrate, phosphate, siicic acid) parameters measured during Noverber 2004, n.d. = no deta
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active upwelling with high nutrient concentrations,
low temperature and oxygen and relatively high
salinity (Fig. 2 and 6) (Table I1I).

75 included stations associated with the CUTF (Zo-
CUT), as well as four stations on the western edge
of the grid (Station 20, 40, 50 and 60) (Z,-Oceanic)
(Fig. 6). For all the Z, stations, the SIMPER ana-

(i

Latitude (°S)
Cells m? x 10°

76 75 74
Longitude (°W)

Fig. 3. Integrated abundance {upper 50 m water column) of cocco-
lithophores (A) and diatoms (B) during the oceanographic cruise
{(November 2004} off Concepcion, Chile. The dashed white lines
represent the boundaries of the four biogeographic areas defined by
the PRIMER cluster analysis (CUF). The arrows represent the geo-
strophic flow vectors (cm s

lysis showed a similarity of 71%. Emiliania huxleyt
and G. muellerae contributed 93% of the similarity.
The stations in Zy-CUF showed higher tempera-
tures, similar nutrient concentrations, slightly higher
oxygen concentrations and lower salinity levels than
those observed in 7, (Tig. 2). Emiliania huxleyi was
again the dominant species at 0 and 20 m, whereas
other taxa (e.g. G. wmuellerae, Syracosphaera spp.,
H. carter) had greater contributions at 50 m.

The Z,-Oceanic stations had lower nutrient con-
centrations, higher temperatures and oxygen con-
centrations, and slightly lower salinity values than
those in Zy-CUF (Fig. 2). Emiliania huxleyr was
more dominant in Zy-Oceanic than in Zj, con-
tributing 68-80% of the coccolithophore commu-
nity at 0 and 20 m depth. At 50 m, however, we
observed higher species richness and a slightly
lower relative abundance of E. huxleyi (50%). At
that depth, Discosphaera tubifera and Umbilicosphaera
sthogae increased markedly, reaching 12 and 16%
of the specimens, respectively (Fig. 5A).

(iii) Zs showed the highest coccolithophore densitics in

the study arca, particularly at stations west of the
CUFT to 77°W off Concepcion (Fig. 6). SIMPER
analysis revealed an average similarity of 78%.
Emiliania huxleyi, G. muellerae, Syracosphera spp. and C.
medilerranea contributed 91% of the similarity. This
area had the lowest nutrient concentrations (3.0,
0.6 and 7.0 pM L™" of NO3, PO, and Si(OH),,
respectively), highest temperatures (14.3°C) and

) R - S e}
(A
36 O o
371 O 3
Emiliania huxleyi
B ) 30 a 40
. O " O o . o O+
aﬁ"’(C)" 00 . .. WaR|y
e o 9 o . 10a2 =
B 37| o O O ] o 0 £
= S5ald 2
= Gephyrocapsa spp. Syracosphaera spp. o]
= 3l —5 o — o 2a5
. o
«B. 0.0 (F) . 5 5 8 0,02 a2
° o ° f-{ o °
374 o e} o o o ° o
Coronusphaera mediterranea ﬁ * Cateidiscus leptoporus §
38 o o e o - o o
78 7 76 s 74 i 77 76 75 74

Longitude (°W)

Fig. 4. Integrated abundance (0-50 m depth) of the main coccolithophore species/genera recorded off Concepcion, Chile. Isolines denote the

abundance {cells m™ x 10", Emiliania huxleyi (A), Helicosphaera carteri (B), Gephyrocapsa muellerai (C), S) haera spp. (D), Ci h di

(E) and Calcidiscus leptoporus (F).
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Longitude (°W)

Fig. 5. (A} Vertical distribution of the main species {>85% of pooled
abundance; recorded in the study area. The missing portion of the pie
graph denotes all species pooled representing >5% of the total cocco-
lithophore abundance and is split by a vertical bar. The item “others”
includes Coccolithus pelagicus, Cal{zmlmm mumzyz Florisphaera profunda,
Geplr oeeanica, Papposphaera sp., P Palusphaera van-
deliz, Rh shdospi davigera, Syphosf apstani, S haera anthos and S.
pml:mgafa (m Z), 20 and 50 m depth “others” mcluded only Papposphaera
sp.). The biogeographical zones Z,, Z5-CUF, 75 and Zy-oceanic are also
shown. (B) Conceptual model of the main physical mesoscale processes
off Concepcion, (from Morales ¢ al., 2010 and Letelier ¢ al., 2009). The
dashed lines represent the geostrophic currents, while CG: clockwise gyre
(white arrows) and AG: anti-clockwise gyre (black arrows) denotes the
characteristic and persistent mesoscale gyres in the study area, UPZ:
denotes a narrow upwelling coastal zone (shown by the black zone}.

oxygen concentrations (6.2 mL L"), and the lowest
salinity (33.7 gkg™"). The dominance of E. huxleyi
decreased, and other species became more con-
spicuous including G. muellerae (15-20%) and, to a
lesser extent, H. carteri and Syracosphaera spp. (1
3%). The occanic zone (Zg) displayed an inverse
pattern (compared with Z,), with increased relative
abundance of E. fuxleyt at depth (Fig. 5A).

The analysis of rank correlation (BIO-ENV) for the
integrated abundances of all coccolithophore species
and physico-chemical variables revealed that two combi-
nations, temperature-salinity (p,, = 0.689; P < 0.05) and
salinity-nitrate {,, = 0.675; P < 0.05), explain the spatial
variability of coccolithophores in the study area reason-
ably well (Table TV),

The Shannon-Wiener diversity index, calculated for
five transccts and arranged along longitudinal gradi-
ents, showed increased coccolithophore species diver-
sity from the coast toward the ocean (Fig. 7), whereas
the latitudinal range showed no significant differences
in diversity.

Particulate calcium carbonate in coccolitho-
phores (CarC) in the upper water column

Integrated average concentrations of CarC were 378 mg
CaCO; m ™2 Values were highest at oceanic stations 7,
30 and 37 (2700, 1100 and 1200 mg CaCO3 m™?,
respectively), and lowest at coastal stations 1 and 31
(1.1 and 0.3 mg CaCO3 m™, respectively) (Figs. 84, B).
Coccolithophore taxa contributing most (98%) to the
total CarG oft Concepcién were . cartert, C. leptoporus,
E. huxleyi, G. muellerae, C. medilerranea, Syracosphera spp.,
Rhabdosphaera clavigera and U. stbogae (Fig. 8B).

Estimated concentrations of CarC at the surface ran-
ged from 0 to 47.7pg CaCO; L7 (average 5.7 pg
CaCO;y L7"). Oceanic Stations 7 and 37 shawed the
greatest surface concentrations of CarC (42 and 25 pg
CaCO4 L_l), more than 40% of the total CaCOs of
the surface. In contrast, the concentrations were lower
(< 0.24pug CaCO;4 17! at the coastal stations north of
Punta Lavapie (Stations 1, 3, 11, 12, 21, 23 and 31).
Five taxa constituted 94.5% of the total biogenic car-
bonate in surface layers of the study area: H. carleri
(38.7%), E. huxleyl (17.3%), C. mediterranea (15.4%), C. lep-
toporus (12.8%) and G. muellerae (10.3%), while S. pulchra,
R. clavigera, Gephyrocapsa oceantca, U. sibogae, D. tubifera and
Syracosphaera spp. made up of the remaining 5.5%.

At 20m depth, the CarC varied between 0.01 and
89pg CaCOjz L7, (averaging 10.1pg CaCOs L7Y).
Concentrations were highest at the oceanic Stations 7,
10, 17 and 25 representing 50% of all the CarC at this
depth, whereas Stations 1, 3, 12, 13, 14, 15, 20, 21, 23,
33, 37 and 35 only contributed < 1.5% of the CarC for
the 20m of depth. The major contributions were from
H. carteri (46%), C. leploporus (17%), E. huxleni (13%),
G. muellerae (10%) and C. mediterranea (8%, the remaining
6% camc from S. pulchra, R. clavigera, Coccolithus sp.,
D. tubifera and Syracosphaera spp.

At 50m depth, the CarC ranged from 0 to 26.7 pg
CaCOy L' (averaging 4.9pg CaCOs LY. Highest
estimates were at Oceanic Stations 10, 18, 19, 20, 25,
30, 37 and 60, constituting 74% of the CarC at 50m
depth. The most important species at this depth were
C. leptoporus (21.7%), E. huxleyi (21.1%), H. carteri (20.9%),
G. muellerae (18.7%), R. clavigera (3.9%), U. sibogae (4.8%)
and Seyphosphaera apstenit (2%). The contributions of inte-
grated CarC were lowest in Z; (0.1%) and highest in
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Fig. 6. Dendrogram of the stations based on Bray Curtis similarity coefficients comparing the vertically integrated abundances of the coccolitho-
phore assemblages. Drawn by PRIMER (Plymouth Routines in Multivariate Ecological Research).

Table III: Dissimilarily in percentage among

Zones.

Zone Z; Z,-CUF Zy-oceanic Z3
Z

2,-CUF 66.8

Z,-Oceanic 788 368

Z3 89.7 579 44.52

These results correspond to the SIMPER analysis based on the abun-
dances of the coccolithophores species.

Zs (88.2%). Caleidiscus leploporus, H. carteri, E. huxleyi and
G. muelleraz contributed ~80% of CarC at this depth.
Finally, in Zy (both Zo-CUF and Zy-Oceanic), E. fhuxley,
C. leptoporus, H. carteri, G. muellerae, U. sibogae, R.clavigera
and Florisphaera profunda made intermediate contribu-
tions, being lower than in Zs and greater than in Z;. In
Zy, these species reached 1184 mg CaCOy m~2 or 10%
of the integrated CarC.

Total and coccolithophore carbonate export
at 1000 m depth

TCar,, averaged 56.2 mg CaCOg m™2 d7', higher in
summer (70.5 mg CaCO5; m™> d™') than in autumn and
winter (45.7 and 53 mg CaCO; m™? dfl)‘ The CarC,,
averaged 3.8 mg CaCOy m™2 d™’, with highest fluxes in
summer (3.1mg CaCO3; m™ d7Y and lowest in
autumn-winter (2.6 and 3.5mg CaCO; m™? d7")
(Fig. 9). Detached coccoliths and coccospheres were the

I0

Table IV: Results of the BIO-ENV routine
befwoeen lofal abundances of inlegrated cocco-
lithophores  (cells  per  square  meter) and
physico-chemzcal variables in the study area off

Concepeidn.
Nurnber of Spearman rank
variables Variable combination correlation (p,)
1 Salinity 0.640
1 Nitrate 0549
1 Oxygen 0533
1 Phosphate 0510
1 Temperature 0.507
1 Silicic acid 0.390
2 Temperature, salinity 0.689
2 Salinity, nitrate 0.675
2 Salinity, phosphate 0.649
3 Temperature, salinity, nitrate 0.666
3 Temperature, salinity, oxygen 0.660
3 Temperature, salinity, phosphate 0.655
3 Salinity, oxygen, nitrate 0.651
3 Temperature, salinity, silicic acid 0.649
3 Salinity, nitrate, phosphate 0.646
4 Temperature, salinity, oxygen, nitrate 0.653

The bold value indicate the environmental variables that best explain the
pattern in the coccolithophores abundance.

most important, reaching an average of 2.9 mg CaCQs5
m™ d7 or 70% of the CarCly and 4.8% of the TCar,
(Fig. 9). However, these detached scales and spheres
made highly variable contributions to CarC,, ranging
from 52% in summer to 27% in winter and 20% in
autumn, In addition, appendicularian fecal pellets
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Fig. 7. Shannon-Wiener diversity index for coccolithophores in a coastal-ocean gradient off’ Concepcion, Chile along the transects 1'1-16

(Figure 3). The diversity is given for each transect (I'1-'I'6) with the m:

ost coastal () and oceanic (Zy-oceanic) biogeographical zones located at

the left and right sides, respectively. In addition, the station numbers along each transect are included for reference.

contributed 27% (0.8mg CaCOz m™> d™") of the
CarC,, or 1.2% of the TCare,.

We recorded 11 coccolithophore genera (considering
both coccoliths and coccospheres) in the sediment trap
samples. Emiliania huxleyi was the most important (50.6%
of the coccoliths exported or 46 x 10° coccoliths of
E. huxlegyi m™ d_l) followed by G. muellerae (19.5%),
C. leptoporus (14%), H. carteri (11.2%), Syracosphaera spp.
(2.6%), Coccolithus sp. (0.7%) and U. sibogae (0.6%), and
finally as a group P. syracusana, Umbellosphaera sp., R. clavgera
and S. apstanii (0.8% and 0.7 x 10° coccolith m™ d~").
The average CaCOj exported by these species followed
a contrasting pattern. Helicosphaera carteri contributed
most to the export of CaCOj as coccoliths and cocco-
spheres (42% or 1.3 mg CaCO3; m™2 d™"), followed by
C. leptoporus (40%), G. muellerae (4.5%), Coccolithus sp. (4%),
E. huxleyi (3.4%) and P. syracusana (1.2%). The remaining
4.9% was shared among Syracosphaera spp., U. sibogae,
R. clavigera, S. apsteinti and undetermined coccoliths.

Tintinnid contributions were minor, both to the total
carbonate from coccolithophores (2.8%) and to the total
cxported carbonate  (0.1%). The loricate  ciliate,
Dictyocysta spp., contributed on average to 48% of the
total carbonate exported by tintinnids, followed by
Codonellopsis spp. (26.5%) and Tintinnopsis spp. (25.5%).

DISCUSSION
Phytoplankton community structure

Diatoms were mainly abundant in a relatively narrow
band close to the coast, largely covering Z,, whereas the

Latitude (°S)
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]
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Longitude (°W)
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Fig. 8. (A) Integrated CarC (0 50 m depth) and the contribution of
the most abundant coccolithophore species/genera recorded off
Concepcion, Chile (B-G).

coccolithophores occupied the more oceanic regions
(mainly Zs). In Z,, the high diatom density was domi-
nated by the genera Skeletonema and Thalassiosira, which
together contributed >80% of the standing stock of dia-
toms. This situation can be partially explained by the
high kinctic energy of the coastal arca that creates a tur-
bulent environment in which coastal upwelling brings
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Fig. 9. Coccolithophore and CaCOj flux ra

es at the mooring site off Concepcion, Chile. (A) Vertical flux of CaCOy exported as total coccoliths

+ coccosphere (black bars) and appendicularian pellets (white bars), the two most important components observed in the sediment trap samples.
The dotted and dashed lines represent the pooled contribution (in percentage) and average of these two components to the total CaCOy flux. (B)

and (C) show the coccoliths 4 coccosphere component (black bars in A) split according to the carbonate exported by each of the five most abun-

dant species found in sediment trap sampl

a. The bottom panel (G) denotes

p i =2 -l o 5
D) (E) and (F) show the export flux rate of detached plates (10° plates m™ d™") for the same five
coccosphere flux rate for the most important taxa recorded in this study, where the x-axis shows the sea-

sons and the deployed time of the sediment trap (December 2005 and September 2006),

ESSW to the surface, fertilizing the photic zone with high
nutrient concentrations (Fig. 2D). Phytoplankton commu-
nity structure is mainly regulated by nutrient concentra-
tions and turbulence (Margalel, 1978). Chain-forming
diatoms are r-strategists able to make efficient use of
highly dynamic and nutrient-rich coastal environments.

Zy-Oceanic showed a second increase in diatom abun-
dance, which was one order of magnitude higher than
in Zs. In Zy-Oceanic, the NO4:Si(OH), ratio was >1,
whereas in Z3 it was <0.5, suggesting a more efficient
silicic acid uptake in Zy-Oceanic, where Pseudo-nitzschia
spp. predominated, reaching up to 80% dominance in
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the diatom standing stock. In contrast, coccolitho-
phores reached their peak abundances in the more
oligotrophic zones (Zs), where NOs and PO, concen-
trations (~4 and 1.7 pM L") were lower and sea sur-
face temperatures 2°C. were higher on average than in
the CUF.

The presence of large vacuoles in diatoms (~35% of
the cell volume) enables them to store nitrate and
phosphate (Falkowski e/ al., 2004) and to proliferate
in highly variable environments, such as coastal
upwelling areas where nutrient fertilization (upwelling)
alternates with nutrient-poor periods (relaxation).
In contrast, coccolithophores (devoid of vacuoles) are
more successful in resource-depleted waters due to
their lower minimum limiting nutrient requirements
(partially due to their high surface-to-volume ratio

compared to most diatoms), a difference that likely
selects between these two functional groups for a
match to habitat conditions (Tozzi el al., 2004).

Coccolithophores: spatial abundance and
physico-chemical parameters

Coccolithophore abundance was highly variable, albeit
consistent with the ranges reported in the literature for
the HCS (Beaufort ¢f al., 2008), the equatorial and trop-
ical Pacific (Balch and Kilpatrick, 1996) and other
regions (Table V). Emiliania huxley: and G. muellerae were
largely dominant throughout our study area, constitut-
ing >70% of the coccolithophore community. The near
dominance of these two species in surface waters holds
true for the rest of the world oceans (Langer o al,

Table V: Comparisons of dominant coccolithophore species abundance within the photic zone (uppermost
50m) and sampling times recorded in other coastal upwelling and oceanic systems of the world oceans.

Location Dominant species Abundance (cells L=")  Sampling time Sources
Coastal upwelling systems
Nazaré Canyon, Portugal, (39.5°N, 10°W) E. huxleyi, 6000 to 100 000 March 2010 Guerreiro et al.
Gephyrocapsa spp. (2013)
Lisbon bay, Portugal (38.7°N, 9.2°W) E. huxleyi 156 000 July-May 2005 Silva et al. (2008)
Eastern Indian Ocean, south west Sumatra and G. oceanica, 9000 to 22 000 January-February Andruleit, (2007)
Java (8°S, 106°E) U. irregularis 1999
South Atlantic Ocean, Cape Town to South E. huxleyi ~25 000 to 200 000 22 February to 01 Eynaud et al.
Sandwich Island (34°S, 18°E) March 1995 (1999)
Bay, Northern Benguela E.huxleyi, Syracosphaera 10 000 to 278 000 June 1993 Giraudeau and
epigrosa Bailey (1995)
Northeastern Taiwan 23.8°N, 122°E (St. 34) E. huxleyi, U. irregularis, 19 000 16 July 1996 Yang et al. (2001)
U. tenuis
Perd/Chile Current Area (5°S, 85°W; 20°S,75°W) E.huxleyi 100 to 240 000 February 1964 Hagino and Okada
(2006)
Humboldt Current, off Concepcién (36.5°S, E. huxleyi 0 to 4466 November 2004 This study
73°W; Zy)
Oceanic systems
Equatorial Pacific (along 140°W) E. huxleyi 0 to 60 000 August- Balch and
September 1992 Kilpatrick, 1996
Humboldt Current, off Valparaiso (33°S, 78°W) E. huxleyi, ~20 000 to 240 000 26 October to 11 Beaufort et al.
Gephyrocapsa spp., December 2004 (2008)
Crenalithus spp.
Humboldt Current, off Valparaiso (33°S, E. huxleyi, ~1-10000 26 October to 11 Beaufort et al.
90; 10°S-140°W) Gephyrocapsa spp., December 2004 (2008)
Crenalithus spp.
Nordic Seas (55°S, 20°W-70°S, 10°E) E. huxleyi, C. pelagicus <1000 to >500 000 July-October Baumann et al.
1987-1995 (2000)
St. ALOHA, Hawai (22.7°N, 158°W) E. huxleyi, U. irregularis <30 000 January 1994 to Cortés et al. (2001)

Northern South China Sea (18°N, 114°E)
G. ericsonii

E. huxleyi, G. oceanica,

August 1996,
March 2002-July Lee Chen etal.
2003 (2007)

2000 to 127 000

Northeastern Taiwan 25.5°N, 125°E (St. 17)

Pacific sector, Southern Ocean (54°, 37 S; 80°,
09 W), St PS75/034-3

Humboldt Current, off Concepcién (Zs)

Calicasphaera blokii,
G. oceanica, P. vandeli,
U. irregularis, U. tenuis
E. huxleyi

E. huxleyi, G. muellerae,
C. mediterranea,
Syracosphaera spp.,
H. carteri

14400

30000 to 61 000

19 July 1996

27 November

Yang et al. (2001)

Saavedra-Pellitero

2009-27 January etal. (2014)
2010
12 750 to 134 096 November 2004 This study
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2009). Other taxa, such as C. mediterranea, Syracosphaera
spp., C. leptoporus and H. carteri, were recorded in lower
abundances and associated with the western sector of
the CUF (Fig. 5A)

The coastal zone was directly influenced by active
upwelling of cold, nutrient-rich, oxygen-depleted ESSW
(Alheit and Bernal, 1993). This area, where stations
clustered as Z;, showed the highest diatom densities
(~90% of the geographically integrated diatom abun-
dance) and lowest coccolithophore densities (0.4% of the
integrated coccolithophore abundance). This region was
largely dominated by E. huxleyi, a species shown to be
more resilient to environmental changes in salinity (18—
41 gkg™), temperature (1-31°C), turbulence, light (72
to >1000 umol m™2s™") and nutrients than other cocco-
lithophores (Brand, 1994; Zondervan e al, 2002;
Guerreiro et al., 2013). These characteristics are directly
related to its high genotypic plasticity (Bollmann, 1997).
Its ability to reproduce sexually probably is instrumental
in maintaining this genetic diversity (Iglesias-Rodriguez
et al., 2006), allowing it to adapt and succeed in strongly
variable environments such as upwelling systems.

Nutrient concentrations in Zo-CUF were similar to
those observed in Z;. However, the coccolithophore
density, predominantly E. huxleyi (89%), was one order
of magnitude higher. Moving seaward from Z,-CUF,
diversity increased steadily (Fig. 7), most likely due to
the stabilization of the water column and reduced levels
of silicate (from 18 YM in Z; to 14 pM in Zy-CUF); con-
ditions shown to promote a decrease in diatoms and an
increase in coccolithophores (Holligan ¢ al, 1993).
However, the slight increase in temperature (0.5°C)
with respect to Z; could be linked to coastward trans-
port of warm water (Hormazabal ¢ al., 2004).

Zy-Oceanic, in turn, resulted from the similarity of
four oceanic stations adjacent to the coastal Zo-CUF, in
an “oceanographically modified” zone west of 77°W.
These waters produced a disruption in the otherwise
clear coastal-to-ocean pattern (Fig. 5B). It is likely that
Z9-Oceanic is related to the propagation of ocean-ward
geostrophic flow parallel to Punta Lavapié that turns to
the northwest at ~36°S out to ~77°W, causing advec-
tion of a coastal water parcel into oceanic longitudes
(Letelier e al., 2009). In addition, these mesoscale fea-
tures off Concepcion have been shown to transport at
times the whole phytoplankton community (including
coccolithophores), together with a coastal signature in
terms of nutrients and organic/inorganic matter,
beyond 400 km offshore (Morales ¢ al., 2010).

Coccolithophore abundances were highest in Zs,
particularly in the band between 74 and 77°W, which
were characterized by increasing temperatures and
more dissolved oxygen, a marked decline in nutrient

14

concentrations and low salinity. Letelier ¢ al. (2009) and
Davila e al. (2002) reported a scaward-flowing, low-
salinity tongue originating from rivers during high rain-
fall, matching our observations. However, it seems that,
in general, salinity is not a major factor determining the
distribution and abundance of coccolithophores
(Andruleit et al., 2003; Beaufort e al., 2008), rather it
has been linked to an increase in size and more calcifica-
tion of plates (Paasche e/ al., 1996; Ficlding et al., 2009).
However, we found over-calcified specimens of E. huxleyi
type A (robust coccoliths, ~4-6 pum in diameter) mainly
in the area around Zo-CUF and the coastal Z; stations.
Beaufort et al. (2008) also observed this morphotype in
the HCS, suggesting that coccolithophores produce
more calcified coccoliths in nutrient-rich environments.
Type A has been reported in the coastal waters of the
Benguela Current (Henderiks e al, 2011) and the
Australian sector of the Southern Ocean (Findlay and
Giraudeau, 2000; Cubillos e/ al., 2007). Those authors
reported that it occurred mainly north of the
Subantarctic Front, defining a north-south trend of
decreasing calcification for E. huxleyi in the Southern
Ocean. This is apparently is a shift in dominance from
one ecotype to another, rather than an effect of decreas-
ing carbonate ion concentrations or calcite saturation
states. This was also noted in mesocosm experiments in
which E. huxleyi coccoliths were more calcified in waters
rich in P and N (Beaufort ¢ al., 2007). Other variables
reported in the literature that may significantly affect
the state of calcification in E. huxleyi are light levels
(Balch and Kilpatrick, 1996; Zondervan, 2007), changes
in carbonate chemistry (DIC, pH) of upwelling regions
(Cubillos et al., 2007) and the possible effect of salinity
on size, morphology and the number of coccoliths
(Fielding e al., 2009). Although E. huxleyi is the most
studied coccolithophore species, substantial gaps remain
in our knowledge of its ecophysiological plasticity
(Henderiks e/ al., 2011) and the effects of environmental
variables on the production of plates. Knowledge of the
calcification mechanisms remains incomplete (Brownlee
and Taylor, 2004).

Opverall, Z3 showed the highest coccolithophore abun-
dances, and the most prominent peaks were recorded in
the oceanic waters on its northern side (between 35.5—
36.0°S and 74-77°W). These peaks largely overlapped
with the presence of an anticyclonic eddy with sufficient
kinetic energy to deepen the isotherms down to 200 m
(Letelier et al., 2009). This eddy had a warm core
(>15°C), low NO4 and PO, concentrations and signifi-
cant depletion of nitrate (N:P < 2), and it coincided with
the highest abundances of coccolithophores recorded of
180 000 and 240 000 cells ™" at 50 m depth at Stations
18 and 19, respectively. These eddies persist for about
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5-10 months (Hormazabal e al, 2004, Morales ¢ al.,
2012), so nutrient depletion develops, especially of nitrate
(Townsend el al, 1994; Head el al, 1998; Rees et al.,
2002), suggesting that NO3 becomes (under these circum-
stances) more limiting than PO,

The biodiversity indexes in Zs were the highest
recorded in this study (Fig. 7). There, E. huxleyi and
G. muellerae diminished in importance, mainly due to the
occurrence of C. mediterranea, Syracosphaera spp., H. cartert,
and C. leptoporus, which together contributed ~40% of the
total abundance. Coronosphaera mediterranea has been asso-
ciated with warm subtropical waters (Moita ¢ al., 2010),
which may explain its presence in Zg. That area had the
highest average temperatures (~15°C). Syracosphaera spp.
has been reported to be a typical oceanic taxon (Boeckel
¢l al., 2006) and an indicator of oligotrophic conditions
(Young, 1994; Andruleit and Rogalla, 2002). Helicosphaera
carteri seems to become more prominent in water masses
with high-to-moderate nutrient levels and turbidity
(Giraudeau, 1992; Ziveri et al., 1995), but it has also been
related to low-salinity conditions (Colmenero-Hidalgo
et al., 2004), as in Zs. According to Saavedra-Pellitero
et al. (2010), C. leptoporus and H. cartert appear in different
oceanic environments, being dominant in sediments from
neritic areas located north and south of our study area.

BIOENV analysis revealed that salinity and tempera-
ture best explain variation in total station densities of coc-
colithophores in our study area (p,, = 0.689; P < 0.05).
However, it would not be salinity per se that drives cocco-
lithophore distributions. In fact, some species of cocco-
lithophores have been reported as euryhaline, able to
tolerate a wide range of salinities, especially estuarine taxa
(Brand, 1984). Species such as E. huxleyi and Pleurochrysis
carterae are able to grow in salinities ranging from 15 to
45 gkg7l (Brand, 1984). Likewise, Haidar and Thierstein
(2001) suggested that physical parameters may be respon-
sible for up to 50% of the dynamics of the most abundant
coccolithophore species. Thus, a combination of several
physical and chemical variables (i.e. nutrient concentra-
tion, temperature and/or water column stability) may
have produced the more suitable habitat for coccolitho-
phore growth in our Zs region.

Coccolithophores: suspended CarC
and export to the deep sea

Concentrations of CarC varied widely in the study area.
Of the three areas distinguished by the cluster analysis,
Zs represented 90% of the total CarC, and only two
genera (Calcidiscus and Helicosphaera) accounted for over
50% of the total CarC, although they only contributed
~3% of the total numerical abundance. This is explained
by their larger (10-30 um) and more robust coccoliths,

totaling 30-60 times more CaCOs per cell than E. hux-
ley. The most abundant species (E. huxleyi and G. muellerae)
made up of 70% of the coccolithophore in numbers, but,
because of their small coccoliths (~5um in diameter),
they only contributed ~27% of the total CarC. The other
three zones (Z;, Zy-CUF, Zy-Oceanic) played minor roles
in the total CarC budget. In those regions, E. huxleyi and
G. muellerae represented between 80 and 100% of the total
CarC. Beaulort e/ al. (2008) reported that the coccoliths
of E. huxleyi, Gephyrocapsa spp. and Crenalithus spp. repre-
sented more than 30% of the suspended calcite particles
detected in the 0.1-46 pum particle size range between the
Pert—Chile upwelling zone and the South Pacific Gyre.
According to those authors, the distribution was strongly
related to ocean chemistry, in particular to alkalinity and
carbonate ion concentrations. In this study, the propor-
tions of biogenic calcite concentrations of the order
Isochrysidales (E. huxleyi, G. muellerag) were high (>90%)
close to the coastal regions (Z;, Zy-CUT) and low (~27%)
in the oceanic area (Zs), albeit similar to proportions
previously reported for the area (30%; Beaufort e al.,
2008). However, those authors only focused on Iochrysidales
(numerically dominant), whereas orders such as Coccolithales
and Kygodiscales were less abundant in our study but
made significant contributions in terms of the suspended
calcite budget (Fig. 8). Thus, the estimated carbonate
export from coccoliths showed that H. carteri was the
dominant taxon (41.7% CarC., 2.4% TCar.), fol-
lowed by C. leptoporus (40% CarC,,, 1.8% TCar,y),
whereas G. muellerae, Coccolithus sp. and E. huxleyi together
contributed only 11.8 to CarC,, and 0.6% to TCar,.

Emiliania huxleyi and G. muellerae dominated in the water
column and sediment trap samples from the study area off
Concepcion, which contrasts with the observations done by
Saavedra-Pellitero e/ al. (2010). They reported F. profunda
and G. oceanica as the dominant species in surface sediments
between 33 and 38°S. Nevertheless, they also recognized
that their study might be affected by strong, persistent
upwelling and selective calcite dissolution, both favoring
preservation of the most resistant species. The relatively
shallow (40120 m) aragonite lysocline of the upwelling sys-
tem (Feely ¢ al., 2008), impinging on the bottom in a very
complex ecosystem, likely explains the discrepancy between
the living pelagic assemblage of coccolithophores and its
preserved counterpart in the sediment.

The vertical export of total CaCOs (TCar.,) showed
high variability among the study stations and sediment-
trap collection seasons. Possible reasons are difficult to
establish from the multiple and complex biological (e.g.
primary production, micro- and meso-zooplankton com-
munity composition, microbial activity) and physical
(e.g. mesoscale features and water column mixing pro-
cesses, particulate settling rates and climatological/
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Table VI: Comparison of vertical fluxes of total and coccolith-mediated carbonate recorded i different
upwelling and oceanic systems from the world oceans.

Average Coccolith

Sediment trap coccolith contribution

deployment Total CaCO3 CaCO3 to total CaCO3
Study area depth (m) (mgm™=d™")  (mgm™d™") (%) References
Upwelling Coastal Systems
Northern Pacific , 30°33'N, 118°30'W 500 83 20 245 Ziveri et al., (1995)
Bay of Biscay, 45°N, 2.5°W 2300 30-130 6.7 12 Beaufort and Heussner (1999)
Northern Benguela, 23°00'S, 12°569'E 544 144 313 217 Giraudeau et al., (2000)
Oceanic Systems Influences by Upwelling Area
Canarian and Azores Current, 29°N, 15.5-18°W 750-900 - 3.2-35 31-33 Sprengel et al., (2002)
Canarian and Azores Current, 29°N, 15.5-18°W 3000-3700 - 7.4-134 44-63 Sprengel et al., (2002)
Humboldt Current, 30°S, 73°11'W 2300 25-170 7 12 Gonzélez et al., (2004)
Humboldt Current, 37° 05'S, 74 ° 50'W 1000 22.5-170 3(0.8%) 48(1.2%) This study
Oceanic Systems
Arabian Sea, 16°18'N, 60°30'E 1200 106.8 476 44.6 Ramaswamy and Gaye (2006)
NE Atlantic, 34°N 21°W and 48°N 21°W 1000 30-35 10.7 29 Broerse et al., (2000)
Arabian Sea, 15°34'N, 68°36'E 963 47.9 287 60 Ramaswamy and Gaye (2006)
Bay of Bengal, 13°09'N, 89°13'E 1131 35.9 15.6 435 Ramaswamy and Gaye (2006)
Bermuda, 32°N, 64.5°W 3200 5-23 - - Haidar et al., (2000)
FramStrait, 78°63'N, 6°40’ - 11-157 - - Hebbeln (2000)
Bay of Bengal, 13°09'N, 84°20'E 893 345 - - Ramaswamy and Gaye (2006)
Indonesian Archipelago, 0°-4°N, 135°-175°E 1342-1769 30-71 3.5-16.7 9.5-233 Tanaka (2004)

*The average carbonate exported by appendicularian fecal pellets and their relative contribution (%)

hydrological ~scasonality) interactions. The highest
TCar occurred in austral summer (45%) and then
decreased gradually through autumn (37%) and winter
(18%). Although sediment trap and water column sam-
ples shifted through time (see Methods), the coccolitho-
phore composition in the water column (mainly in Z;)
was very similar to that observed in deep sediment trap
samples. This suggests that the coccoliths in sediment
originated in the oceanic waters above with only small
preservational modification.

Higher vertical particle flux in spring/summer has
been related to increased solar radiation, which raises
sea surface temperatures, favoring the production of
algae (Nanninga and Tyrrell, 1996; Triantaphyllou
el al., 2004). Average TCar, flows in our study area
ranged from 23 to 170 mgm™2 d™, rates very similar to
those (25-170 mgm™ d™') reported by Gonzilez e al.
(2004) for the oceanic area off Coquimbo and for other
oceanic regions of the world (Table VI). The sequestra-
tion of CarC,, was dominated mainly by coccoliths and
coccospheres, which together accounted for 70% of the
CarC, and 4.8% of TCar,. The second major compo-
nent corresponded to appendicularian pellets, which
transported biogenic calcite to the deep sea, averaging
27% of CarC,, and up to 76% during summer. The
contribution of appendicularian pellets to TCar., was
minor in this study (1.2%); however, the importance of
them may be underestimated due to the presence of a
large fraction of unidentified, broken and amorphous
fecal pellets, a substantial part of which could have been
produced by appendicularians and not included in our

16

results. The importance of appendicularian pellets in
carbonate flux and the inorganic carbon cycle has been
highlighted in several studies of the HCS (Gonzalez
el al., 2004, 2009) and in other marine systems around
the world (Gorsky et al., 1999; Antia et al., 2008). The
hydrodynamic shape (oval) and high compaction of
these pellets generate high fecal pellets’ sinking rates
(25-166 m d_l) (Gorsky et al., 1984), which facilitate
their rapid export from the photic zone and prevent
recycling in this area of high biological activity.

The calcium carbonate exported attached to tintinnid
loricae (Codonellopsis, Dictiocysta, Tintinnopsis) was not sub-
stantial in this study representing an average of 2.8% of
the total CarC,, and 0.1% of the TCar,,. This was a
very conservative estimate because the attached material
may have consisted of more than one layer (Dolan et al.,
2013). Thus, the carbonate flux carried on the loricae of
these ciliates helps to elucidate the variety of compo-
nents involved in the export of carbonate into the deep
regions of the ocean off Concepcion.

CONCLUSION

The spatial distribution coccolithophores in the upper
50 m water column off Concepcién, Chile showed a clear
coast-to-ocean pattern, influenced by an active coastal
upwelling system, frontal zones and other physical
boundaries, creating four-well-defined  biogeographic
zones. The coastal zone (Z;) located at the upwelling
center had the highest diatom and the lowest
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coccolithophore abundance, the latter dominated
almost exclusively by E. huxleyi. On the outside margin
of the upwelling front (Z,-CUF), abundance as well as
biodiversity of coccolithophores started to increase,
reaching its maximum (~300 x 10% cells L™" and up
17 coccolithophores species, respectively) at the more
oceanic stations (Zs).

TCar,, at 1000m depth was highly variable, with
maximum and minimum fluxes in austral spring and
winter, respectively. The main components of CarCey
were coccospheres and detached coccoliths. The less
abundant species of coccolithophores but heavier ones,
such as H. carteri and C. leptoporus, contributed >80% to
CarC,y and >4% to TCar,,. Appendicularian fecal pel-
lets made a minor contribution to TCar., but were
important contributors to CarCe, (~27%) .

In general, the community structure of coccolitho-
phores and the total flux of carbonate were similar to,
and the CarC,, lower than, other studies conducted in
the HCS and in the world oceans.

SUPPLEMENTARY DATA

Supplementary data can be found online at
http:/ /plankt.oxfordjournals.org
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River discharge (m®s?)

Supplementary figure 1. Monthly average of the annual freshwater discharge (m?s?) of the
Bio-Bio (A) and Itata (B) Rivers. The vertical lines represented the standard deviation for the
Bio-Bio (2004-2006) and Itata (2012-2014) River discharges.
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Supplementary figure 2. Average cloud coverage during November 2004 in the study area. The
color bar scale represent from totally covered (1) to totally clear (0) sky.
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Supplementary figure 3. Coccolithophores observed during October 2004 off Concepcién. The
plate shows the following taxa: A-B: E. huxleyi; C-D: G. mullerae; E-F: C. leptoporus; G-H: H.
carteri; 1-): S. pulchra (collapsed); K-L; P. vandeli; M-N: S. anthos; O: E. huxleyi (Type A); P: G.
oceanica; Q:: R. clavigera; R: D. tubifera; S: C. mediterranea; T: U. sibogae (coccoliths, proximal
view) U: C. pelagicus; V: Syracosphaera sp.; W: Papposphaera sp.; X: C. murrayi and Y: S.
prolongata. The picture: A—F and M - Q (Scale bar =1 um); G- H, | -J, U and X (Scale bar = 3 um);
K-L R-T,V—WandY (Scale bar =2 um). From A) to N) the same species are shown as appeared
by using both scanning electron microscope (SEM, left picture) and light microscopy (LM, right

picture). Abundances and complete taxonomical name were included in Supplementary Table 1.
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Supplementary figure 4. Average wind speed and direction fields (black arrows) during
November 2004 over the study area. A reference arrow speed/direction was depicted in the
lower right corner of the image, and the color bar also show the wind speed (m s™2).
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Supplementary table 1. Stratified abundance (0, 20 and 50 m of depth) of
coccolithophores (Cells L) off Concepcidn. The station is sorted in 4 zones (Z1, Z-
CUF, Zz and Z»-Oceanic) according to the dendrogram of the Bray Curtis similarity

coefficient (see Fig. 6).

Speciesitaxa z Z-CUF

Depth Sti St3 StiL Stal St3t St5 St12 St13 St14 St15 St.23 533 stal St51
Coccolithus pelagicus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Coronosphaera mediterranea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Calcidiscus leptoporus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Calciosolenia murrayi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Discosphaera tubifera. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Emiliania huxleyi 0 330 3632 1531 4,466 0 16726 3552 17,728 31268 13959 4448 15038 14054 17,075
Florisphaera profunda 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Gephyrocapsa muellerae 0 0 0 0 0 0 0 29 1542 1374 0 278 412 0 371
Gephyrocapsa oceanica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Helicosphaera carterii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Papposphaera sp. 0 0 0 0 0 0 0 0 0 0 0 0 206 0 0
Ponthosphaera syracusana 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Palusphaera vandelii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhabdosphaera clavigera 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Scyphosphaera apsteinii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera anthos 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera pulchra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera prolongata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Umbilicosphaera sibogae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Others 0 0 0 0 0 0 364 0 385 687 297 0 0 0 0

Z 2:-Oceanic

Depth StL7 SL10 L7 st18 St19 St.25 st27 SL30 S35 St37 St53 St55 St57 5L20 540 SL50 60
Coccolithus pelagicus 0 0 0 0 0 0 0 0 0 0 0 0 0
Coronosphaera mediterranea 0 462 16933 19778 9635 21338 2511 6,610 273 3681 15566 0 520 5,202 268 0 0 0
Calcidiscus leptoporus 0 0 0 388 0 350 0 0 1,911 0 338 0 0 2,023 804 1,597 610 340
Calciosolenia murrayi 0 8323 0 388 0 0 558 0 0 0 0 0 0 0 0 0 0 0
Discosphaera tubifera. 0 0 0 776 0 350 0 367 546 0 0 0 0 0 0 0 0
Emiliania huxleyi 0 73984 18896 24044 23265 23087 36549 28274 35490 23804 16582 17263 10408 25432 33500 3033 10377 15309
Florisphaera profunda 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Gephyrocapsa muellerae 0 3005 6626 13961 7,52 629 10602 10282 3822 6626 15228 1981 781 10115 2,144 4,79 1526 3,062
Gephyrocapsa oceanica 0 462 0 0 350 0 0 0 0 0 0 0 0 0 399 0 0
Helicosphaera carterii 0 9,248 0 0 0 0 1,674 0 0 736 2,369 0 0 289 0 0 0 0
Papposphaera sp. 0 0 0 0 0 0 0 0 0 491 0 0 0 289 0 0 0 0
Ponthosphaera syracusana 0 0 0 0 0 0 0 0 0 [ 0 0 0 0 0 0 0 0
Palusphaera vandelii 0 0 0 388 0 350 0 0 2713 0 677 0 260 0 536 798 0 0
Rhabdosphaera clavigera 0 0 0 0 0 0 0 0 546 0 338 0 0 0 0 0 0 340
Scyphosphaera apsteinii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera anthos 0 0 0 0 0 0 558 0 0 0 0 0 0 578 0 0 0 0
Syracosphaera pulchra 0 3,699 491 0 0 350 4,743 0 819 1472 5414 283 260 3179 0 0 0 340
Syracosphaera prolongata 0 0 0 0 0 0 279 0 0 0 338 0 0 289 0 0 0 0
Syracosphaera spp. 0 2312 0 1,551 1,175 700 2511 367 546 0 4738 283 0 289 268 399 0 340
Umbilicosphaera sibogae 0 0 0 0 0 0 0 367 0 0 0 0 0 0 0 0 0 0
Others 0 5549 491 776 705 700 1,116 1,469 2,184 982 5076 1,981 520 4335 536 1,597 0 1,021
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Table 1 (Continued)

Speciesitaxa 2 2,-CUF

Depth St1 St3 St11 St.21 St.31 St5 St.12 St13 St.14 St.15 St.23 St.33 Std1 St51
Coccolithus pelagicus 20 0 0 0 0 0 116 0 0 0 0 0 0 0 0
Coronosphaera mediterranea 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Calcidiscus leptoporus 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Calciosolenia murrayi 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Discosphaera tubifera 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Emiliania huxleyi 20 835 1,750 1,315 854 217 17,212 10,896 10,920 16,306 10,663 2,978 10,208 17,424 41,791
Florisphaera profunda 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Gephyrocapsa muellerae 20 0 0 0 0 0 814 1,362 780 526 0 745 0 871 1,266
Gephyrocapsa oceanica 20 0 0 0 0 0 116 272 0 0 0 0 0 1452 0
Helicosphaera carterii 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Papposphaera sp. 20 0 250 0 0 0 0 0 0 0 0 0 0 0 0
Ponthosphaera syracusana 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Palusphaera vandelii 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhabdosphaera clavigera 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Scyphosphaera apsteinii 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera anthos 20 0 0 0 0 0 0 0 0 0 273 0 0 0 0
Syracosphaera pulchra 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera prolongata 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera spp. 20 0 0 0 0 0 465 272 0 0 273 0 0 290 317
Umbilicosphaera sibogae 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0

hers 20 0 0 0 0 0 582 545 0 52 0 0 0 0 0

Speciesitaxa 7 Z-Oceanic

Depth St7 5t.10 st17 S8 St st2s  st7 530 535 St37 St53 St55 St57 St20  Stao 550 St60
Coccolithus pelagicus 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Coronosphaera mediterranea 20 662 26,016 19,173 0 21,535 3,145 4,822 1,142 7,982 11,077 1,246 4,897 2,225 0 511 0 274
Calcidiscus leptoporus 20 0 271 498 255 0 0 381 9,996 665 515 1,246 466 1,589 402 4,342 327 548
Calciosolenia murrayi 20 8,937 0 249 0 629 0 0 0 515 311 466 0 0 0 0 0
Discosphaera tubifera 20 0 271 498 0 0 0 127 8,282 333 258 0 0 0 0 0 0 0
Emiliania huxleyi 20 101,617 36,585 44,820 15,810 29,986 44,785 49,364 73,685 73,505 40,443 117,398 14,458 37,818 803 19,921 9,483 14,522
Florisphaera profunda 20 0 0 0 0 0 0 0 0 0 0 0
Gephyrocapsa muellerae 20 15,226 17,886 12,699 12,495 9,814 14,719 9,771 5,141 42,905 35,291 48,267 9,794 7,309 0 3,576 981 1370
Gephyrocapsa oceanica 20 331 0 0 0 0 377 254 571 0 0 0 0 255 0 274
Helicosphaera carterii 20 23,501 0 249 0 0 1132 0 286 1,663 1,546 6,851 1,399 636 0 0 0 0
Papposphaera sp. 20 0 0 0 0 0 0 0 0 0 0 311 0 0 0 0 0 0
Ponthosphaera syracusana 20 0 0 0 0 0 0 0 0 0 0 623 0 0 0 0 0 0
Palusphaera vandelii 20 0 0 0 0 0 0 0 286 0 773 934 0 318 0 511 0 1644
Rhabdosphaera clavigera 20 0 0 0 0 273 252 127 1714 0 258 0 233 0 0 0 0 274
Scyphosphaera apsteinii 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Syracosphaera anthos 20 1324 271 0 255 273 0 127 286 0 258 0 466 953 201 0 0 0
Syracosphaera pulchra 20 4,965 1626 249 255 545 3774 0 5141 1330 10304 4360 4664 2542 0 1277 0 548
Syracosphaera prolongata 20 331 0 0 0 0 377 0 0 333 258 1,246 0 0 0 0 0 0
Syracosphaera spp. 20 3,972 1,807 4233 510 1090 3019 2157 199  199% 9531 5204 1866 349 0 766 0 274
Umbilicosphaera sibogae 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Others 20 1,655 813 498 1275 818 755 0 1428 2328 48% 2,180 1632 636 0 1,788 0 0
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Table 1 (Continued)

Species/taxa

Others

Speciesitaxa

2 2,-CUF
Depth StL St3 Stil St2l Stal, St5 Sti2 __ st3 __ stud Sti5___ st23 St33___ Std4l___ Stsl

Coccolithus pelagicus 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Coronosphaera mediterranea 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Calcidiscus leptoporus 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Calciosolenia murrayi 50 nd 0 0 nd nd 702 0 0 0 0 0 0 0 0
Discosphaera tubifera 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Emiliania huxleyi 50 nd 484 302 nd nd 2,808 3214 0 2898 8416 1753 2,347 206 7,003
Florisphaera profunda 50 nd 0 0 nd nd 234 877 0 0 0 0 0 0
Gephyrocapsa muellerae 50 nd 0 0 nd nd 1,170 877 0 0 526 0 301 206 202
Gephyrocapsa oceanica 50 nd 0 0 nd nd 468 0 0 0 0 0 0 0 0
Helicosphaera carterii 50 nd 0 0 nd nd 234 202 0 0 0 0 0 0 0
Papposphaera sp, 50 nd 242 0 nd nd 0 0 357 0 0 0 0 0 0
Ponthosphaera syracusana 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Palusphaera vandelii 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Rhabdosphaera clavigera 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Scyphosphaera apsteinii 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Syracosphaera anthos 50 nd 0 0 nd nd 234 0 0 0 0 0 0 0 0
Syracosphaera pulchra 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Syracosphaera prolongata 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0
Syracosphaera spp, 50 nd 0 0 nd nd 234 0 0 0 0 501 0 0 0
Umbilicosphaera sibogae 50 nd 0 0 nd nd 0 0 0 0 0 0 0 0 0

50 nd 0 0 nd nd 234 4675 0 0 0 0 0 0 0

Z 2,-Oceanic
Depth ST St,10 SLi7 St,18 St.19 25 St27 5130 St35 _ star St53___ Stss St St20 __ StA0__ St50___ SL60

Coccolithus pelagicus 50 0 0 0 217 0 304 0 0 nd 0 0 0 0 0 0 0
Coronosphaera mediterranea 50 758 3377 0 3872 1,499 0 0 428 nd 0 0 0 0 0 0 0 1,202
Calcidiscus leptoporus 50 0 520 342 830 750 0 0 2,999 nd 1,489 429 324 2,440 2,458 531 363 0
Calciosolenia murrayi 50 379 0 8,203 217 750 3,890 406 0 nd 372 0 0 0 410 0 0 0
Discosphaera tubifera 50 0 0 0 0 0 0 0 1,285 nd 372 0 0 0 0 0 0 15,626
Emiliania huxleyi 50 2635 72276 47510 164766 127866 37,931 29218 31059  nd 22704 1714 11981 13944 57344 6370 2906 1923
Florisphaera profunda 50 0 0 0 0 0 0 0 0 nd 0 0 0 0 0 0 0
Gephyrocapsa muellerae 50 3411 43105 15381 61,983 44844 12320 9333 2570 nd 5211 429 2,914 3137 5734 79 363 0
Gephyrocapsa oceanica 50 0 1,039 1,367 553 1124 1,945 406 0 nd 0 0 971 0 0 0 726 481
Helicosphaera carterii 50 1516 520 0 830 375 2,504 0 0 nd 372 429 971 0 0 0 0 0
Papposphaera sp, 50 0 0 0 217 0 0 0 0 nd 0 0 0 697 0 0 0 240
Ponthosphaera syracusana 50 379 779 342 553 0 324 0 0 nd 0 0 648 0 0 0 0 0
Palusphaera vandelii 50 0 0 0 277 0 0 0 214 nd 372 0 0 0 410 531 0 0
Rhabdosphaera clavigera 50 0 1,039 0 1,106 750 0 0 214 nd 0 0 0 697 2,867 0 0 0
Scyphosphaera apsteinii 50 0 0 0 217 0 0 0 0 nd 0 0 0 0 0 0 0 0
Syracosphaera anthos 50 0 0 1,025 2717 375 5187 406 0 nd 1,117 0 324 697 1,229 0 0 0
Syracosphaera pulchra 50 0 260 0 553 375 0 812 1,085 nd 744 0 324 0 410 0 0 0
Syracosphaera prolongata 50 0 1,099 0 830 750 0 406 0 nd 0 0 0 1,046 410 0 0 481
Syracosphaera spp, 50 0 2,598 342 830 2,249 973 0 428 nd 1,489 0 0 697 1,638 0 0 0
Umbilicosphaera sibogae 50 0 0 0 0 0 0 0 0 nd 0 0 0 0 0 0 0 21,155

50 379 5,456 2,051 2213 2,249 1,621 1217 1,499 nd 744 0 1,619 0 1638 1062 363 1,202

Others
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3.2 Manuscrito 2

Dear Mr Menschel,

Thank you for submitting your Article entitted "CARBON AND CALCIUM
CARBONATE SEQUESTRATION DRIVEN BY APPENDICULARIANS FECAL
PELLETS AT THE HUMBOLDT CURRENT SYSTEM OFF CHILE" to Nature

Communications.

Your submission has been assigned a tracking number of NCOMMS-17-01516.
Please quote this tracking number in the subject line of any correspondence.
Please be also aware that Nature Communications is an open access journal.
Therefore, your submission, if accepted, will be subject to an article processing

charge and be published open access. Please visit our open access page at

http://www.nature.com/ncomms/open_access for information about article
processing charges, open access funding, and advice and support from NPG.
You may check the status of your submission by selecting the "Check manuscript

status” link at the following URL:

http://mts-ncomms.nature.com/cgi
bin/main.plex?el=A4S1sIw5A4Grvn7F6A9ftdjJEWOchLNkViaNSF6BC8g0gZ
Please note that our data availability policy expresses our preference for research
data to be archived in public, specialised data repositories where applicable, and

we also encourage our authors to consider submitting an additional publication to
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Scientific Data (http://www.nature.com/sdata) alongside their primary research
article. Scientific Data publishes Data Descriptors, which are peer-reviewed
articles enabling authors to provide comprehensive methodological detail about
their data. Publishing a Data Descriptor can facilitate discovery, reuse and citation
of your research data. Please contact the editorial team of Scientific Data at
scientificdata@nature.com if you are interested in publishing a Data Descriptor

supporting your current manuscript.

Furthermore, Articles and Reviews published in Nature Communications must
contain a declaration of competing financial interests, although the declaration is
required only when a paper is being accepted. Full details of the policy can be

found at

http://www.nature.com/nature/submit/policies/competing/index.html.

You can now use a single sign-on for all your accounts, view the status of all your
manuscript submissions and reviews, access usage statistics for your published
articles and download a record of your refereeing activity for the Nature journals.
Please check your account regularly and ensure that we have your current contact
information.

In addition, NPG encourages all authors and reviewers to associate an Open
Researcher and Contributor Identifier (ORCID) to their account. ORCID is a
community-based initiative that provides an open, non-proprietary and

transparent registry of unique identifiers to help disambiguate research
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contributions.
Thank you for submitting your work to Nature Communications. We will contact
you shortly with a decision.

Best regards,

Manuscript Administration

Nature Communications

4 Crinan Street

London N1 9XW

E-mail: naturecommunications@nature.com
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Secuestro de carbono y carbonato realizado por pellets fecales de

apendicularias en el Sistema de la Corriente de Humboldt

Resumen

El rol de las fracciones de tamafo de pellets fecales apendicularias (PFa) en la
exportacion de carbono y carbonato de calcio (CCa) derivados de coccolitéforos
al océano profundo fue evaluado durante una serie de tiempo de nueve afos
(1995-2004) de Coquimbo (30°S) en el Sistema de la Corriente de Humboldt

(SCH) de Chile.

El andlisis individual de la composicion y distribucién de tamafios de 1604 PFa
mostrd una relacion inversa no lineal entre las fracciones de tamafio de PFay su
contenido de carbono orgéanico particulado (POC mgC mm2) y carbonato de
calcio (mgCaCOsz mm3). Por lo tanto, el POC y el CaCOs de los PFa (mg mm?)
fueron hasta 1000 y 30 veces menores en FPa grandes (> 150 ym de diametro)
que en PFa pequefios (<100 ym de diametro). En promedio, los flujos de PFa
contribuyeron con el 19,0 y 1,2% del total de POC y CaCOs, con un maximo
durante el periodo primavera-verano. Por lo tanto, los modelos no lineales sobre
el fraccionado por tamafio de los PFa mejoraran las estimaciones de la

exportacion de carbono en los océanos del mundo.
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Carbon and calcium carbonate sequestration driven by appendicularians fecal

pellets at the humboldt current system off chile

Abstract

The role of appendicularian fecal pellet (FPa) size fractions in the
coccolithophore-derived carbon and calcium carbonate (CCa) export to the deep
sea was assessed during a nine year (1995-2004) time series off Coquimbo

(30°S) at the Humboldt Current System (HCS) off Chile.

Individual examination of the composition and size distribution of 1604 PFa
showed a non-lineal, inverse relationship between the FPa size-fractions and their
particulate organic carbon (POC, mgC mm-=3) and calcium carbonate (mgCaCOs
mm-3) content. Thus, the POC and CaCO3z per FPa mm? were up to 1000 and 30
times lower in large FPa (>150 um diameter) than in small FPa (<100 pm in
diameter). On average, 19 and 1,2% of total POC and CaCOs flux were
contributed by FPa, with maximum during the spring-summer period. Thus, no-
lineal models on size fractionated FPa will improve the carbon export estimations

in the world”s oceans.
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CARBON AND CALCIUM CARBONATE SEQUESTEATION DEIVEN BY
APPENDICULARIANS FECAL PELLETS AT THE HUMBOLDT CURRENT SYSTEM
OFF CHILE

Eduardo Menschel A. * & Humberto E. Gonzilez *

! Programa Doctorado en Oceanografia de la Universidad de Concepcidn y FONDAP-IDEAT
Universidad Aunstral de Chile, Instituto de Ciencias Mannas y Limnologicas, casilla 567 Valdivia
Chile.

? Instituto de Ciencias Marinas y Limnolégicas, Universidad Austral de Chile y FONDAP-
IDEAT Umniversidad Austral de Chile, Inshituto de Ciencias Mannas y Limmelogicas, Casilla 567,
Valdivia, Chile

Abstract

The role of appendicularian fecal pellet (FPa) size fractions in the coccolithophore-derived carbon
and calcium carbonate (CCa) export to the deep sea was assessed duning a nine year (1995-2004)
time series off Coquimbo (30°5) at the Humboldt Current System (HCS) off Chile.

Individual examination of the composition and size distnbution of 1604 sinking PFa showed a non-
lineal, imverse relationship between the FPa size-fractions and their particulate organic carbon
{PDCmgCmm"’}md:a]ciumcubmate(mgCaCDamm’sjcomentThns,ﬂlePDCandCamspﬂ
FPa mm’ were up to 1000 and 30 times lower in large FPa (1350 pm diameter) than in small FPa
(=100 pm in diameter). On average, 19 and 1.2% of total POC and CaCOs flux were contributed
by FPa, with maximum dunng the spring-summer period. Thus, no-lineal models on size
fractionated FPa will improve the carbon export estimations i the world's oceans.

Introduction

The pivotal role of zooplankton fecal pellets (FP) in the carbon biogeochemical eyele by using
sediment traps has been reported since the 70°s, summing several nmdred publications (Turner
2002). This impressive amount of mformation sirengthen the relevance of zooplankton FP as POC
export vehicle to the deep sea (Smetacek, 1980a; Umrére & Knauer, 1981; Bodungen ef al., 1987;
Fowler ef al., 1991; Gonzalez 1992a; Gonzaler and Smetacek, 1994; Lane ef al., 1994). The
coniribution of different fimctional groups to wertical flux of POC, such as euphausiids,
appendiculanians, copepods, salps of microzooplankton, have also been reported (Poulsen &
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Kiotboe, 2006; Goldthwait & Steinberg, 2008, Gonzalez af al.. 2009). In addition. the high
vanability reported on the role of FP seems to be due to multifactorial interactions, both physical
and biological, that affect the export versus recycling of the carbon loaded in FP. For example, the
appendicularian facal pellets (FPa) make up a significant fraction of the particulate organic carbon
(POC) and calcium carbomate (CaCOs) exported to the deep sea (Homjo 1976), and play an
muportant role in the carbon biogeochemical cycle in both oceanic and coastal areas of the world
oceans. Coccolithophores are important component of the phytoplankton m the Humbaoldt Current
System off Chile (HCS) (Menschel f al., 2016) and its export to deep layers of the ocean has been
associated (as tramsport wehicle) with FPa, assuming a linear relationship between POC or
carbonate CaCOs content with FPa size (Gonzdlez et al.. 1994). This, in part bacanse the coccoliths
provide ballast that increase the sinking speed (Klass & Archer, 2002), the scant information on
FPa contents analysis and the assumption that appendiculanians diet and FPa contents might be the
same, irrespective the size of the FPa and amimals. Therefore, we revised this assumption with the
objective of determine the role of the FPa size-spectrum in the POC and biogenic carbonate flux.

Materials and Methods

Amalysis of total POC and FPa

The samples were obtamed from sediment traps t (SMT 230, Salzgitter Electronic, Kiel), deployed
at 2300 m depth and ~150 km off Coqumbo (30°5) and Concepeion (36°5) (Fig. 1). The POC and
total carbonate was amalyzed using the methodelogy reported im Menschel et al. (2016). The
analyzes of the FPa were carried out using an elemental analyzer (CHIN). Undamaged Fpa (1292
units) of vanous sizes between 30 and 340 pm in diameter, were separated, gently washed wath
gasified mineral water to maintain the integrity of the FPa and then filtered through a glass fiber
filter of 0.7 pm pore size. Using a Pasteur pipette, 14 to 170 FPa were grouped according to their
size and photographed (Mikon Coolpix model 4500) under a stereoscopic (Leica model MZ6). The
images were processed in Image Pro Plus v.3.0 software to estimate fecal volume. Finally, the
groups of these FPa were placed in glass fiber filters and acidified with 2N HCI to remove
particulate morgame carbon and subsequently washed with distilled water to remove excess acid.
The waszh filters were dried at 50 ® C and stored in vials with silica gel for storage and shipping for
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Figure 1. Study area off of the Concepeidn (36°5) and Coquimbo (30°5) in the HCS n Chile.

The analyzes of total carbonate and coccolithophores in FPa were performed according to the
methoedology descnbed in Menschel ef al (2016). . Basically, inch of ca 65 undamaged FPa (30—
340 ym m diameter) were removed from the sediment frap samples using a stereomicroscope
(Leica model MZ6) at 15 magmfication and placed in a Petri dish with 0.2 pm pre-filtered de-
carbonated mineral water to prevent coccolith dissolution. Fecal pellets were washed five to eight
times with filtered de-carbonated water and photographed. Photographs were processed using
Image] software to estimate the fecal pellet volume.

In order to analyze the composition of coccospheres and coccoliths in the appendiculanan fecal
pellets, 1-10 pellets (number depending on their size) were removed from the Petn dish and gently
placed m 2.5-ml. vials containing 2ml. of de-carbonated mineral water and sonicated at 5060 Hz
for 30 seconds following Bamrbakhish et al. (1999). The contents of the vials were placed in
sedimentation chambers and analyzed using an mverted hight microscope (%1000 magnification).
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Other samples were analyzed by SEM to corroborate the hight mmeroscopy species identifications.
Numbers of coccoliths per fecal pellet were estimated according to Menschel et al (2016).

Besults
Carbon and carbonate contents m FPa

The POC content in FPa, as a fumction of its biovolume fluctuated between 0.02 and 0.77 mgC
mmn” with highest values (~0.4-0.77 mgC mm™) in FPa = 100 pm in diameter and lowest (0.02 y
0.2 mgC mm™) in FPa = 100 pm in diameter (Fiz. 2A). The coccolithophore-based carbonate
content in FPa fluctuated between 0.025 and 0.09 mgCaCO; mm™ with an average of 0.055
mgCaC0s mm™. The hizhest carbonate concentrations (0.065 mgCaCOs mm™) were measured on
the smallest biovolumen PFa (0.02 mm®), while the lowest concentrations (0.045 meCaCOs mm
%) were found in large size (~0.02 mm~) PFa. The particle composition within FPa presented 10
coccolithophorid genera/species from which Emiliania huxleyi was numerically dominant with a
mean of 4.14 x 10% coceoliths mm?, followed by Calcidiscus leproporus (031 x 10f coceoliths
mmn ) and Gephyrocapsa muellerae (0.24 x 10¢ coccoliths mm¥). On the other hand, the carbonate
concentration in coccolithophores were dominated by C. leptoporus (47%), followed by E. huxleyi
(21%) and Helicosphaera carteri (19%). Geplyrocapsa muellerae, G. ocednica, Syracosphaera
pulchra, Helicosphaera spp., Rhabdosphaera clavigera, Syphosphaera apsteinii, Umbilicosphaera
sibogae and other non-identified species compnsed the remaimder 13%.

POC and CaCOs fluxes mediated by FP'a in Coquimbo (30°5)

Highly vaniable fluxes of POC and CaC0; loaded in FPa were recorded at 2300 m depth in the
oceanic region off Coquimbo during a fime series station spanning nine years (1995-2004). Overal,
FPa-mediated fluxes of POC and CaCOs, contributed with 19% (0.84 meC m?d ") and 1.2% (0.59
mgCaC0s m?d?) of the total COP (average 4.6 mg m”d™) and CaCOs (average 48 mg m2d™),
respectively (Fig.2).

Inter-anmmal vanability in POC flux showed conspicuous differences with a range of 0.24-1.72
mgC m?d?, with 2 maximum fluxes during 1995 (1.72 mgC md™) and 1999 (1.04 mgC m2d™).
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In addition, average annual flux of CaCOs loaded in FPa showed a maximum of 1.2 mg m~d?,
while mininmm rate of 0.13 mg m?d? was recorded during 2004. Interannual variability in POC
flux showed statistical differences (p=0.05) between 1993 (1.72 mgC m?d") and the other years,
and the years 1996 - 1998 (0.61 - 0.77 mgC m*d™), with 2002 - 2003 (039 - 0.24 mgC m?d™) A
high seasonal variability in FPa-mediated fluxes of POC and CaC0O5 were observed, with maximum
m summer (1.1 and 0.76 mg m”d?), and minimum values in spring (0.36 and (.22 mg m?d?,
respectively). Statistical differences (p<0,05) n these seasomal fluxes were recorded between
summer and autumn-winter, and between autumn and winter-spring.

Carbon and carbonate content in PFa

A non-lineal and inverse relationship between the FPa size fractions and the POC (meC mm™) was
observed with a potential function (y=0,0552 x ™) as best curve fit (R*=0.85). The POC loaded
mn FPa spanned a wide range of values (0.02 - 0.77 meC mm>) where the small size FPa or FPa-
small (=100 pm in diameter) contained a higher POC concentration per volume unit (up to one
order of magnitude per mm®) than large FPa or FPa-large (150 um in diameter), while medium
size FPa (100-150 pm in diameter) contained between 0.1 and 0.2 mgC mm* (Fig. 2A).

For the CCa (mgCaC0:; mm?) an exponential curve fit was found (R*=0.66). The carbonate
concentrations per mm® in FPa-large were one third of the concentrations fund in FPa-small and
fluctuated between 0.03 and 0.09 mgCaCO; mni™ for large and small FPa, respectively. (Fig. 2B).
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Figure 2. A) Particulate organic carbon content (COP, mgC mm ™) and B) concentration of calcium
carbonate of FPa (mgCaC0s; mm¥) in relation to its volume of FPa (mgCaCOs mm™).
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Due to the high vanability in the diameter of the FPa used for elemental carbon analysis, m the
time series station data recorded from 1995 and 2004 (Fig. 3), an average POC of 0.26 and 0.041
mg mny’ were used for FPa-small and FPa-large, respectively.

When El Mifio, La Nifia and “normal™ (between El Mifio and La Nifia) periods were taken in
consideration for statistical analysis, no significant differences were observed (p=0.03). However,
maxirmm FPa-mediated fluxes of POC and CaCO; fluxes (mean 1.03 and 0.66 mgm?d?,
respectively) were observed during the four El Nifio events recorded during the following years:
Jan-April 1995, June1297-June98, July 2002-Nov.2002 and July 2004). Minimum average POC
fluxes (0.63 me md ) were recorded during four “normal” periods (may-august 1993, May 1996-
May1997, April-June 2002, and 2003-June 2004), while for carbonate, a minimum of 0.4%
mgCaC0: m?d” was recorded during two La Nifia periods (Sept 1995- April 1996, Feb.1999-
Now.2000) (supplementary Fig. 1).
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Fig 3. Total POC flux (black surface) and FPa-mediated POC fhax (White surface) (mgC m2d™Y) (A). Total carbonate flux (B) and and
FPa-mediated carbonate flux (C) (mgCaCOs m?d™), are depicted for the period between 1995 and 2004 off Coquimbo (30°5). “El Nifio™,
“LaNifia” and “normal” periods are depicted by black, grey and white bars.
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The Biclogical Carbon Pump (BCP) is an important component of the global carbon cycle where
factors dnve vanability of PFa export remains poorly understood Overall, the magnitude and
efficiency of total POC flux in time and space would depend on changes m zooplankton and
phytoplankton commmumity composition, and changes in biological processes (Le. zooplankton
grazing rate, FP production rate, phytoplankton aggregation, microbial degradation) that affect the
particle flux dynamics out of the euphotic zone in oceanic provinces (Boyd and Newton 1999) and
upwelling areas off central Chile (Gonzilez ef al., 2009). One of this mechanisms (FPa-mediated
POC flux) change mn time and space of would depend on the PFa size-spectrum and thus on the
appendicularian commmmity size spectrum.

WVery little information on POC content in FPa have been reported so far (Gonzalez & Smetacek
1994), with an average of 0.042 msC mm?, which comespond to our FPa-large, although these
authors assume a lineal model between POC content with FPa size.

Most of the FPa found in sediment trap deployed at 2300 and 1000 m depth off Coqumbo (30°5)
and Concepeion (36°5) in the HCS comespond to FPa-small (Menschel ef al., 2016). To test the
hypothesis of Imeanty in the POC and CaCO; content in FPa with size, 1907 FPa of different sizes
{diameters) were 1solated and grouped mn FPa-small (68 and 28% between 10-50 and 50-100 pm
m diameter), and only 4% were FPa-large, highlighting the pivotal role of the small size FPa in the
POC and CaCOs fluxes i the oceanic region of the HCS off central Chile (Table 1).

Diameters of the

FPa {um) N° FPa e
10-50 1301 682
50-100 533 279
100-150 58 31
150-200 5 0.3
=200 9 0.3

-

Table 1. Number and percentage of FPa size fractions (diameter in pm) isolated from sediment trap
samples obtained at 2300 m depth and 150 km off Coquimbo and Concepeion.
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The calcarecus components found in the matrx of FPa were a great amomnt of coccolith plates,
that averaged 3.6 x 10 plates mm™ (Table 2), while the most abundant coccosphere species were
Calcidiseus leptoporus, Helicospharea carteri and Emiliania hwcleyi, which all together contribute
with ~80% of the average CCa in this contribution (Tabla 3). The rare species found m FPa wera
Calciosolenia murrayi, Coccolithus pelagicus, Gaarderia corolla, Gephyrocapsa musllerae,
Gephyrocapsa eceanica, Ponthosphaera syracusana, Rhabdosphaera clavigera, Scyphosphaera
apsteinii, Syracosphaera anthos, Syracosphaera pulchra and Umbilicosphaera sibogae.

Mean Dhameter  Biovolume FPa Coccoliths

3
N Fpa FPa (m) () (o)  eCaC0: mm
2 0.118 0.006 6.741.570 0.0656
2 0.118 0.005 5.539.296 0.0583
6 0.073 0.004 7355016 0.0654
3 0.111 0.006 4516201 0.0688
10 0.083 0.002 6628714 0.0603
9 0289 0371 3.049 845 0.0371
9 0321 0.558 3.180.246 0.0352
4 0.170 0.022 7877714 0.0716
3 0223 0.047 6.270.198 0.0634
3 0.194 0.034 T.580.635 0.0899
5 0235 0128 T7.196.103 0.0595
1 0350 0.0754 3.5349.753 0.0267
1 0330 0.0603 5.020.1%1 0.0613
2 0209 0.00%1 4 832339 0.0470
1 0260 0.0264 7579732 0.0594
1 0347 0.0625 4.390.005 0.0408
1 0347 0.0625 3244 130 0.0396
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Table 2. Number of FPa, average diameter (mm), biovolume (™), the mumber of coccoliths and
CaC0s per mm™ of the assayed FPa.



Mainly CaCOs Coccoliths for

Coccolithophores species (%) mor’
Cleptoporus 47 311981
E huxleyi 21 4 141,166
H carteri 19 63,317
G mulleras 4 247 435
(r. oceanica 2 36,923
S.pulchra 2 55954
Helicosphaera spp. 2 3,306
R clavigera 1 5493
S apsteinii 1 1.021
Lsibogae 1 23,580
others species 1 40975

Table 3. Main coccolithophore species found in the matrix of the FPa and the contnibution of each
of them to total average carbonate in the FPa.

POC flux mediated by FPa in Coquimbo

A high seasonal and inter-anmal variability in the POC and CaCO3 fluxes were observed in the
time series station off Coquimbo (Fig. 3). The average POC flux (0.82 mpgC md?) were slightly
higher than the reported for the same area during 1994-1995 (~0.7 mgC m”d") (Gonzilez et al,
2004). These authors reported that zooplanktom fecal pellets (produced by euphausids.
appendicularians. copepods and undetermined) contributed with 35% of total POC. while we
reported here that only FPa contribute with 19% of total POC.

Highest FPa flux occurred during the summer productive period, which coincide with an
ntensification of the upwelling favorable wind and Ekman transport (Gonzélez et al., 2004), which
may enhance local productivity and carbon export (Fig. 2).

We did not found differences (p=0.03) between the PFa-mediated fluxes of POC and CaCO3
during El Nifio. La Nifia or “normal”™ periods. suggesting that the diet of the appendicularians were
not severely affected due to these events. This probably because the wide range of food particles
used by appendiculanans that mainly lies in the small size of particles (that mcludes down to
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colloidal (=02 pum) particles, Food et al, 1992). which are less affected by El Nifio Southern
Oscillation.

A lack of lineanity between the POC and CaCO3 content and size of FPa maght be related with
differences n the size spectrum of the food ingested, being more small, ymiform and compact In
FPa-small and more diverse. large and less compacted mn PFa-large. To test this hypothesis large
and small FPa were isolated from sediment trap deployed al 2300 m depth during different seasons
between 1995 and 2004 to qualitatively analyze the particle content FPa-large showed a high
amount of relatively large diatoms (range of 20-63 pm in diameter), mainly belonging from the
genms Pseudonitzschia and less abundant albeit highly frequent Thalassiesira spp. and
Planktoniella sol. In addition, radiolanians of the groups Spunmellania. Nasselania and Phaeodaria
and tintinmids of the genera Codonellopsis. Dictiocysta. Protorhabdonella. Undella and Dadayiela,
and silicoflagellates snch as Dictiocha fibula. were frequently observed On the contrary. the
microscopy analysis of the FPa-small demonstrated a high dominance of coccoliths with a few
remains of diatoms and tintinnids embebbed in the coccoliths matrix.

The biovolumen to POC or CaCO: models to estimate the role of zooplankton fecal pellets in
vertical flux of bicelements it is a non-lineal, but size-dependent relationship, meaning that the FP
size fraction needs to be considered to improve the accuracy of the estimatioms. A plea for
encouraging a more direct analysis (L e microscopy), which might be more ime consummg, but
necessary towards mmveil a size-dependent, FPa-mediated POC and carbonate export. This is
supported by findings where the changing composition of smking particles - across a region with
unchanging carbon flux - suggests that vanability i the mechanisms of carbon flux (Dhurkin et al.,
2016), or the connection with phytoplankton biominerals (Trull ef al, 2008) might not be reflected
m bulk measurements. In addition. the coccolithophord calerum carbonate has been usually
believed to have a low carbon flux and high export efficiency (Klaas and Archer 2002). Thus.
CaCOs-Coccolithophore it is not include in FPa carbon export. which might represent up to 1.5%
underestimation of total carbon flux to deeper areas of the SCH.
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CAPITULO 4. DISCUSION GENERAL

4.1 Abundancia, distribucion y zonas biogeograficas de cocolitoforos frente a

Concepcion.

La abundancia y distribucion de cocolitoforos analizadas en conjunto con la
variables hidrograficas, biolégicas y quimicas frente a la costa de Concepcion,
mostraron un marcado patrén zonal (este-oeste), con las mayores abundancias
y diversidad de cocolitéforos en las zonas oceanicas y los minimos en las
estaciones costeras (Menschel et al., 2016). De este modo, la distribucion zonal
de las comunidades de cocolitéforos frente a Concepcion, estuvo estrechamente
modulada por la surgencia costera que se intensifica durante los periodos de
primavera-verano en esta region. Como consecuencia, estos procesos pueden
formar frentes de surgencia que actuan como “barreras naturales” a la
distribucién de organismos como los cocolitéforos, hacia zonas costeras con
condiciones poco favorables a su crecimiento. Esta distribucion esta
correlacionada con una combinacién de variables (salinidad-temperatura y
salinidad-nitrato) las cuales explican sinificativamente (p<0.05) la variabilidad

espacial de cocolitéforos en el area de estudio.

De las 4 zonas biogeograficas identificadas por el analisis estadistico de cluster,
la zona costera Zi, caracterizada por incluir estaciones en una zona de activa

surgencia, presenté altas concentraciones de nutrientes (e.g. nitrato, fosfato y
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acido silicico), baja temperatura (~11°C). Esta zona presentd las mas bajas
concentraciones de cocolitéforos (<1000 cel/L), que fueron dominadas
principalmente por E. huxleyi (~100% de la comunidad de cocolitéforos). Varios
estudios han revelado que la habilidad de E. huxleyi de adaptarse a multiples
condiciones oceanograficas se debe principalmente a su alta plasticidad
genaotipica, lo cual le confiere mayor resilencia, por ejemplo, a amplios rangos de
salinidad (18-41 g/kg™), temperatura (1-31°C), turbulencia, luz (72-1000 umol m-
2 s'1) y soportar mayores cargas de nutrientes. Esto le confiere a esta especie
una ventaja adaptativa que le permite colonizar regiones donde otras especies
de cocolitéforos no sobreviven. Las bajas concentraciones de cocolitéforos
observada en Zi, contrastdo fuertemente con las alta concentraciones y
dominancia de diatomeas (e.g. Skeletonema spp. y Thalassiosira spp.) que se
concentraron en una banda estrechamente ligada al borde costero de
Concepcidon. Al parecer, las condiciones de alta energia cinética que
proporcionan las zonas de surgencia (e.g. alta tubulencia y mayor carga de
nutrientes, producto del ascenso de AESS) tienden a favorecer a ciertos grupos
de organismos mejor preparados fisiologicamente para este tipo de ambientes,
como las diatomeas. Se debe considerar que la zona costera es probablemente
una de las regiones con mayor variabilidad en las condiciones fisico-quimicas del
oéano, como por ejemplo, entrada de nutrientes en pulsos y presencia de frentes
oceanograficos. Las diatomeas han adquirido un mayor nivel de adaptacién en

este ambiente, probablemente debido a la presencia de una vacuola que permite
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almacenar nutriente, uso de silice en su frastulo, un eficiente ciclo reproductivo y
una gran capacidad de adaptacion genética, les permite a las diatomeas dominar
en estos sistemas. Por el contrario, los cocolitéforos, debido a su ausencia de
vacuola y su reducido tamafio (gran relacion S/V), le permiten predominar en

sistemas oligotroficos y mas estables (Tozzi et al., 2004; Falkowski et al., 2007).

En la zona de transicion Z>-CUF, la temperatura superficial del mar y las
concentraciones de oxigeno disuelto, fueron levemente mayores que en la zona
Z1, sin embargo, las concentraciones de nutrientes fueron similares., La densidad
de cocolitéforos, predominantemente de E. huxleyi (89%), fue un orden de
magnitud mas alta que en el area costera Zi, mientras que la diversidad en Z»-
CUF se incrementa continuamente, probablemente debido a la estabilizacion de
la columna de agua y a la disminucion de los niveles de &cido silicico (e.g. desde
18 a 14 uM en Z2-CUF); condiciones que se han demostrado que promueven un
decrecimiento en las diatomeas y un incremento en cocolitéforos (Holligan et al.,
1993). Sin embargo, el leve incremento en la temperatura (0.5°C) respecto a Zi,
puede estar relacionado con un transporte de agua calida mas oceanica hacia la

zona costera (Hormazabal et al., 2004).

La zona Z3 presentd una alta abundancia y diversidad especifica de cocolitoforos,
particularmente en la banda entre los 74 y 77°W, la cual se caracterizé por un
incremento en la temperatura y oxigeno disuelto, una marcada disminucion en la

concentracion de nutrientes y menor salinidad. Letelier et al. (2009) y Davila et
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al. (2002) reportaron un flujo hacia el océano de una lengua de baja salinidad
originada por los rios durante el periodo de alta pluviosidad, lo cual coincide con
nuestras observaciones. Sin embargo, parece que, en general, la salinidad no es
un factor que determine la distribucion y abundancia de coccolitéforos (Andruleit
et al., 2003, Beaufort et al., 2008), sino mas bien ha sido relacionado a un
incremento en el tamafo y mayor calcificaciéon de sus placas (Paasche et al.,
1996; Fielding et al., 2009). Nosotros observamos especimenes de E. huxleyi
sobre calcificados (cocolitos robustos entre 4-6 um de diametro) principalmente
en las estaciones costeras Z1 y alrededor del area Z>-CUF. Estos morfotipos han
sido reportados por autores como Beaufort et al. (2008), donde este tipo de
especimenes han sido observados en las zonas mas cercanas a la costa del
SCH, sugiriendo que los cocolitéforos producen cocolitos mas calcificados en
medioambientes mas ricos en nutrientes. Esto también ha sido notado en
experimentos de mesocosmos, en el cual E. huxleyi fue mas calcificada en aguas

ricas en P y N (Beaufort et al., 2007)

Este morfotipo llamado, E. huxleyi tipo A, ha sido reportado en aguas costeras
de la corriente de Benguela (Henderiks et al., 2011) y en el Océano del Sur en el
sector Australiano (Henderiks et al., 2011; Findlay & Giraudeau, 2000; Cubillos et
al., 2007). Estos autores reportaron que esto sucede principalmente en el norte
del frente Subantartico, definiendo una tendencia norte-sur de decrecimiento en

la calcificacién de E. huxleyi en el Océano del Sur, manifestando un cambio en
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la dominancia de un ecotipo a otro, mas que un efecto del decrecimiento en las
concentraciones del ion carbonato o el estado de saturacion de la calcita.

Las mas altas abundancias de cocolitoforos fueron observadas en la cara norte
de la zona oceéanica Zsz (entre 35.5-36.0°S y 74-77°W). Este maximo de
abundancia de cocolitéforos se superpuso con la presencia de un giro
anticiclonico con energia cinética suficiente para profundizar la isoterma de 200
m (Letelier et al., 2009), sugiriendo un hundimiento de las aguas superficiales
hacia zonas mas profundas del océano. Este giro tuvo un nucleo calido (>15°C),
baja concentracién de nutrientes y un importante agotamiento de nitrato (N:P
<2), coincidiendo con las mayores abundancias de cocolitéforos, 180.000 a
240.000 células L%, registradas a 50 m de profundidad en las estaciones
ocednicas 18 y 19, respectivamente. Estos giros pueden persistir entre 5 y hasta
10 meses (Hormazabal et al., 2004, Morales et al., 2012), lo cual puede generar
gue las comunidades que alli viven agoten los nutrientes, especialmente los
nitratos (Townsend et al., 1994; Head et al., 1998; Rees et al., 2002), sugiriendo
gue el nitrato (bajo estas circunstancias) puede ser mas limitante que el fosfato.
Al oeste de la zona Z3 se extiende una region denominada en este estudio como
Z»>-0ceanica, que segun los resultados de los analisis de similaridad, podria estar
relacionada directamente con aguas costeras de la zona Z2-CUF las cuales
pudieron ser transportadas hacia la zona oceanica a través de flujos geostroficos
(filamentos y giros que se desplazan hacia la zona oceéanica) que fluyen paralelo

a Punta Lavapié y que posteriormente, se desvian hacia el nor-oeste de nuestra
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area de estudio, causando adveccion de una parcela de agua costera hacia las
regiones oceanicas (Letelier et al., 2009). Estos procesos de mesoescala pueden
transportar comunidades de fitoplancton, junto con la sefal costera, como
nutrientes, materia organica e inorganica mas alla de 400 km fuera de la costa
de Concepcion (Morales et al., 2010). Al igual que en las otras zonas de este
estudio E. huxleyi fue la especie dominante, principalmente en los primeros 20 m
de la columna de agua representando mas del 70% de las comunidades de
cocolitoforos. Sin embargo, a los 50 m de profundidad E. huxleyi disminuye
(~50% de la comunidad de cocolitéforos) y otras especies como Umbilicosphaera

sibogae, Discosphaera tubifera y C. mediterranea se incrementan.

4.2 Carbonato suspendido de cocolitoforos frente a la costa de Concepcion

(36°S)

El carbonato suspendido de cocolitéforos obtenido directamente a través de las
abundancias de estas algas, fue altamente variable en toda el area de estudio
concentrandose principalmente en la region oceénica Zs. Esta area represento el
90% del carbonato suspendido de toda el area de estudio y del cual dos especies
de Haptoficeas (H. carteri y C. leptoporus) explicaron mas del 50% de este
carbonato, aunque numéricamente solo representaron ~3% de las abundancia
totales de cocolitéforos en la zona de estudio. La importancia de estas dos

especies se debe a su mayor tamafio, el cual oscila entre los 10-30 uym y a la
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mayor robustez de sus cocolitos los cuales poseen entre 30-60 veces mas
carbonato por célula que E. huxleyi. Contrariamente, E. huxleyi y Gephyrocapsa
muellerae representaron en promedio el 70% de las abundancias totales de
cocolitoforos, sus cocolitos son mas pequefio (~5 um de diametro) y por esta
razon soélo representaron el 27% del carbonato total suspendido de cocolitéforos
en nuestra zona de estudio. Las otras tres zonas analizadas (Z1, Z2-CUF y Zo-
oceanica) tuvieron una contribucién menor al carbonato suspendido total de la
zona de estudio(3%), donde E. huxleyi y Gephyrocapsa muellerae aportaron
entre el 80-100% del total. Reportes previos de calcita suspendida entre la zona
de surgencia de Chile y el Giro Central del Pacifico, han mostrado que los
cocolitos de E. huxleyi, Gephyrocapsa spp. y Reticulofenestra spp. representaron
~30% de las particulas de calcita suspendida entre los rangos de tamafio 0.1y
46 um. Segun estos autores, la distribucion estuvo estrechamente relacionada a
la quimica del océano, en particular a la alcalinidad y a la concentracién de iones
carbonato. En nuestro estudio, la proporcion de calcita biogénica suspendida del
Orden Isochrysidales (E. huxleyi y G. muellerae) fue alta (>90%) en las regiones
cercanas a la costa (Z1 y Z2>-CUF) y menores (27%) en la estacion oceanica Zs,
lo cual es consistente con el 30% reportado previamente frente a la costa de
Chile. Si bien la familia Noelaerhabdaceae es numéricamente el grupo mas
relevante reportado en el SCH, nosotros encontramos que otros grupos como los
Coccolithales y Zygodiscales (Calcidiscus leptoporus y Helicosphaera carteri),

gue en nuestro estudio representaron en promedio solo el 3% de las densidades
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totales de cocolitéforos frente a la costa de Concepcion, se transformaron en las
principales fuentes de calcita suspendida, representando en promedio mas del
50% del carbonato total suspendido entre la superficie y los 50 m de profundidad

frente a la costa de Concepcion.

4.3 Flujos de carbonato frente a la costa de Coquimbo (30°S) y Concepcion

(36.5°S).

Los flujos de carbonato total (representado principalmente por: foraminiferos,
cocolitéforos y pterépodos) a 2300 m de profundidad frente a la costa de
Coquimbo y Concepcion fue altamente variable. La zona de Concepcion
presento, en promedio, los flujos méas altos de carbonato total y de carbonato total
de cocolitéforos (52.3 y 6.7 mgCaCOs m? d?), los cuales casi duplicaron los
observados en la region de Coquimbo (35 y 3.6 mgCaCOsz m? d?),
respectivamente (Fig.1A y Fig.2A). Los flujos de carbonato total a 1000 m de
profundidad para la zona de Concepcion reportados en Menschel et al. (2016),
fueron similares a los observados a 2300 m, sin embargo, los flujos de carbonato
total de cocolitéforos fueron ~50% mas bajos, aunque similares a los reportados
en este estudio para la zona de Coquimbo a 2300 m de profundidad. Gonzalez
et al. (1998), reportd flujos de carbonato total mayores (61 mgCaCOz m2d?) que
los reportados en este estudio, superando incluso a los observados en la zona

de Concepcion.
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El carbonato de cocolitéforos en este estudio estuvo representado por
cocolitos/cocésferas sueltas (Fig 1B y Fig 2B), cocolitos embebidos en la matriz
de los pellet fecales de apendicularias y cocolitos adosados a las léricas de
tintinidos (Fig 1 y 2 B;C;D). La contribucién de la suma de estos componentes al
carbonato total registrado en las trampas de sedimento a 2300 m de profundidad
fue ~15y 16% para Coquimbo y Concepcidn, respectivamente. Estos resultados
son consistentes con lo reportado por Gonzalez et al. (1998) para Coquimbo, en
donde los flujos de carbonato total de cocolitéforos (considerado solo cocolitos y
cocosferas sueltas) represento el 12% del flujo del carbonato total. Sin embargo,
los resultados observados a 2300 m de profundidad, contrastan
significativamente con los flujos de carbonato de cocolitéforos a 1000 m de
profundidad reportados en Menschel et al. (2016), en el cual estos componentes

solo representaron ~6% del carbonato total.

Esta alta variabilidad en los flujos de carbonato total y carbonato de cocolitéforos
ha sido observada también en sistemas oceanicos y de surgencia de otras
regiones del mundo, cuyos flujos de carbonato total han oscilado entre 5y 144
mgCaCOz m2 d! y donde los cocolitéforos han reportado entre el 9 y 60% del
carbonato total (Broerse et al., 2000; Giraudeau et al., 2000; Haidar et al., 2000;
Tanaka 2004; Ramaswamy & Gaye 2006). Esto resalta la gran variabilidad de
estos sistemas y refuerza la idea que la exportacion de material biogénico
calcareo depende de la interaccion de multiples factores biolégicos (e.g.
produccion primaria, composicion de las comunidades del micro y meso-
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zooplancton y la actividad microbiana) y fisicos (e.g. procesos de meso-escala,

mezcla de la columna de agua, climatologia y estacionalidad).

Los flujos de carbonato de cocolitéforos estuvieron dominados en ~80% por
placas sueltas de cocésferas (cocolitos), las cuales se encontraron distribuidas
en toda la camara de sedimentacion. Los cocolitos obtenidos desde los pellet
fecales de apendicularias en las dos zonas de estudio tuvieron un rol menor en
los flujos de carbonato total (1.2%), pero fueron el segundo mayor exportador de
carbonato de cocolitéforos en ambas zonas de estudio a 1000 y 2300 m de
profundidad, contribuyendo, en promedio, con ~8% de los flujos totales de
carbonato de cocolitéforos, aunque varios maximos superiores a 30% fueron
detectados. Los flujos de carbonato de cocolitos adheridos a las loricas de
tintinido tuvieron un rol menor y soélo representaron ~0.5% del carbonato total de

cocolitéforos en ambas regiones estudiadas.

La diversidad especifica de cocolitéforos observada en las trampas de sedimento
para ambas zonas de estudio estuvo representada por 21 géneros/especies, de
los cuales, el mas importante numéricamente fue E. huxleyi, que representd entre
el 48 y 69% de los flujos totales de cocolitéforos en ambas zonas a 2300 m de
profundidad. Estos datos concuerdan con los reportados por Gonzalez et al.
(1998) y Menschel et al. (2016), en los cuales esta especie fue ampliamente
dominante en los flujos al océano profundo en Coquimbo y Concepcién, a 2300

y 1000 m de profundidad. Otras especies de cocolitoforos importantes fueron
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Calcidiscus leptoporus, Helicosphaera carteri, Gephyrocapsa muellerae,
Gephyrocapsa oceanica y Umbilicosphaera sibogae, los cuales repesentaron
entre el 43 y 26% de los flujos totales de cocolitoforos en Coquimbo y

Concepcidn, respectivamente (Fig.3 y Fig.4 A;B;C;D;E;F;G).

A pesar de la alta representatividad numérica de E. huxleyi en los flujos frente a
la costa de Coquimbo y Concepcion, los flujos de carbonato de cocolitéforos,
estuvieron ampliamente dominados por C. leptoporus y H. carteri, los cuales dada
la robustez y mayor tamafio de sus cocolitos contribuyeron con ~65% del
carbonato total de cocolitéforos, comparado con el 3% (Coquimbo) y 8%
(Concepcion) representado por E. huxleyi. Este patron de dominancia fue
tambien reportado para el carbonato aportado por las comunidades vivas de
cocolitoforos (carbonato suspendido) y en los flujos a 1000 m de profundidad
frente a la costa de Concepcion (Menschel et al., 2016), lo que sugiere que la
estructura de las comunidades vivas de cocolitéforos que viven en la zona fética
adyacente a la trampa de sedimento frente a Coquimbo son similares a las de la

zona fética de Concepcion.

El grupo de los tintinidos estuvo representado principalmente por 3 especies
(Tintinnopsis sp., Codonellopsis pusilla y Dictiocysta elegans) frecuentemente
observadas en las muestras de trampas de sedimento y que recubren sus loricas
con placas de cocolitoforos. Este grupo represento una fraccion menor al 1% del

carbonato total exportado a 2300 m de profundidad y sus flujos oscilaron entre
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los 8 x 10% y 30 x 10% loricas m?2d?, para Coquimbo y Concepcion,
respectivamente. El género Tintinnopsis fue numericamente el mas importante
representando el 78% de los flujos totales, seguido de Codonellopsis con 13% y

Dictiocysta con 9% (Fig 1E y 2E).

4.4 Variaciones latitudinales, interanuales y estacionales de los flujos de

carbonato entre Coquimbo y Concepcion.

Los flujos de carbonato total entre los afios 1999-2004 para Coquimbo y 2005-
2008 para las zona de Concepcion, tuvieron una alta variabilidad temporal, con
flujos promedios de 35 mgCaCOz m2 d* (Coquimbo) y 52.3 mgCaCOs m? d*
(Concepcion). Estos flujos mostraron diferencias latitudinales significativas
(p<0.05), donde la zona de Concepcién mostré en promedio, un mayor flujo (40%
mas) de carbonato total que la region oceanica de Coquimbo. Esto podria
parcialmente estar explicado por la intensidad del transporte de Ekman favorable
a la surgencia, el cual fué en general de menor intensidad en Coquimbo (hasta -
250 kg m1st) que en Concepcién (hasta -500 kg m s't). Esta mayor intensidad
del transporte de Ekman favorable a las surgencias costeras en el area de
Concepcidn, podria incrementar significativamente la productividad, los flujos de
carbonato, biomasa zooplanctonica (Resgalla et al., 2001) y el transporte lateral
mas alla de 400 km costa afuera (Morales et al., 2010). Sin embargo, Gonzélez

et al., (1998) reporto flujos de carbonato total durante los afios 1993-1995 en
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Coquimbo muy similares a los observados en Concepcion, lo cual deja de
manifiesto la alta variabilidad de los procesos involucrado en los flujos verticales

de carbonato en estas dos regiones estudiadas.

La dinamica inter-anual de los flujos de carbonato total en la region oceanica de
Coquimbo fueron relativamente similares entre los aflos 1999 y 2004 (40 y 55
mgCaCOz m2d?), sin embargo los afios 2000 y 2003 presentaron los menores
flujos, donde el periodo 2000 representa el mas bajo (10 mgCaCOzm?2d?). Los
andlisis estadisticos inter-anuales mostraron diferencias significativas para la
zona de Coquimbo entre los afnos 1999-2000, 1999-2003, 2000-2003 y 2000-
2004 (p<0.05). Sin embargo, estos resultados hay que analizarlos con cautela,
debido principalmente a la falta de datos comparables para todos los periodos de
estudio, puesto que las trampas de sedimento en varias ocasiones no
recolectaron datos de todo el periodo esperado debido a mal-funcionamiento. Por
ejemplo, el afio 2000 que presenta diferencias significativas con los afios 1999,
2003 y 2004, solamente estéa representado por 4 meses de datos (principalmente
primavera), comparado con los 7 meses del afio 1999 (que abarco6 verano-otofio
e invierno) y el afio 2004 que esta representado por 3 meses del periodo otofio-
invierno. Por otro lado, la zona de Concepcién no presentd diferencias inter-
anuales significativas (p>0.059 entre el periodo de estudio 2006-2007, aunque el

periodo 2008 y principios del 2009 no fue posible contrastarlos por falta de datos.
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4.5 Pellet fecales de apendicularia y sus implicancias en los flujos de Carbono y

Carbonato en el SCH

Los pellet fecales (PF) de apendicularia fueron frecuentemente observados en
las muestras de trampas de sedimento de 1000 y 2300 m de profundidad. Estos
se diferencian de otros pellet fecales (copépodos y eufausidos) ya que son
compactos y con una morfologia oval bien definida (Fig. 6, Gonzalez et al. 2004).
Ademas, se ha reportado que éstos PF pueden concentrar un amplio rango de
tamafos de particulas desde 0.2 a 30 pum, permitiéndoles capturar organismos
desde particulas coloidales (0.2 um), hasta bacterias y microplancton como
testas de foraminiferos (Flood et al., 1992; Gorsky & Fenaux, 1998; Lombard et
al., 2010). Esta caracteristica le permite producir PF altamente compactados y
ricos en carbono (Berline et al., 2011), los que pueden alcanzar altas tasas de
sedimentacion entre 25-166 m d* (Gorsky et al., 1984) permitiéndoles escapar
rapidamente de la zona fotica (primeros 100 m de la columna de agua) en donde

se focalizan las mayores tasas de remineralizacion en el océano.

Estudios preliminares realizados a través de microscopia electrénica de barrido
en multiples pellets fecales de apendicularias en la regién de Coquimbo,
evidenciaron que la matriz de estas particulas contiene una variada gama de
particulas de diferentes tamafios y formas, algunas facilmente identificables (e.g.
diatomeas, cocolitéforos, dinoflagelados, foraminiferos) y otras amorfas. Pocos

estudios han revelado la composicién interna de los PF de apendicularias, sin
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embargo, los que han sido publicados muestran que su composicion es bastante
variada. Acuia et al. (2002) realizaron estudios para medir las tasas de ingestion
de fitoplancton observaron que los contenidos de la matriz de materia organica
de los FP de apendicularias contenia una mezcla de diatomeas (ej. pequefas
células de Chaetoceros), dinoflagelados, flagelados y ciliados. Sin embargo,
otros estudios realizados por Gonzalez et al. (2004) en la region oceanica de
Coquimbo, Chile muestra que contiene una mezcla de material biogénico
principalmente placas de cocolitoféridos (cocolitos formados de CaCO3) y en

menor medida restos de esqueletos silicicos (e.g. diatomeas, radiolarios).

En este estudio nosotros observamos la existencia de una relacion no lineal entre
el biovolumen de las fracciones de tamafio de 1.292 PF de apendicularias
intactos y su contenido de COP y carbonato en la zona de Coquimbo y
Concepcidn, lo cual contrasta con la relacion lineal sugerida por Gonzélez &
Smetacek (1994). Probablemente, esta no linealidad podria estar relacionada con
diferencias en el tamafio del alimento ingerido, siendo mas pequefio, uniforme y
compactos en PF chicos (<100 um de didmetro) y mas heterogéneo en los de

mayor tamafio (>100 um de diametro).

Nuestro modelo fue aplicado a los datos de flujos de PF de apendicularias,
derivados de una trampa de sedimento ubicada a 100 mn y 2300m de
profundidad frente a Coquimbo, entre los afios 1995 y 2004. Los nuevos calculos

mostraron que el flujo de COP de los PF de apendicularia se incrementaron,
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representando un 19% de COP total exportado, comparado con ~10% obtenido

usando el modelo de Gonzalez & Smetacek (1994).

Finalmente, podemos sugerir en base a los resultados de este estudio que los
modelos actuales utilizados para transformar el biovolumen de PF de
apendicularias a COP en sistemas oceanicos, ademas del carbonato de
cocolitéforos que simplemente no es considerado en la ecuacion, podria estar
subestimando significativamente la magnitud del secuestro de carbono de estas

particulas hacia el océano profundo en el SCH.

CAPITULO 5. CONCLUSIONES GENERALES

La distribucion espacial de cocolitoforos en los primeros 50 m de la columna de
agua fuera de la costa de Concepcion, Chile mostré un claro patron costa-
océano, influenciado por un activo sistema de surgencia dentro la plataforma
continental que define un gradiente E-O con cuatro zonas biogeogréficas bien
definidas. La zona Z: localizada en el area de activa surgencia costera frente a
Concepciodn, donde las diatomeas fueron ampliamente dominantes, mientras que
las comunidades de cocolitéforos fueron bajas con dominancia exclusiva de E.
huxleyi entre los 0 y 20 m de profundidad. Al oeste de Zi, abundancia y la
biodiversidad de cocolitoforos se incrementan gradualmente, alcanzando su
maximo (~ 300 x 103 células L' y hasta 17 especies de cocolitéforos) en las

estaciones clasificadas como Zs.
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El flujo de carbonato total a 1000 y 2300 m de profundidad frente a la zona de
Concepcidn fue altamente variable con flujos maximos durante primavera-verano
y minimos durante invierno. Un fuerte contraste latitudinal fue observado entre
las zonas de Coquimbo y Concepcion, en donde los flujos de carbonato total en
la zona de Concepcion fue un 40% mayor que en Coquimbo.

Los principales componentes del carbonato de cocolitéforos a 1000 y 2300 m de
profundidad para ambas zonas de estudio, estuvo representado por los cocolitos
y cocosferas sueltos (probablemente, resultado de exportacion en agregados de
fitodetritus y PF de apendicularias), los cuales representaron >80% de los flujos
totales de carbonato de cocolitéforos y ~11% del carbonato total exportado.
Ademas, especies menos abundantes pero con cocolitos mas grandes y robustos
como H. carteri y C. leptoporus, contribuyeron ~65% de los flujos totales de
carbonato de cocolitéforos. Los pellet fecales de apendicularia tuvieron un rol
menor en la exportacién de carbonato total (1.2%), pero fueron, en promedio, el
segundo mayor componente exportador de carbonato de cocolitéforos (~8%)
para ambas zonas, aunque varios maximos, superiores al 30% del carbonato de
cocolitoforos exportado fueron observados. En general, la estructura de la
comunidad de cocolitoéforos de la zona fética (50 m superiores de la columna de
agua y las especies exportadas al océano profundo (2300 m) frente a la costa de
Concepciéon fueron muy similares, sugiriendo que el material exportado fue
preservado casi intacto en su exportacién a 1000 y 2300 m de profundidad. Esto

sugiere una muy baja tasa de disolucién y un efectivo transporte en PF de
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apendicularias, ademas de otros posibles mecanismos y procesos como la
formacion de nieve marina.

Finalmente, la exportacion de carbonato de cocolitéforos en las dos areas de
estudio fueron en general consistentes con lo reportado para el SCH y en

estudios realizados en otras regiones del mundo.
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LEYENDA DE LAS FIGURAS

Figura 1. A) Flujos de carbonato total y carbonato total de cocolitoforos a 2300 m
de profundidad frente a Coquimbo entre los afios 1999 y 2004. Las barras grises
representan el flujo de carbonato total de cocolitéforos mientras que la linea
punteada representa los flujos de carbonato total exportado (mgCaCO3z m2d?);
B), flujo de cocolitos (placas m2 d?) y su respectivo carbonato (mgCaCOs m2d-
1); C) flujo de cocosferas (placas m? d?) y su respectivo carbonato (mgCaCOs m-
2d1); D) flujo de cocolitos del interior de pellet fecales de apendicularias
(mgCaCO3m~2d1) y E) flujo de loricas de tintinidos (loricas m d*) y su respectivo

carbonato (mgCaCOsz m2d?).

Figura 2. Flujos de carbonato total (A) y de los principales componentes que
exportan carbonato de cocolitéforos a 1000 (achurado de color gris) y 2300 m de
profundidad frente a Concepcién (no achurado) entre los afios 2005 y 2009. B),
flujo de cocolitos (placas m2 d1) y su respectivo carbonato (mgCaCOs m2d?); C)
flujo de cocosferas (placas m=2 d?) y su respectivo carbonato (mgCaCOs m2d?);
D) flujo de cocolitos del interior de pellet fecales de apendicularias (mgCaCOsm-
2dY) y E) flujo de loricas de tintinidos (loricas m-? d!) y su respectivo carbonato

(mgCaCOz m2d?).
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Figura 3. Flujos de las especies mas abundantes de placas de cocolitéforos
(placas m2d?) (A;B;C;D;E;F;G) frente a la costa de Coquimbo a 2300m de

profundidad.

Figura 4. Flujos de placas de las especies mas abundantes de cocolitéforos
(placas m2d?) (A;B;C;D;E;F;G) frente a la costa de Concepcién a 1000 (zona

achurada en gris) y 2300m de profundidad (no achurado).
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Figura 3
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Figura 4.

60°E0°0
60°20'1T
600" LT
60°'T0'60
80°T1'ZT
BOZTT'H0
80°TI'9T
800167
BOOT'TT
80°'60°€T
80'60°50
80°'80°BT
80'L0°TE
i BOLOET
80'90°ST
80'90°20
80°50°02
[0 80'40°20
80"F0°HT
BO'E0"LT

@ Otros

@ Umbilicosphaera sibogae

@ Emiliania huxleyi
@ Gephyrocapsa muellerae
B Gephyrocapsa oceanica
B Calcidiscus leptoporus
E Helicosphaera carterii

a £0'80°02
L0°80°20
£0°50°+0
L0°40°9T
LO'ED'6T
L0°E0TT
L0012
L0°T0"E0
£0°T09T

90°TI°6T
90°ITIT
90°TT'ET
90°T1°S0
90°0T°8T

90'60°02
90'60°T0
90°'80°4T
90°20°22
90°£0°60
90'90°02
90°90°20
90°50°ST
90°v0°LT
(=] 90'40°80

90°60°TZ

90°60°€0
P 90°20°€T
(@) 90'T0°5T

90°T0°20

507102

F)

< ) @) o w

8RE8ERE8Q]*C w g nw g we g g 8 § °© ge2ggggase° 9875543210E.L.L.wh.m
-
30T 4 (1.p 2 w) st

NN oA A ~ I N

) seaeld oOT & [P w)sedrld 50T 4 (1. W) seoeld 50T 4 [P z.W) seIRId 50T 4 (1P o) sedeid 30T & (1P 7 W) seveld

g 8 8 8 = R®
& "

B § &
50T & (1P 2.1 se2R)d

109

Tiempo (dia, mes, afio)



